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 This fi rst edition of  Analog Fundamentals: A Systems Approach  provides unique coverage 
of analog devices and circuits with a systems emphasis. Discrete linear devices, opera-
tional amplifi ers, and important analog integrated circuits are covered with examples of 
how these devices and circuits are used in electronic systems. Important analog integrated 
circuits include instrumentation amplifi ers, isolation amplifi ers, operational transconduc-
tance amplifi ers, phase-locked loops, and analog-to-digital conversion circuits. Analog 
devices are still of fundamental importance, even within many “digital” systems. Conse-
quently, many of the system examples focus on these mixed systems. Coverage of analog 
devices used in switching applications is also included. The text wraps up with a chapter 
entitled “Measurement and Control,” which includes discussions on transducers and inter-
facing methods. 

 As electronics has evolved, the need to understand the relationship among system 
blocks, interfaces, and input/output signals has increased. We have addressed these 
changes by including system examples (many with block diagrams) and descriptions in 
every chapter. The system examples and system notes complement and illustrate the ana-
log concepts covered in the chapter and section in which they appear. Many chapters also 
include a troubleshooting section that emphasizes the testing and measurements necessary 
at a system level. Multisim examples and troubleshooting simulations are also included in 
many of the examples. 

 The text emphasizes operation and application rather than analysis and design. Both 
discrete and integrated analog devices are presented from a practical view. Mathematical 
topics are limited to only essential coverage that a technician or technologist will need to 
understand the basic concepts. This includes a basic understanding of algebra and trigono-
metric functions; higher-level mathematics, such as calculus, is not required. 

 A mix of analog and digital components is very common in real-world applications 
and systems. Both technologies have their strengths for specifi c systems. Examples of 
mixed systems are provided at selected points in the text to illustrate how the two tech-
nologies are used together to produce a specifi c result. 

  Features 
   •   Systems are emphasized in every chapter with System Examples that are coordinated 

to the section.  

  •   System Notes throughout the text highlight important ideas or system-related issues 
such as electronic noise.  

  •   Multisim is used in selected examples, fi gures, and problems to provide practice in 
simulating circuits and systems and in troubleshooting.    

  •   Worked examples help to illustrate the function and application of both discrete and 
integrated analog devices. Practice exercises in each worked example to provide 
additional practice.  

  •   Each chapter begins with a chapter outline, chapter objectives, key terms list, intro-
duction, and website reference.  

  •   Each section within a chapter begins with an introduction and section objectives.  

  •   Links to manufacturers’ online data sheets are provided for most of the devices covered 
in each chapter.  

  •   Each section concludes with a set of Checkup questions, which review the main con-
cepts in the section.  

  •   Each chapter ends with a summary, glossary, key formulas list, self-test, trouble-
shooting quiz, and sectionalized problem set.  

  PREFACE 

vii
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  •   Answers to section checkups, related problems for examples, self-test, and trouble-
shooting quiz are at the end of each chapter.  

  •   A comprehensive glossary is provided at the end of the text. Key terms are high-
lighted in bold color and defi ned at the end of each chapter as well as at the end of the 
book. Other glossary terms are bold black when fi rst used.  

  •   Answers to odd-numbered problems are provided at the end of the textbook.  

  •   The website includes Multisim fi les for selected examples, fi gures, and Multisim 
troubleshooting practice are in the website (www.pearsonhighered.com).    

  Student Resources 
   •    Experiments in Analog Fundamentals: A Systems Approach  (ISBN 0132988674) by 

David Buchla. Lab exercises are coordinated with the text and solutions are provided 
in the Instructor’s Resource Manual.  

• Multisim Experiments for the DC/AC, Digital, and Devices Courses (ISBN 0132113880) 
by Gary Snyder and David Buchla. Students take data, analyze results, and write a 
conclusion to simulate an actual laboratory experience.

  •    Multisim Files Available on the Website  Circuit fi les coordinated with this text in 
Versions 11 and 12 of Multisim are located on the website at  www.pearsonhighered.
com/fl oyd . Circuit fi les with prefi x F are fi gure circuits; fi les with prefi x P are Multi-
sim Troubleshooting circuits; and fi les with prefi x SE are System Example circuits. 

In order to use the Multisim circuit fi les, you must have Multisim software installed 
on your computer. Multisim software is available at   www.ni.com/Multisim  . Although the 
Multisim circuit fi les are intended to complement classroom, textbook, and laboratory 
study, these fi les are not essential to successfully using this text.    

  Instructor Resources 
 Instructor resources are available from Pearson’s  Instructor’s Resource Center . 

   •   PowerPoint® slides (ISBN 0132987708) support the topics in each chapter.  

  •   Instructor’s Resource Manual (ISBN 0132988593) contains the solutions to the text 
problems and the solutions to the lab manual.  

  •   TestGen (ISBN 0132989883) This electronic bank of test questions can be used to 
develop customized quizzes, tests, and/or exams.   

 To access supplementary materials online, instructors need to request an instructor 
access code. Go to   www.pearsonhighered.com/irc  , where you can register for an instruc-
tor access code. Within 48 hours after registering, you will receive a confi rming e-mail, 
including an instructor access code. Once you have received your code, go to the site and 
log on for full instructions on downloading the materials you wish to use.  

  Illustrations of Textbook Features 
  Chapter Opener  A typical chapter opener is shown in  Figure   P–1   .  

  Worked Example, Practice Exercise and Multisim Exercise  A typical worked 
example with Practice Exercise, and Multisim exercise are shown in  Figure   P–2   . 

  Section Opener  A typical section opener and section objectives are shown in  Figure   P–3   .  

  Section Checkup  A typical section checkup is shown in  Figure   P–3   .  

  System Note  A typical system note is shown in  Figure   P–3   . 

www.pearsonhighered.com
www.pearsonhighered.com/floyd
www.pearsonhighered.com/floyd
www.ni.com/Multisim
www.pearsonhighered.com/irc
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 FIGURE P–1 Chapter 
opener.       

 MULTISTAGE, RF, 
AND POWER AMPLIFIERS 

    CHAPTER 5 

     OUTLINE 
     5–1  Capacitively Coupled Amplifi ers      

     5–2  RF Amplifi ers      

     5–3  Transformer-Coupled Amplifi ers      

     5–4  Direct-Coupled Amplifi ers      

     5–5  Class A Power Amplifi ers      

     5–6  Class B Power Amplifi ers      

     5–7  Class C and Class D Power Amplifi ers      

     5–8  IC Power Amplifi ers       

  OBJECTIVES 
  •   Determine the ac parameters for a capacitively 

coupled multistage amplifi er  

  •   Describe the characteristics of high-frequency 
amplifi ers and give practical considerations for 
implementing high-frequency circuits  

  •   Describe the characteristics of transformer- 
coupled amplifi ers, tuned amplifi ers, and mixers  

  •   Determine basic dc and ac parameters for direct-
coupled amplifi ers and describe how negative 
feedback can stabilize the gain of an amplifi er  

  •   Compute key ac and dc parameters for class A 
power amplifi ers and discuss operation along the 
ac load line  

  •   Compute key ac and dc parameters for class B 
power amplifi ers including bipolar and FET types  

  •   Describe the characteristics of class C and class D 
power amplifi ers  

  KEY TERMS 
    Quality factor ( Q )   
   Intermediate frequency   
   Mixer   
   Open-loop voltage gain   
   Closed-loop voltage gain   
   Class A   
   Power gain   
   Effi ciency   

   Class B   
   Push-pull   
   Class AB   
   Current mirror   
   Class C   
   Class D   
   Pulse-width modulation 
(PWM)     

  VISIT THE WEBSITE 
  Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd    

  INTRODUCTION 
 The previous two chapters have introduced single-stage 
amplifi ers whose primary function was to increase the 
voltage of a signal. You should be familiar with the bias-
ing and ac parameters for both BJTs and FETs. 

 When very small signals must be amplifi ed, such as 
from an antenna, variations about the Q-point are relatively 
small. Amplifi ers designed to amplify these signals are 
called small-signal amplifi ers. They may also be designed 
specifi cally for high frequencies. Frequently, it is useful to 
have additional stages of gain; this is  particularly true in 

  •   Give principal features and describe applications 
for IC power amplifi ers

• Show systems using components and circuits dis-
cussed in this chapter   

 FIGURE P–2 Worked exam-
ple with Practice Exercise and 
Multisim exercise.       

8–1 COMPARATORS   391

  Output Bounding 
 In some applications, it is necessary to limit the output voltage levels of a comparator to a 
value less than that provided by the saturated op-amp. A single zener diode can be used as 
shown in  Figure   8–10    to limit the output voltage to the zener voltage in one direction and 
to the forward diode drop in the other. This process of limiting the output range is called 
 bounding .  

  E X A M P L E  8 – 2 

 Determine the upper and lower trigger points and the hysteresis for the 
 comparator circuit in  Figure   8–9   . Assume that + V   out ( max )  = +5 V and - V   out ( max )  =
-5 V.  

R1
100 k�

–

+

R2
100 k�

Vout

Vin

 FIGURE 8–9        

  S O L U T I O N 

    VUTP =
R2

R1 + R2
 (+Vout(max)) = 0.5(5 V) = �2.5 V

 VLTP =
R2

R1 + R2
 (-Vout(max)) = 0.5(-5 V) = �2.5 V

 VHYS = VUTP - VLTP = 2.5 V - (-2.5 V) = 5 V     

  P R A C T I C E  E X E R C I S E 

 Determine the upper and lower trigger points and the hysteresis in  Figure   8–9    
for  R  1  = 68 kÆ and  R  2  = 82 kÆ. The maximum output voltage levels are 
;7 V.       

 Open fi le F08-09 found on the 
companion website. This 
simulation demonstrates the 
operation of a comparator with 
hysteresis. 

MULTISIM

Vout

Ri
–

+

Vin

 FIGURE 8–10         Comparator 
with output bounding.   

 The operation is as follows. Since the anode of the zener is connected to the inverting 
(-) input, it is at virtual ground (_0 V) when it has a conducting path. Therefore, when the 
output voltage reaches a positive value equal to the zener voltage, it limits at that value, as 
illustrated in  Figure   8–11   . When the output switches negative, the zener acts as a regular 
diode and becomes forward-biased at 0.7 V, limiting the negative output voltage to this 
value, as shown. Turning the zener around limits the output voltage in the opposite direction. 

http://pearsonhighered.com/floyd
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FIGURE P–4 System 
Example. 568   CHAPTER 12  •   SPECIAL-PURPOSE AMPLIFIERS

SYNTHESIZED SINE-WAVE GENERATOR
A synthesized sine-wave generator is shown in block diagram form in SE12–5. A synthe-
sized sine-wave generator is a test instrument that can generate a sine wave with a very 
accurate frequency for testing circuit responses. To generate the sine wave, the user enters 
the desired parameters into a digital controller. The controller stores the information and 
passes along data to a sequence generator. This portion of the circuit generates numbers 
representing amplitude values along the wave at the desired interval and stores the values 
in a read-only memory. The memory is clocked at a certain interval that depends on the 
desired frequency and the digital steps are converted to a sine wave by the digital-to-
analog converter (covered in Chapter 14). The conversion process produces unwanted 
higher frequencies components, which are removed with a low-pass fi lter that is set to 
pass the desired sine wave but not the higher harmonics. Here is where a transconduct-
ance amplifi er (OTA) is very useful—the transconductance amplifi er can be confi gured 
as a voltage-controlled variable cutoff low-pass fi lter. If the user decides to change fre-
quencies, the low-pass fi lter is reconfi gured by the controller to a new cutoff frequency by 
sending a certain voltage to it. Voltage-controlled low-pass circuits have other applica-
tions (electronic music for example). The circuit description for a variable low-pass fi lter 
is available in the manufacturer’s specifi cation sheet (see www.national.com for the 
LM13700 for example).

S Y S T E M  E X A M P L E  1 2 – 3

User
input

Low-pass
filter

Synthesized
sine-wave

Frequency
control

Gain
control

Digital-to-
analog
converter

Sequence
generator

Digital circuits

Controller Amplifier

FIGURE SE 12–5 A synthesized sine-wave generator

  1.    What does OTA stand for?   

  2.    If the bias current in an OTA is increased, does the transcon-
ductance increase or decrease?   

  3.    What happens to the voltage gain if the OTA is connected as a 
fi xed-voltage amplifi er and the supply voltages are increased?   

  4.    What happens to the voltage gain if the OTA is connected as a 
variable-gain voltage amplifi er and the voltage at the bias ter-
minal is decreased?       

    SECTION 12–3 CHECKUP 

 FIGURE P–3 Section opener, 
Section Checkup and System 
note.       

7–5 OP-AMP COMPENSATION   371

  1.    Under what feedback condition can an amplifi er oscillate?   

  2.    How much can the phase shift of an amplifi er’s internal  RC  
network be before instability occurs? What is the phase margin 
at the point where instability begins?   

  3.    What is the maximum roll-off rate of the open-loop gain of an 
op-amp for which the device will still be stable?      

  

    SECTION 7–4 CHECKUP 

  The last section demonstrated that instability can occur when an op-amp’s response has roll-
off rates exceeding  � 20 dB/decade and the op-amp is operated in a closed-loop confi guration 
having a gain curve that intersects a higher roll-off rate portion of the open-loop response. In 
situations like those examined in the last section, the closed-loop voltage gain is restricted to 
very high values. In many applications, lower values of closed-loop gain are necessary or desir-
able. To allow op-amps to be operated at low closed-loop gain, phase lag compensation is 
required. This section may be treated as optional.  

  After completing this section, you should be able to 

  •   Explain op-amp phase compensation 

   •   Describe phase-lag compensation  

  •   Explain a compensating circuit  

  •   Apply single-capacitor compensation  

  •   Apply feedforward compensation     

   7–5  OP-AMP COMPENSATION 

Noise in Systems

Many systems share power supplies between various 
assemblies. The longer runs of power supply cables are 
vulnerable to noise pickup and are conductive paths for 
noise. As mentioned in this section, power supply leads 
should have 0.1 to 1 mF tantalum capacitors installed at 
every circuit board and assembly at the entry point. On cir-
cuit boards, every 3 or 4 ICs should also have bypass 
capacitors on the supply lines. In some systems, the 
designer will install a separate regulator circuit in each 
board, to help isolate the main power supply. This is a sim-
ple modifi cation but can cure conductive noise problems.

Systems such as radar systems have high power in 
the same system as sensitive receiver circuits. To avoid noise problems in these systems, it is 
important to isolate high power signals and utility cables from low level signal lines. Covers 
and shields should be checked and kept in place, both for safety and to avoid radiated noise. In 
many systems, electromagnetic shielding gaskets are used on doors and enclosures to block a 
path for electromagnetic interference (EMI). These shields are useless if a door or enclosure is 
left ajar, so it is important to maintain good housekeeping practices.

S Y S T E M  N O T E

FIGURE SN7–1 Radio-
frequency gasket material for 
EMI protection. (Courtesy of 

Leader Tech, Tampa, FL.)

  System Example  A typical system example is shown in  Figure   P–4   .  

  Troubleshooting Section  A portion of a typical troubleshooting section is shown in 
 Figure   P–5   .  

www.national.com
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 FIGURE P–5 Troubleshoot-
ing section.       14–8 TROUBLESHOOTING   677

  MISSING CODE     The stairstep output in  Figure   14–57   (a) indicates that the binary 
code 1001 does not appear on the output of the ADC. Notice that the 1000 value stays for 
two intervals and then the output jumps to the 1010 value.  

 In a fl ash ADC, for example, a failure of one of the comparators can cause a missing-
code error.  

ADC

Ramp
source

DAC

Analog input
ramp Binary

code
0
1
2

n

Analog output

HARDCOPY

HORIZONTALVERTICAL TRIGGER

LEVEL

TRIGGER MENU

SET LEVEL TO 50%

FORCE TRIGGER

CURSOR DISPLAYUTILITY

MEASURE ACQUIRESAVE/RECALL AUTOSET

RUN/STOP

POSITION

HORIZONTAL
MENU

SEC/DIV

5 s 5 ns

HOLDOFF

POSITION

VOLTS/DIV

CURSOR 2

CH 2
MENU

5 V 2 mV

POSITION

VOLTS/DIV

CURSOR 1

CH 1
MENU
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MATH
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5 V

MENUS

TRIGGER VIEW

 FIGURE 14–56         A method for testing ADCs.   
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 FIGURE 14–57         Illustrations of A/D conversion errors.   

  INCORRECT CODES     The stairstep output in  Figure   14–57   (b) indicates that several 
of the binary code words coming out of the ADC are incorrect. Analysis indicates that the 
2 1 -bit line is stuck in the low state in this particular case.  

  OFFSET     Offset conditions are shown in 14–57(c). In this situation, the ADC interprets 
the analog input voltage as greater than its actual value. This error is probably due to a 
faulty comparator circuit. 

  E X A M P L E  1 4 – 9 

 A 4-bit fl ash ADC is shown in  Figure   14–58   (a). It is tested with a setup like the one in  Figure   14–56   . The 
resulting reconstructed analog output is shown in  Figure   14–58   (b). Identify the problem and the most probable 
fault.  

  Other Features 
  End of Chapter  The following features are at the end of each chapter. 

   •   Summary  

  •   Glossary  

  •   Key Formulas  

  •   Self-test  

  •   Troubleshooting quiz  

  •   Sectionalized and categorized problem set  

  •   Answers to section checkups, related problems for examples, troubleshooting quiz, 
and self-test   

  End of Book  The following features are at the end of book. 

   •   Derivations of selected equations  

  •   Answers to odd-numbered problems  

  •   Comprehensive glossary  

  •   Index           

  To the Student 
 Any career training requires effort, and the electronics fi eld is no exception. The best way 
for you to learn new material is by reading, thinking, and doing. This text is designed to 
help you along the way and to illustrate how discrete and integrated analog devices are 
used in systems, both large and small. 

 Read each section of the text carefully and think about what you have read. Some-
times you may need to read the section more than once. Work through each example prob-
lem step-by-step before you try the related problem that goes with the example. After each 
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section, answer the checkup questions. Answers to the related problems and the section 
checkup questions are at the end of each chapter. 

 Review the chapter summary, the key term defi nitions, and the formula list. Review 
system examples and notes. Multisim examples are a good way to see circuits in action and 
answer “what-if?” questions you may have. Take the multiple-choice self-test, and the 
troubleshooting quiz. Check your answers against those at the end of the chapter. Finally, 
work the problems and compare your answers to the odd-numbered problems with those 
provided at the end of the book. 

 The importance of obtaining a thorough understanding of the concepts contained in 
this text cannot be overemphasized. These will prove to be invaluable when you are deal-
ing with complex analog circuits and systems. If you have a good training in these con-
cepts, an employer will train you in the specifi cs of the job to which you are assigned.  
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    CHAPTER 1 

     OUTLINE 
     1–1  Analog Electronics     

     1–2  Analog Signals     

     1–3  Signal Sources     

     1–4  Amplifi ers     

     1–5  Troubleshooting      

  OBJECTIVES 
  •   Discuss the basic characteristics of analog 

 electronics  

  •   Describe analog signals  

  •   Analyze signal sources  

  •   Explain the characteristics of an amplifi er  

  •   Describe the process for troubleshooting a circuit   

  INTRODUCTION 
 With the infl uence of computers and other digital devices, 
it’s easy to overlook the fact that virtually all natural 
phenomena that we measure (for example, pressure, 
fl ow rate, and temperature) originate as analog signals. 
In electronics, transducers are used to convert these analog 
quantities into voltage or current. Usually amplifi cation 
or other processing is required for these signals. Depend-
ing on the application, either digital or analog techniques 
may be more effi cient for processing. Analog circuits are 
found in nearly all power supplies, in many “real-time” 
applications (such as motor-speed controls), and in high-
frequency communication systems. Digital processing is 
more effective when mathematical operations must be 
performed and has major advantages in reducing the noise 
inherent in processing analog signals. In short, the two 
sides of electronics (analog and digital) complement 
each other, and the competent technician needs to be 
knowledgeable of both.    KEY TERMS 

    Characteristic curve   
   Analog signal   
   Digital signal   
   Period ( T  )   
   Cycle   
   Phase angle   
   Frequency   

   Thevenin’s theorem   
   Load line   
   Transducer   
   Amplifi er   
   Gain   
   Decibel (dB)   
   Attenuation     

  VISIT THE WEBSITE 
  Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd    

http://pearsonhighered.com/floyd


  The fi eld of electronics can be subdivided into various categories for study. The most basic 
division is to categorize signals between those that are represented by binary numbers (digital) 
and those that are represented by continuously variable quantities (analog). Digital electronics 
includes all arithmetic and logic operations such as performed in computers and calculators. 
Analog electronics includes virtually all other (nondigital) signals. Analog electronics includes 
signal-processing functions such as amplifi cation, differentiation, and integration. It is true 
that today almost all information—audio, video, and data—is digitized for transmission, and 
some types of signal processing. But it is also true that we cannot interact directly with the 
digital world. We are analog machines, and analog devices continue to play an important role 
in modern electronics.  

   After completing this section, you should be able to  

  •   Discuss the basic characteristics of analog electronics 

   •   Contrast the characteristic curve for a linear component with that of a nonlinear component  

  •   Explain what is meant by a characteristic curve  

  •   Compare dc and ac resistance and explain how they differ  

  •   Explain the difference between conventional current and electron fl ow     

      1–1  ANALOG ELECTRONICS 

 Modern electronics had its beginnings in 1907 when Lee deForest fi rst inserted a metallic 
grid in a vacuum tube and was able to control the current in a circuit. Today, electronic 
systems still control voltages and currents but use solid-state devices. Basic electronic com-
ponents, such as resistors or diodes, can be represented with graphs that show their charac-
teristics in a more intuitive manner than mathematical equations. In this section, you will 
examine graphs representing resistors and diodes. In  Chapter   3   , you will see how the addi-
tion of a control element (like deForest’s grid) can also be illustrated with graphs to pro-
vide a graphical picture of circuit operation. 

  Linear Equations 
 In basic algebra, a linear equation is one that plots a straight line between the variables and 
is usually written in the following form: 

   y = mx + b   

   where  y  = the dependent variable  

    x  = the independent variable  

    m  = the slope  

    b  = the  y -axis intercept   

 If the plot of the equation goes through the origin, then the  y -axis intercept is zero, and the 
equation reduces to 

   y = mx   

 which has the same form as Ohm’s law. 

    I =
V

R
  (1–1)    

 As written here, the dependent variable in Ohm’s law is current ( I  ), the independent 
variable is voltage ( V  ), and the slope is the reciprocal of resistance (1/ R ). Recall from your 
dc/ac course that this is simply the conductance, ( G ). By substitution, the linear form of 
Ohm’s law is more obvious; that is, 

   I = GV    

 A  linear component  is one in which an increase in current is proportional to the 
applied voltage as given by Ohm’s law. In general, a plot that shows the relationship 
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between two variable properties of a device defi nes a  characteristic curve . For most 
 electronic devices, a characteristic curve refers to a plot of the current,  I,  plotted as a func-
tion of voltage,  V.  For example, resistors have an  IV  characteristic described by the straight 
lines given in  Figure   1–1   . Notice that current is plotted on the  y -axis because it is the 
dependent variable.  
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 FIGURE 1–1          IV characteristic curve for two resistors.    

  E X A M P L E  1 – 1 

  Figure   1–1    shows the  IV  characteristic curve for two resistors. What are the con-
ductance and resistance of  R  1 ? 

  S O L U T I O N 

 Find the conductance,  G  1 , by measuring the slope of the  IV  characteristic curve 
for  R  1 . The slope is the change in the  y  variable (written  �y ) divided by the cor-
responding change in the  x  variable (written � x ). 

   slope =
�y

�x
   

 Choosing the point ( x  = 8 V,  y  = 10 mA) from  Figure   1–1    and the origin, 
( x  = 0 V,  y  = 0 mA), you can fi nd the slope and therefore the conductance as 

   G1 =
10 mA - 0 mA

8.0 V - 0 V
= 1.25 mS   

 For a straight line, the slope is constant so you can use any two points to deter-
mine the conductance. The resistance is the reciprocal of the conductance. 

   R1 =
1

G1
=

1

1.25 mS
= 0.8 k�    

  P R A C T I C E  E X E R C I S E * 

 Find the conductance and resistance of  R  2 . 

  *Answers are at the end of the chapter.     

  AC Resistance 
 As you have seen, the graph of the characteristic curve for a resistor is a straight line that 
passes through the origin. The slope of the line is constant and represents the conductance 
of the resistor; the reciprocal of the slope represents resistance. The ratio of voltage at 
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some point to the corresponding current at that point is referred to as  dc 
resistance.  DC resistance is defi ned by Ohm’s law,  R  =  V>I.  

 Many devices studied in analog electronics have a characteristic 
curve for which the current is not proportional to the voltage. These 
devices are nonlinear by nature but are included in the study of analog 
electronics because they take on a continuous range of input signals. 

  Figure   1–2    shows an  IV  characteristic curve for a diode, a nonlinear 
analog device. (Diodes are discussed in  Chapter   2   .) Generally, it is more 
useful to defi ne the resistance of a nonlinear analog device as a small  change  
in voltage divided by the corresponding  change  in current, that is,  �V > �I.  
The ratio of a small change in voltage divided by the corresponding small 
change in current is defi ned as the  ac resistance  of an analog device. 

   rac =
�V

�I
   

 This internal resistance (indicated with a lowercase italic  r ) is also called the  dynamic, 
small signal,  or  bulk resistance  of the device. The ac resistance depends on the particular 
point on the  IV  characteristic curve where the measurement is made.  

 For the diode in  Figure   1–2   , the slope varies dramatically; the point where the ac 
resistance is measured needs to be specifi ed with any measurement. For example, the slope 
at the point  x  = 0.6 V,  y  = 2 mA is found by computing the ratio of the change in current 
to the change in voltage as defi ned by the small triangle shown in the fi gure. The change in 
current, � I,  is 3.4 mA - 1.2 mA = 2.2 mA and the change in voltage, � V,  is 0.66 V 
- 0.54 V = 0.12 V. The ratio of � I >� V  is 2.2 mA/0.12 V = 18.3 mS. This represents the 
conductance,  g , at the specifi ed point. The internal ac resistance is the reciprocal of this value: 

   r =
1
g

=
1

18.3 mS
= 54.5 �    

  Conventional Current Versus Electron Flow 
 From your dc/ac circuits course, you know that current is the rate of fl ow of charge. The 
original defi nition of current was based on Benjamin Franklin’s belief that electricity was 
an unseen substance that moved from positive to negative.  Conventional current  assumes 
for analysis purposes that current is out of the positive terminal of a voltage source, through 
the circuit, and into the negative terminal of the source. Engineers use this defi nition and 
many textbooks show current with arrows drawn with this viewpoint. 

 Today, it is known that in solid metallic conductors, the moving charge is actually 
negatively charged electrons. Electrons move from the negative to the positive point, 
opposite to the defi ned direction of conventional current. The movement of electrons in a 
conductor is called  electron fl ow.  Many schools and textbooks show electron fl ow with 
current arrows drawn out of the negative terminal of a voltage source. 

 Unfortunately, the controversy between whether it is better to show conventional cur-
rent or electron fl ow in representing circuit behavior has continued for many years and does 
not appear to be subsiding. It is not important which direction you use to form a mental 
picture of current. In practice, there is only one correct direction to connect a dc ammeter to 
make current measurements. Throughout this text, the proper polarity for dc meters is 
shown when appropriate. Current paths are indicated with special bar meter symbols. In a 
given circuit, larger or smaller currents are indicated by the relative number of bars shown 
on a bar graph meter. 

 FIGURE 1–2          An IV 
characteristic curve for a 
diode.    
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  1.    What is a characteristic curve for a component?   

  2.    How does the characteristic curve for a large resistor compare 
to the curve for a smaller resistor?   

  3.    What is the difference between dc resistance and ac 
 resistance?   

  SECTION 1–1 CHECKUP* 

  *Answers are at the end of the chapter.     



  Analog and Digital Signals 
 Signals can be classifi ed as either continuous or discrete. A continuous signal changes smoothly, 
without interruption. A discrete signal can have only certain values. The terms  continuous  and 
 discrete  can be applied either to the amplitude or to the time characteristic of a signal. 

 In nature, most signals take on a continuous range of values within limits; such sig-
nals are referred to as  analog signals . For example, consider a potentiometer that is used as 
a shaft encoder as shown in  Figure   1–3   (a). The output voltage can be continuously varied 
within the limit of the supply voltage, resulting in an analog signal that is related to the 
angular position of the shaft. 

  A signal is any physical quantity that carries information. It can be an audible, visual, or other 
indication of information. In electronics, the term signal refers to the information that is car-
ried by electrical waves, either in a conductor or as an electromagnetic fi eld.  

   After completing this section, you should be able to  

  •   Describe analog signals 

   •   Compare an analog signal with a digital signal  

  •   Defi ne  sampling  and  quantizing   

  •   Apply the equation for a sinusoidal wave to fi nd the instantaneous value of a voltage 
or current  

  •   Find the peak, rms, or average value, given the equation for a sinusoidal wave  

  •   Explain the difference between the time-domain signal and the frequency-domain signal     

   1–2  ANALOG SIGNALS 

An analog quantity, such as voltage, that is repetitive or varies in a certain manner is an analog signal. An analog signal can be a 
repetitive waveform, such as the sine wave in Figure SN1–1(a), or a continuously varying audio signal that carries information 
(music, the spoken word, or other sounds), as shown in part (b). Other examples of analog signals are amplitude-modulated signals 
(AM) and frequency-modulated signals (FM), as illustrated in parts (c) and (d). In AM, a lower-frequency information signal, such 
as voice, varies the amplitude of a high-frequency sine wave. In FM, the information signal varies the frequency of the sine wave.

S Y S T E M  N O T E

Amplitude-
modulated
envelope Carrier

Frequency-
modulated
carrier

(d) Frequency-modulated signal(c) Amplitude-modulated signal

(a) Sine wave (b) Audio

FIGURE SN1–1
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 Analog circuits are generally simple, have high speed and low cost, and can readily 
simulate natural phenomena. They are often used for operations such as performing linear-
izing functions, waveshaping, transforming voltage to current or current to voltage, multi-
plying, and mixing. By contrast, digital circuits have high noise immunity, no drift, and the 
ability to process data rapidly and to perform various calculations. In many electronic sys-
tems, a mix of analog and digital signals are required to optimize the overall system’s 
performance or cost. 

 Many signals have their origin in a natural phenomenon such as a measurement of 
pressure or temperature. Transducer outputs are typically analog in nature; a microphone, 
for example, provides an analog signal to an amplifi er. Frequently, the analog signal is 
converted to digital form for storing, processing, or transmitting. 

 Conversion from analog to digital form is accomplished by a two-step process: sam-
pling and quantizing.  Sampling  is the process of breaking the analog waveform into time 
“slices” that approximate the original wave. This process always loses some information; 
however, the advantages of digital systems (noise reduction, digital storage, and processing) 
outweigh the disadvantages. After sampling, the time slices are assigned a numeric value. 
This process, called  quantizing  ,  produces numbers that can be processed by digital comput-
ers or other digital circuits.  Figure   1–4    illustrates the sampling and quantizing process.  

 On the other hand, another type of encoder has a certain number of steps that can be 
selected as shown in  Figure   1–3   (b). When numbers are assigned to these steps, the result is 
called a  digital signal .  

110 111
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101 000
100 001

3-bit
binary

Output

Battery

(a) Analog shaft encoder (b) Digital shaft encoder

 FIGURE 1–3          Analog and digital shaft encoders.    
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 FIGURE 1–4          Digitizing an analog waveform.    

 Frequently, digital signals need to be converted back to their original analog form to 
be useful in their fi nal application. For instance, the digitized sound on a CD must be con-
verted to an analog signal and eventually back to sound by a loudspeaker.     
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 A cellular phone is a common example of a system that employs both analog and digital sig-
nals. The microphone captures voice data which is an  analog  signal. The analog voice data is 
converted into a  digital  signal and then modulated on an  analog  RF carrier signal. It is then 
transmitted via the antenna to a cell tower. 

 In the same way, the incoming signal from the cell tower is received as  digital  intelli-
gence modulated on an  analog  carrier. It is amplifi ed by a low-noise amplifi er (LNA) and 
down-converted using an  analog  carrier frequency. The  digital  voice data is then converted 
back to  analog  and sent to the audio power amp and fi nally the speaker. 

 S Y S T E M  N O T E 

  Periodic Signals 
 To carry information, some property such as the voltage or frequency of an electrical wave 
needs to vary. Frequently, an electrical signal repeats at a regular interval of time. Repeat-
ing waveforms are said to be  periodic . The  period (T)  represents the time for a periodic 
wave to complete one cycle. A  cycle  is the complete sequence of values that a waveform 
exhibits before another identical pattern occurs. The period can be measured between any 
two corresponding points on successive cycles. 

 Periodic waveshapes are used extensively in electronics. Many practical electronic 
circuits such as oscillators generate periodic waves. Most oscillators are designed to pro-
duce a particular shaped waveform—either a sinusoidal wave or nonsinusoidal waves such 
as the square, rectangular, triangle, and sawtooth waves. 

 The most basic and important periodic waveform is the sinusoidal wave. Both the 
trigonometric sine and cosine functions have the shape of a sinusoidal wave. The term  sine 
wave  usually implies the trigonometric function, whereas the term  sinusoidal wave  means 
a waveform with the shape of a sine wave. A sinusoidal waveform is generated as the 
natural waveform from many ac generators and in radio waves. Sinusoidal waves are also 
present in physical phenomena from the generation of laser light, the vibration of a tuning 
fork, or the motion of ocean waves. 

 A  vector  is any quantity that has both 
magnitude and direction. A sinusoidal curve 
can be generated by plotting the projection of 
the end point of a rotating vector that is turning 
with uniform circular motion, as illustrated in 
 Figure   1–5   . Successive revolutions of the point 
generate a periodic curve which can be 
expressed mathematically as 

Amplitude, A

v(t)

Period, T

 FIGURE 1–5          Generation of a sinusoidal waveform from the projection of a 
rotating vector.    

    y(t) = A sin(vt { f)  (1–2)    

   where  y ( t ) =  vertical displacement of a point on the curve from the horizontal axis. The 
bracketed quantity ( t ) is an optional indicator, called  functional notation,  to 
emphasize that the signals vary with time. Functional notation is frequently 
omitted when it isn’t important to emphasize the time relationship but is 
introduced to familiarize you with the concept when it is shown.  

    A  = amplitude. This is the maximum displacement from the horizontal axis.  

   v = angular frequency of the rotating vector in radians per second.  

    t  = time in seconds to a point on the curve.  

   f =  phase angle in radians. The  phase angle  is simply a fraction of a cycle that a 
waveform is shifted from a reference waveform of the same frequency. It is 
positive if the curve begins before  t  = 0 and is negative if the curve starts 
after  t  = 0.   

 Equation (1–2) illustrates that the sinusoidal wave can be defi ned in terms of three 
basic parameters. These are the frequency, amplitude, and phase angle.  
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  FREQUENCY AND PERIOD     When the rotating vector has made one complete 
cycle, it has rotated through 2p radians. The number of complete cycles generated per 
second is called the  frequency . Dividing the angular frequency (v, in rad/s) of the rotating 
vector by the number of radians in one cycle (2p rad/cycle) gives the frequency in hertz.  1    

    f (Hz) =
v (rad/s)

2p (rad/cycle)
  (1–3)    

 One cycle per second is equal to 1 Hz. The frequency (  f  ) of a periodic wave is the 
number of cycles in one second and the period ( T  ) is the time for one cycle, so it is logical 
that the reciprocal of the frequency is the period and the reciprocal of the period is the 
frequency. 

    T =
1

f
  (1–4)    

 and 

    f =
1

T
  (1–5)    

 For example, if a signal repeats every 10 ms, then its period is 10 ms and its frequency is 

   f =
1

T
=

1

10 ms
= 0.1 kHz    

  INSTANTANEOUS VALUE OF A SINUSOIDAL WAVE     If the sinusoidal 
waveform shown in  Figure   1–5    represents a voltage, Equation (1–2) is written 

   v(t) = Vpsin(vt { f)   

 In this equation,  v ( t ) is a variable that represents the voltage. Since it changes as a function 
of time, it is often referred to as the  instantaneous voltage.   

  PEAK VALUE OF A SINUSOIDAL WAVE     The amplitude of a sinusoidal wave 
is the maximum displacement from the horizontal axis as shown in  Figure   1–5   . For a volt-
age waveform, the amplitude is called the peak voltage,  V p  . When making voltage meas-
urements with an oscilloscope, it is often easier to measure the peak-to-peak voltage,  V pp  . 
The peak-to-peak voltage is twice the peak value.  

  AVERAGE VALUE OF A SINUSOIDAL WAVE     During one cycle, a sinusoi-
dal waveform has equal positive and negative excursions. Therefore, the mathematical 
defi nition of the average value of a sinusoidal waveform must be zero. However, the term 
 average value  is generally used to mean the average over a cycle without regard to the 
sign. That is, the average is usually computed by converting all negative values to positive 
values, then averaging. The average voltage is defi ned in terms of the peak voltage by the 
following equation: 

   Vavg =
2Vp

p
   

 Simplifying, 

    Vavg = 0.637Vp  (1–6)    

 1  The unit of frequency was cycles per second (cps) prior to 1960 but was renamed the hertz (abbreviated Hz) in 
honor of Heinrich Hertz, a German physicist who demonstrated radio waves. The old unit designation was more 
descriptive of the defi nition of frequency. 
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 The average value is useful in certain practical problems. For example, if a rectifi ed 
sinusoidal waveform is used to deposit material in an electroplating operation, the quantity 
of material deposited is related to the average current: 

   Iavg = 0.637Ip    

  EFFECTIVE VALUE (rms VALUE) OF A SINUSOIDAL WAVE     If you 
apply a dc voltage to a resistor, a steady amount of power is dissipated in the resistor and 
can be calculated using the following power law: 

    P = IV   (1–7)    

   where  V  = dc voltage across the resistor (volts)  

       I  = dc current in the resistor (amperes)  

       P  = power dissipated (watts)   

 A sinusoidal waveform transfers maximum power at the peak excursions of the curve 
and no power at all at the instant the voltage crosses zero. In order to compare ac and dc 
voltages and currents, ac voltages and currents are defi ned in terms of the equivalent heat-
ing value of dc. This equivalent heating value is computed with calculus, and the result is 
called the rms (for  root-mean-square ) voltage or current. The rms voltage is related to the 
peak voltage by the following equation: 

    Vrms = 0.707Vp  (1–8)    

 Likewise, the effective or rms current is 

   Irms = 0.707Ip   

  E X A M P L E  1 – 2 

 A certain voltage waveform is described by the following equation: 

   v(t) = 15 V sin(600t)   

   (a)   From this equation, determine the peak voltage and the average voltage. 
Give the angular frequency in rad/s.  

  (b)   Find the instantaneous voltage at a time of 10 ms.   

  S O L U T I O N 

   (a)   The form of the equation is 

   y(t) = A sin(vt)   

  The peak voltage is the same as the amplitude ( A ). 

   Vp = 15 V   

  The average voltage is related to the peak voltage. 

   Vavg = 0.637Vp = 0.637(15 V) = 9.56 V   

  The angular frequency, v, is  600 rad/s.   

  (b)   The instantaneous voltage at a time of 10 ms is 

   v(t) = 15 V sin(600t) = 15 V sin(600)(10 ms) = �4.19 V   

  Note the negative value indicates that the waveform is below the axis at this 
point.    

  P R A C T I C E  E X E R C I S E 

 Find the rms voltage, the frequency in hertz, and the period of the waveform 
described in the example.     
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  Time-Domain Signals 
 Thus far, the signals you have looked at vary with time, and it is natural to associate time 
as the independent variable. Some instruments, such as the oscilloscope, are designed to 
record signals as a function of time. Time is therefore the independent variable. The values 
assigned to the independent variable are called the  domain . Signals that have voltage, cur-
rent, resistance, or other quantity vary as a function of time are called  time-domain  signals.  

  Frequency-Domain Signals 
 Sometimes it is useful to view a signal where frequency is represented on the horizontal 
axis and the signal amplitude (usually in logarithmic form) is plotted along the vertical 
axis. Since frequency is the independent variable, the instrument works in the  frequency 
domain,  and the plot of amplitude versus frequency is called a  spectrum . The spectrum 
analyzer is an instrument used to view the spectrum of a signal. These instruments are 
extremely useful in radio frequency (RF) measurements for analyzing the frequency 
response of a circuit, testing for harmonic distortion, checking the percent modulation 
from transmitters, and many other applications. 

 You have seen how the sinusoidal wave can be defi ned in terms of three basic param-
eters. These are the amplitude, frequency, and phase angle. A continuous sinusoidal wave 
can be shown as a time-varying signal defi ned by these three parameters. The same sinu-
soidal wave can also be shown as a single line on a frequency spectrum. The frequency-
domain representation gives information about the amplitude and frequency, but it does 
not show the phase angle. These two representations of a sinusoidal wave are compared in 
 Figure   1–6   . The height of the line on the spectrum is the amplitude of the sinusoidal wave.  

  HARMONICS     A nonsinusoidal repetitive waveform is composed of a fundamental 
frequency and harmonic frequencies. The fundamental frequency is the basic repetition 
rate of the waveform, and the  harmonics  are higher-frequency sinusoidal waves that are 
multiples of the fundamental. Interestingly, these multiples are all related to the fundamen-
tal by integers (whole numbers). 

   Odd harmonics  are frequencies that are odd multiples of the fundamental frequency 
of a waveform. For example, a 1 kHz square wave consists of a fundamental of 1 kHz and 
odd harmonics of 3 kHz, 5 kHz, 7 kHz, and so on. The 3 kHz frequency in this case is 
called the third harmonic, the 5 kHz frequency is called the fi fth harmonic, and so on. 

   Even harmonics  are frequencies that are even multiples of the fundamental fre-
quency. For example, if a certain wave has a fundamental of 200 Hz, the second harmonic 
is 400 Hz, the fourth harmonic is 800 Hz, and the sixth harmonic is 1200 Hz. 

 Any variation from a pure sinusoidal wave produces harmonics. A nonsinusoidal wave 
is a composite of the fundamental and certain harmonics. Some types of waveforms have 
only odd harmonics, some have only even harmonics, and some contain both. The shape of 
the wave is determined by its harmonic content. Generally, only the fundamental and the 

A1

A1

f 1

(a) Time domain (b) Frequency domain

 FIGURE 1–6          Time-domain and frequency-domain representations of a 
 sinusoidal wave.    

MULTISIM

 Open fi le F01-07 found on 
the companion website. This 
simulation illustrates the 
difference between time-
domain and frequency-domain 
measurements. It also 
demonstrates how the odd-order 
harmonics of a fundamental 
sine wave combine to produce 
a square wave. 
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 Signal distortion is always a concern in any system. One source of distortion is the  harmonic dis-
tortion  produced by nonlinear devices. A nonlinear device is one in which the output current is not 
proportional to changes in the applied voltage. Overdriving an amplifi er is one common cause. 

 Nonlinear devices can also produce another type of distortion called  intermodulation 
distortion  (IMD). If two or more frequencies are processed by a nonlinear device, intermodu-
lation products that are the sum and difference of the fundamentals and the integer multiples 
(harmonics) are produced. This is a much less desirable type of distortion. 

 S Y S T E M  N O T E 

0

V

t 0

V

t 0

V

t

(a) (b) (c)

Fundamental

Sum

Sum

3rd harmonic

5th harmonic

Fundamental + 3rd + 5th + 7th

Ideal square wave

3rd harmonic

 FIGURE 1–7          Odd harmonics combine to produce a square wave.    

  FOURIER SERIES     All periodic waves except the sinusoidal wave itself are complex 
waveforms composed of a series of sinusoidal waves. Jean Fourier, a French mathemati-
cian interested in problems of heat conduction, formed a mathematical series of trigonom-
etry terms to describe periodic waves. This series is appropriately called the Fourier series.  2   
With the Fourier series, one can mathematically determine the amplitude of each of the 
sinusoidal waves that compose a complex waveform.  

 The frequency spectrum developed by Fourier is often shown as an amplitude spec-
trum with units of voltage or power on the  y -axis plotted against Hz on the  x -axis.  Figure 
  1–8   (a) illustrates the amplitude spectrum for several different periodic waveforms. Notice 
that all spectrums for periodic waves are depicted as lines located at harmonics of the funda-
mental frequency. These individual frequencies can be measured with a spectrum analyzer. 

 Nonperiodic signals such as speech, or other transient waveforms, can also be repre-
sented by a spectrum; however, the spectrum is no longer a series of lines as in the case of 
repetitive waves. Transient waveforms are computed by another method called the  Fourier 
transform.  The spectrum of a transient waveform contains a continuum of frequencies 
rather than just harmonically related components. A representative Fourier pair of signals 
for a nonrepetitive pulse are shown in  Figure   1–8   (b).  

 2  Although Fourier’s work was signifi cant and he was awarded a prize, his colleagues were uneasy about it. The 
famous mathematician, Legrange, argued in the French Academy of Science that Fourier’s claim was impossi-
ble. For further information, see Scientifi c American, June 1989, p.  86 . 

fi rst few harmonics are important in determining the waveshape. For example, a square 
wave is formed from the fundamental and odd harmonics, as illustrated in  Figure   1–7   .         
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(a) Examples of time-domain and frequency-domain representations of repetitive waves
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Time-domain representation Frequency-domain representation

 FIGURE 1–8          Comparison of the frequency spectrum of repetitive and nonrepetitive waves.    

 ANALOG SYSTEMS 
 An analog system is one that processes data in analog form only. One example is a public 
address system, used to amplify sound so that it can be heard by a large audience. The 
basic diagram in    Figure SE1–1   . illustrates that sound waves, which are analog in nature, 
are picked up by a microphone and converted to a small analog voltage called the audio 
signal. This voltage varies continuously as the volume and frequency of the sound changes 
and is applied to the input of a linear amplifi er. The output of the amplifi er, which is an 
increased reproduction of input voltage, goes to the speaker(s). The speaker changes the 
amplifi ed audio signal back to sound waves that have a much greater volume than the 
original sound waves picked up by the microphone. 

 S Y S T E M  E X A M P L E  1 – 1 
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 Another example of an analog system is the FM receiver. The system processes the 
incoming frequency-modulated carrier signal, extracts the audio signal for amplifi cation, 
and produces audible sound waves. A block diagram is shown in  Figure   SE1–2    with a 
representative signal shown at each point in the system. 

RF
amplifier

Mixer
IF

amplifier

Local
oscillator Sound

Limiter Discriminator

De-emphasis
network

Audio and
power

amplifiers

Audio

Compensated
audio

fc+10.7 MHz

88 MHz–108 MHz
electromagnetic
waves

Amplified
audio

FM fc 10.7 MHz FM
10.7 MHz 

Amplified FM
10.7 MHz 

Limited FM

 FIGURE SE1–2         Block diagram of superheterodyne FM receiver.   

  1.    What is the difference between an analog signal and a digital 
signal?   

  2.    Describe the spectrum for a square wave.   

  3.    How does the spectrum for a repetitive waveform differ from 
that of a nonrepetitive waveform?                                    

  SECTION 1–2 CHECKUP 

Linear amplifier

Microphone

Audio signal

Speaker

Amplified audio signal

Reproduced
sound waves

Original sound waves

 FIGURE SE1–1         A basic audio public address system.   



  Independent Sources 
 Signal sources can be defi ned in terms of either voltage or current and may be defi ned for 
either dc or ac. An ideal independent voltage source generates a voltage which does not 
depend on the load current. An ideal independent current source produces a current in the 
load which does not depend on the voltage across the load. 

 The value of an ideal independent source can be specifi ed without regard to any 
other circuit parameter. Although a truly ideal source cannot be realized, in some cases, 
(such as a regulated power supply), it can be closely approximated. Actual sources can be 
modeled as consisting of an ideal source and a resistor (or other passive component for ac 
sources).  

  Thevenin’s Theorem 
 Thevenin’s theorem allows you to replace a complicated, two-terminal linear circuit with 
an ideal independent voltage source and a series resistance as illustrated in  Figure   1–9   . The 
source can be either a dc or ac source (a dc source is shown).  Thevenin’s theorem  provides 
an equivalent circuit from the standpoint of the two output terminals. That is, the original 
circuit and the Thevenin circuit will produce exactly the same voltage and current in any 
load. Thevenin’s theorem is particularly useful for analysis of linear circuits such as ampli-
fi ers, a topic that will be covered in  Section   1–4   .  

  You may recall from basic electronics that Thevenin’s theorem allows you to replace a compli-
cated linear circuit with a single voltage source and a series resistance. The circuit is viewed 
from the standpoint of two output terminals. Likewise, Norton’s theorem allows you to replace 
a complicated two-terminal, linear circuit with a single current source and a parallel resist-
ance. These important theorems are useful for simplifying the analysis of a wide variety of 
circuits and should be thoroughly understood.  

   After completing this section, you should be able to  

  •   Analyze signal sources 

   •   Defi ne two types of independent sources  

  •   Draw a Thevenin or Norton equivalent circuit for a dc resistive circuit  

  •   Show how to draw a load line for a Thevenin circuit  

  •   Explain the meaning of Q-point  

  •   Explain how a passive transducer can be modeled with a Thevenin equivalent circuit     

   1–3  SIGNAL SOURCES 

Output
terminals

VTH = VNL

RTH = ROUT

VOUT

 FIGURE 1–9          Thevenin’s equivalent for a dc circuit.    

 Only two quantities are needed to determine the equivalent Thevenin circuit—the 
Thevenin voltage and the Thevenin resistance. The Thevenin voltage,  V  TH , is the open 
circuit (no load, NL) voltage from the original circuit. The Thevenin resistance,  R  TH , is the 
resistance from the point of view of the output terminals with all voltage or current sources 
replaced by their internal resistance. 
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  E X A M P L E  1 – 3 

 Find the equivalent Thevenin circuit for the dc circuit shown in  Figure   1–10   (a). 
The output terminals are represented by the open circles.  

R1

150 �
VS

 12 V
R2
470 �

R4

100 �

R3

220 �

(b) Original circuit with load resistor, RL, removed

RTH

307 �
VTH

 6.71 V

(c)

R1

150 �
VS

 12 V
R2
470 �

R4

100 �
RL
330 �

R3

220 �

(a) Original circuit with load resistor, RL

Thevenin equivalent of original circuit

 FIGURE 1–10          Simplifying a circuit with Thevenin’s theorem.    

  S O L U T I O N 

 Find the Thevenin voltage by computing the voltage on the output terminals  as if 
the load were removed  as shown in  Figure   1–10   (b). With no load, there is no path 
for current through  R  4 . Therefore, there is no current and no voltage drop will 
appear across it. The output (Thevenin) voltage must be the same as the drop 
across  R  2 . Applying the voltage-divider rule for the equivalent series combination 
of  R  1 ,  R  2 , and  R  3 , the voltage across  R  2  is 

    VTH = V2 = VSa R2

R1 + R2 + R3
b

 = 12 Va 470 �

150 � + 470 � + 220 �
b = 6.71 V   

 The Thevenin resistance is the resistance from the perspective of the output 
terminals with sources replaced with their internal resistance. The internal resist-
ance of a voltage source is zero (ideally). Replacing the source with zero resist-
ance places  R  1  and  R  3  in series and the combination in parallel with  R  2 . The 
equivalent resistance of these three resistors is in series with  R  4 . Thus, the 
Thevenin resistance for this circuit is 

    RTH = [(R1 + R3) }  R2] + R4

 = [(150 � + 220 �) }  470 �] + 100 � = 307 �   

 The Thevenin circuit is shown in  Figure   1–10   (c).  

  P R A C T I C E  E X E R C I S E 

 Use the Thevenin circuit to fi nd the voltage across the 330 � load resistor.   

 Thevenin’s theorem is a useful way of combining linear circuit elements to form an 
equivalent circuit that can be used to answer questions with respect to various loads. The 
requirement that the Thevenin circuit elements are linear places some restrictions on the 
use of Thevenin’s theorem. In spite of this, if the circuit to be replaced is approximately 
linear, Thevenin’s theorem may produce useful results. This is the case for many amplifi er 
circuits that we will investigate later.  
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  Norton’s Theorem 
  Norton’s theorem  provides another equivalent circuit similar to the Thevenin 
equivalent circuit. Norton’s equivalent circuit can also replace any two-terminal 
linear circuit with a reduced equivalent. Instead of a voltage source, the Norton 
equivalent circuit uses a current source in parallel with a resistance, as illus-
trated in  Figure   1–11   .  

 The magnitude of the Norton current source is found by replacing the 
load with a short and determining the current in the load. The Norton resist-
ance is the same as the Thevenin resistance. 

RN = RTHIN = Ishorted load

 FIGURE 1–11          Norton circuit. The arrow 
in the current source symbol always points 
to the positive side of the source.    

  E X A M P L E  1 – 4 

 Find the equivalent Norton circuit for the dc circuit shown in  Figure   1–12   (a). The output terminals are repre-
sented by the open circles.  

R1

150 �
VS

 12 V
R2,4
82.5 �

R3

220 �

(c) R2 and R4 form an equivalent parallel resistor.

IN
21.9 mA

(d) The current in the short is equal to the Norton current.

R1

150 �
VS

 12 V
R2
470 �

R4

100 �
RL
330 �

R3

220 �

(a) Original circuit

R1

150 �
VS

 12 V
R2
470 �

R4

100 �

Short

R3

220 �

(b) RL replaced with a short

RN
307 �

  FIGURE 1–12          Simplifying a circuit with Norton’s theorem.    

  S O L U T I O N 

 Find the Norton current by computing the current in the load  as if it were replaced by a short  as shown in  Figure 
  1–12   (b). The shorted load causes  R  4  to appear in parallel with  R  2  as shown in  Figure   1–12   (b). The total current in 
the equivalent circuit of  Figure   1–12   (c) can be found by applying Ohm’s law to the total resistance. 

   I =
VS

RT
=

12 V

R1 + R2,4 + R3
=

12.0 V

452.5 �
= 26.5 mA   

 The current ( I  SL ) in the shorted load is found by applying the current-divider rule to the  R  2  and  R  4  junction 
in the circuit of  Figure   1–12   (b). 

   ISL = ITa R2

R2 + R4
b = 26.5 mAa 470 �

470 � + 100 �
b = 21.9 mA   

 The current in the shorted load is the Norton current. The Norton resistance is equal to the Thevenin resist-
ance, as found in  Example   1–3   . Notice that the Norton resistance is in parallel with the Norton current source. 
The equivalent circuit is shown in  Figure   1–12   (d).  

  P R A C T I C E  E X E R C I S E 

 Use Norton’s theorem to fi nd the voltage across the 330 � load resistor. Show that Norton’s theorem gives the 
same result as Thevenin’s theorem for this circuit (see Practice Exercise in  Example   1–3   ).    
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  Load Lines 
 An interesting way to obtain a “conceptual picture” of circuit operation is through the use 
of a load line for the circuit. Load lines are introduced here and will be explored further in 
 Chapter   3   . 

 Imagine a linear circuit that has an equivalent Thevenin circuit as shown in  Figure 
  1–13   . Let’s see what happens if various loads are placed across the output terminals. First, 
assume there is a short (zero resistance). In this case, the voltage across the load is zero and 
the current is given by Ohm’s law. 

   IL =
VTH

RTH
=

10 V

1.0 k�
= 10 mA   

 Now assume the load is an open (infi nite resistance). In this case, the load current is zero, 
and the voltage across the load is equal to the Thevenin voltage. 

  The two tested conditions represent the maximum and minimum current in the load. 
 Table   1–1    shows the results of trying some more points to see what happens with different 
loads. Plotting the data as shown in  Figure   1–14    establishes an  IV  curve for the Thevenin 
circuit. Because the circuit is a linear circuit,  any load that is placed across the output ter-
minals falls onto the same straight line.  This line is called the  load line  for the circuit and 
describes the driving circuit (in this case, the Thevenin circuit), not the load itself. Since 
the load line is a straight line, the fi rst two calculated conditions (a short and an open load) 
are all that are needed to establish it.   

VTH
10 V

RTH

1.0 k�

 FIGURE 1–13        
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I (mA)

 FIGURE 1–14          Load line for the circuit in  Figure   1–13   .    

   R L     V L     I L   

 0 �  0.0 V  10.0 mA 

 250 �  2.00 V  8.00 mA 

 500 �  3.33 V  6.67 mA 

 750 �  4.29 V  5.72 mA 

 1.0 k�  5.00 V  5.00 mA 

 2.0 k�  6.67 V  3.33 mA 

 4.0 k�  8.00 V  2.00 mA 

 open  10.0 V  0.00 mA 

 TABLE 1–1 •   Various load conditions for 
the circuit in  Figure   1–13   . 

 Before we leave the topic of load lines, consider one more idea. Recall that a resistor 
(or any other device) has its own characteristic that can be described by its  IV  curve. The 
characteristic curve for a resistor represents all of the possible operating points for the 
device, whereas the load line represents all of the possible operating points for the circuit. 
Combining these ideas, you can superimpose the  IV  curve for a resistor on the plot of the 
load line for the Thevenin circuit. The intersection of these two lines gives the operating 
point for the combination. 

  Figure   1–15   (a) shows an 800 � load resistor added to the Thevenin circuit from 
 Figure   1–13   . The load line for the Thevenin circuit and the characteristic curve for resistor 
 R  1  from  Figure   1–1    are shown in  Figure   1–15   (b).  R  1  now serves as a load resistor,  R L  . The 
intersection of the two lines represents the operating point, or  quiescent point  ,  commonly 
referred to as the Q-point. Note that the load voltage (4.4 V) and load current (5.6 mA) can 
be read directly from the graph. In  Chapter   3   , you will see that this idea can be extended to 
transistors and other devices to give a graphical tool for understanding circuit operation.   
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  Transducers 
 Analog circuits are frequently used in conjunction with a measurement that needs to be 
made. A  transducer  is a device that converts a physical quantity (such as position, pres-
sure, or temperature) from one form to another; for electronic systems, input transducers 
convert a physical quantity to be measured into an electrical quantity (voltage, current, 
resistance). Transducers will be covered further in  Chapter   15   . 

 The signal from transducers is frequently very small, requiring amplifi cation before 
being suitable for further processing. Passive transducers, such as strain gages, require a 
separate source of electrical power (called  excitation ) to perform their job. Others, such as 
thermocouples, are active transducers; they are self-generating devices that convert a small 
portion of the quantity to be measured into an electrical signal. Both passive and active 
transducers are often simplifi ed to a Thevenin or Norton equivalent circuit for analysis. 

 In order to choose an appropriate amplifi er, it is necessary to consider both the size of 
the source voltage and the size of the equivalent Thevenin or Norton resistance. When the 
equivalent resistance is very small, Thevenin’s equivalent circuit is generally more useful 
because the circuit approximates an ideal voltage source. When the equivalent resistance is 
large, Norton’s theorem is generally more useful because the circuit approximates an ideal 
current source. When the source resistance is very high, such as the case with a pH meter, 
a very high input impedance amplifi er must be used. Other considerations, such as the 
frequency response of the system or the presence of noise, affect the choice of amplifi er. 

RTH

1.0 k�
VTH

 10 V
RL
800 �

(a)

I (mA)

1

1 2 3 4 5 6 7 8 9 100

2

3

4

5

6

7

8

9

10

V (V)

R1

Q-point

5.6

4.4

(b)

 FIGURE 1–15          Load line and a resistor IV curve showing the Q-point.    

  E X A M P L E  1 – 5 

 A piezoelectric crystal is used in a vibration monitor. Assume the output of the 
transducer should be a 60 mV rms sine wave with no load. When a technician 
connects an oscilloscope with a 10 M� input impedance across the output, the 
voltage is observed to be only 40 mV rms. Based on these observations, draw the 
Thevenin equivalent circuit for this transducer. 

  S O L U T I O N 

 The open circuit ac voltage is the Thevenin voltage; thus,  V th   =  60 mV.  The 
Thevenin resistance can be found indirectly using the voltage-divider rule. The 
oscilloscope input impedance is considered the load resistance,  R L  , in this case. 
The voltage across the load is 

   VRL
= Vtha RL

RL + Rth
b    
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Vth
60 mV

Rth

5.0 M�

 FIGURE 1–16        

  P R A C T I C E  E X E R C I S E 

 Draw the Norton’s equivalent circuit for the same transducer.   

  1.    What is an independent source?   

  2.    What is the difference between a Thevenin and a Norton 
circuit?   

  3.    What is the difference between a passive and an active 
 transducer?      

  SECTION 1–3 CHECKUP 

 Rearranging terms, 

   
RL + Rth

RL
=

Vth

VRL

   

 Now solving for  R th   and substituting the given values, 

   Rth = RLa Vth

VRL

- 1b = 10 M�a 60 mV

40 mV
- 1b = 5.0 M�   

 The equivalent transducer circuit is shown in  Figure   1–16   .   

As you know, an analog quantity is one with continuous values and most quantities in nature 
are analog. If you graphed the temperature in a typical summer day, you would have a smooth 
curve of values. A transducer converts the temperature into an electrical quantity (usually a 
voltage). This voltage is then used as the analog input to a system; a weather station may have 
several types of transducers each with its own input but all with an electrical output that is then 
fed to a weather monitoring system.

S Y S T E M  N O T E
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FIGURE SN1–2 Graph of an analog quantity (temperature versus time).



   1–4  AMPLIFIERS 
  Before processing, most signals require amplifi cation. Amplifi cation is simply increasing the 
magnitude of a signal (either voltage, current, or both) and is one of the most important oper-
ations in electronics. Other operations in the fi eld of linear electronics include signal genera-
tion (oscillators), waveshaping, frequency conversion, modulation, and many other processes. 
In addition to strictly linear or strictly digital circuits, many electronic circuits involve a com-
bination of digital and linear electronics. These include an important class of interfacing cir-
cuits that convert analog-to-digital and digital-to-analog. These circuits will be considered in 
 Chapter   14   .  

   After completing this section, you should be able to  

  •   Explain the characteristics of an amplifi er 

   •   Write the equations for voltage gain and power gain  

  •   Draw the transfer curve for an amplifi er  

  •   Show how an amplifi er can be modeled as Thevenin or Norton equivalent circuits to 
represent the input circuit and the output circuit  

  •   Describe how an amplifi er can be formed by cascading stages  

  •   Determine the loading effect of one amplifi er stage on another  

  •   Use a calculator to fi nd the logarithm or antilog of a given number  

  •   Compute decibel voltage and power gain for an amplifi er or circuit     

  Linear Amplifi ers 
 The previous discussion on linear circuits can be extended to  amplifi ers . Linear amplifi ers 
produce a magnifi ed replica ( amplifi cation ) of the input signal in order to produce a useful 
outcome (such as driving a loudspeaker). The concept of an  ideal amplifi er  means that the 
amplifi er introduces no noise or distortion to the signal; the output varies in time and rep-
licates the input exactly. 

 Amplifi ers are designed primarily to amplify either voltage or power. For a voltage 
amplifi er, the output signal,  V out  ( t ), is proportional to the input signal,  V in  ( t ), and the ratio 
of output voltage to input voltage is voltage  gain . To simplify the gain equation, you can 
omit the functional notation, ( t ), and simply show the ratio of the output signal voltage to 
the input signal voltage as 

    Av =
Vout

Vin
  (1–9)    

   where  A v   = voltage gain  

      V out   = output signal voltage  

      V in   = input signal voltage   

 A useful way of looking at any circuit is to show the output for a given input. This 
plot, called a  transfer curve  ,  shows the response of the circuit. An ideal amplifi er is char-
acterized by a straight line that goes to infi nity. For an actual linear amplifi er, the transfer 
curve is a straight line until saturation is reached as shown in  Figure   1–17   . From this plot, 
the output voltage can be read for a given input voltage. 

 All amplifi ers have certain limits, beyond which they no longer act as ideal. The out-
put of the amplifi er illustrated in  Figure   1–17    eventually cannot follow the input; at this 
point the amplifi er is no longer linear. Additionally, all amplifi ers must operate from a 
source of energy, usually in the form of a dc power supply. Essentially, amplifi ers convert 
some of this dc energy from the power supply into signal power. Thus, the output signal 
has larger power than the input signal. Frequently, block diagrams and other circuit repre-
sentations omit the power supply, but it is understood to be present.   
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 FIGURE 1–17          Transfer 
curve for a linear amplifi er.    

  The Nonlinear Amplifi er 
 Amplifi ers are frequently used in situations where the output is not intended to be a replica 
of the input. These amplifi ers form an important part of the fi eld of analog electronics. 
They include two main categories: waveshaping and switching. A  waveshaping amplifi er  
is used to change the shape of a waveform. A  switching amplifi er  produces a rectangular 
output from some other waveform. The input can be any waveform, for example, sinusoi-
dal, triangle, or sawtooth. The rectangular output wave is often used as a control signal for 
some digital applications. 

  E X A M P L E  1 – 6 

 The input and output signals for a linear amplifi er are shown in  Figure   1–18    and 
represent an oscilloscope display. What is the voltage gain of the amplifi er?  

 Vout : 5.0 V/div

 Vin: 0.2 V/div

5.0 ms/div

  FIGURE 1–18          Oscilloscope display.    

  S O L U T I O N 

 The input signal is 2.0 divisions from peak to peak. 

   Vin = 2.0 div * 0.2 V/div = 0.4 V   

 The output signal is 3.2 divisions from peak to peak. 

    Vout = 3.2 div * 5.0 V/div = 16 V

 Av =
Vout

Vin
=

16 V

0.4 V
= 40   
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 Another gain parameter is power gain,  A p ,  defi ned as the ratio of the signal power out 
to the signal power in. Power is generally calculated using rms values of voltage or cur-
rent; however, power gain is a ratio so you can use any consistent units. Power gain, shown 
as a function of time, is given by the following equation: 

    Ap =
Pout

Pin
  (1–10)    

   where  A p   = power gain  

      P out   = power out  

      P in   = power in   

 Power can be expressed by any of the standard power relationships studied in basic 
electronics. For instance, given the voltage and current of the input and output signals, the 
power gain can be written 

   Ap =
IoutVout

IinVin
   

   where  I out   = output signal current to the load  

      I in   = input signal current   

 Power gain can also be expressed by substituting  P  =  V  2  >R  for the input and output 
power. 

   Ap = aV2
out>RL

V2
in>Rin

b    

   where  R L   = load resistor  

      R in   = input resistance of the amplifi er   

 The particular equation you choose depends on what information is given.  

  Amplifi er Model 
 An amplifi er is a device that increases the magnitude of a signal for use by a load. 
Although amplifi ers are complicated arrangements of transistors, resistors, and other 
components, a simplifi ed description is all that is necessary when the requirement is to 
analyze the source and load behavior. The amplifi er can be thought of as the interface 
between the source and load, as shown in  Figure   1–19   (a) and    1–19   (b). You can apply the 
concept of equivalent circuits, learned in basic electronics courses, to the more compli-
cated case of an amplifi er. By drawing an amplifi er as an equivalent circuit, you can sim-
plify equations related to its performance.  

 The input signal from a source is applied to the input terminals of the amplifi er, and 
the output is taken from a second set of terminals. (Terminals are represented by open cir-
cles on a schematic.) The amplifi er’s input terminals present an input resistance,  R in ,  to the 
source. This input resistance affects the input voltage to the amplifi er because it forms a 
voltage divider with the source resistance. 

 Note that voltage gain is a ratio of voltages and therefore has no units. The 
answer is the same if rms or peak values had been used for both the input and 
output voltages.  

  P R A C T I C E  E X E R C I S E 

 The input to an amplifi er is 20 mV. If the voltage gain is 300, what is the output 
signal?   
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(a) Thevenin output circuit

Rth

Vs Vth = AvVinVin Rin RLVout

Amplifier
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(b) Norton output circuit

Vs Vin Rin RLVout

Amplifier

RinIn =
Vin

Rin
Av

 FIGURE 1–19          Basic amplifi er models showing the equivalent input resistance 
and dependent output circuits.    

 The output of the amplifi er can be drawn as either a Thevenin or Norton source, as 
shown in  Figure   1–19   . The magnitude of this source is dependent on the unloaded gain 
( A v  ) and the input voltage; thus, the amplifi er’s output circuit (drawn as a Thevenin or 
Norton equivalent) is said to contain a  dependent  source. The value of a dependent source 
always depends on voltage or current elsewhere in the circuit.  3   The voltage or current val-
ues for the Thevenin and Norton cases are shown in  Figure   1–19   .   

  Cascaded Stages 
 The Thevenin and Norton models reduce an amplifi er to its “bare-bones” for analysis pur-
poses. In addition to considering the simplifi ed model for source and load effects, the sim-
plifi ed model is also useful to analyze the internal loading when two or more stages are 
cascaded to form a single amplifi er. Consider two stages cascaded as shown in  Figure   1–20   . 
The overall gain is affected by loading effects from each of the three loops. The loops are 
simple series circuits, so voltages can easily be calculated with the voltage-divider rule.  

 3  The relationship between the dependent source and its reference cannot be broken. The superposition theorem, 
which allows sources to be treated separately, does not apply to dependent sources. 

Rth2

RL

Stage 2
Rs

Loop 1

Rth1

Vs Vin Rin1 Rin2Vin2

Stage 1

Vth1 =
Av1Vin1

Amplifier

Loop 2 Loop 3

Vth2 =
Av2Vin2

 FIGURE 1–20          Cascaded stages in an amplifi er.    
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  E X A M P L E  1 – 7 

 Assume a transducer with a Thevenin (unloaded) source,  V s ,  of 10 mV and a Thevenin source resistance,  R s ,  of 
50 k� is connected to a two-stage cascaded amplifi er, as shown in  Figure   1–21   . Compute the voltage across a 
1.0 k� load.  

Rth2

RL
1.0 k�

Stage 2
Rs

Loop 1

Rth1

Vs
10 mV

Vin1
Rin1

100 k�
Vin2

Stage 1

Vth1 =
Av1Vin1

Amplifier

Loop 2 Loop 3

50 k�

Av1 = 35

22 k�
Rin2

47 k�

330 �
Vth2 =

Av2Vin2

Av2 = 30

 FIGURE 1–21          Two-stage cascaded amplifi er.    

  S O L U T I O N 

 Compute the input voltage to stage 1 from the voltage-divider rule applied to loop 1. 

   Vin1 = Vsa Rin1

Rin1 + Rs
b = 10 mVa 100 k�

100 k� + 50 k�
b = 6.67 mV   

 The Thevenin voltage for stage 1 is 

   Vth1 = Av1Vin1 = (35)(6.67 mV) = 233 mV   

 Compute the input voltage to stage 2 again from the voltage-divider rule, this time applied to loop 2. 

   Vin2 = Vth1a Rin2

Rin2 + Rth1
b = 233 mVa 47 k�

47 k� + 22 k�
b = 159 mV   

 The Thevenin voltage for stage 2 is 

   Vth2 = Av2Vin2 = (30)(159 mV) = 4.77 V   

 Apply the voltage-divider rule one more time to loop 3. The voltage across the 1.0 k� load is 

   VRL
= Vth2a RL

RL + Rth2
b = 4.77 Va 1.0 k�

1.0 k� + 330 �
b = 3.59 V    

  P R A C T I C E  E X E R C I S E 

 Assume a transducer with a Thevenin source voltage of 5.0 mV and a source resistance of 100 k� is connected 
to the same amplifi er. Compute the voltage across the 1.0 k� load.       

  Logarithms 
 A widely used unit in electronics is the  decibel,  which is based on logarithms. Before 
defi ning the decibel, let’s quickly review logarithms (sometimes called  logs ). A  logarithm  
is simply an exponent. Consider the equation 

   y = bx   

 The value of  y  is determined by the exponent of the base ( b ). The exponent,  x,  is said to be 
the logarithm of the number represented by the letter  y.  

 Two bases are in common use—base ten and base  e  (discussed in mathematics 
courses). To distinguish the two, the abbreviation “log” is written to mean base ten, and the 

 Open fi le F01-21 found on the 
companion website. This 
circuit is designed to simulate 
the circuit in  Example   1-7    and 
demonstrate loading effects in 
cascaded amplifi ers. 

MULTISIM



1–4 AMPLIFIERS   25

   E X A M P L E  1 – 8 

   (a)   Determine the logarithm (base ten) for the numbers 2, 20, 200, and 2000.  

  (b)   Find the numbers whose logarithms are 0.5, 1.5, and 2.5.   

  S O L U T I O N 

   (a)   Determine the logarithms by entering each number in a calculator and press-
ing the log  key. The results are 

   log 2 = 0.30103 log 20 = 1.30103
log 200 = 2.30103 log 2000 = 3.30103   

  Notice that each factor-of-ten increase in  y  is an increase of 1.0 in the log.  

  (b)   Find the number whose logarithm is a given value by entering the given value 
in a calculator and pressing the 10x  function (or INV  log ). The results are 

   100.5 = 3.16228  101.5 = 31.6228  102.5 = 316.228   

  Notice that each increase of 1 in  x  (the logarithm) is a factor-of-10 increase in 
the number.    

  P R A C T I C E  E X E R C I S E 

   (a)   Find the logarithms for the numbers 0.04, 0.4, 4, and 40.  

  (b)   What number has a logarithm of 4.8?      

letters “ln” are written to mean base  e.  Base ten is standard for work with decibels. Thus, 
for base ten, 

   y = 10x   

 Solving for  x,  

   x = log10y   

 The subscript 10 can be omitted because it is implied by the abbreviation “log.” 
 Logarithms are useful when you multiply or divide very large or small numbers. 

When two numbers written with exponents are multiplied, the exponents are simply added. 
That is, 

   10x * 10y = 10x+y   

 This is equivalent to writing 

   log xy = log x + log y   

 This concept will be applied to problems involving multiple stages of amplifi cation or 
attenuation. 

  Decibel Power Ratios 
 Power ratios are often very large numbers. Early in the development of telephone commu-
nication systems, engineers devised the decibel as a means of describing large ratios of 
gain or attenuation (a signal reduction). The  decibel (dB)  is defi ned as 10 multiplied by the 
logarithmic ratio of the power gain. 

    dB = 10 logaP2

P1
b   (1–11)    

 where  P  1  and  P  2  are the two power levels being compared. 
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  E X A M P L E  1 – 9 

 Compute the overall power gain of the amplifi er in  Example   1–7   . Express the 
answer as both power gain and decibel power gain. 

  S O L U T I O N 

 The power delivered to the amplifi er is 

   Pin1 =
V2

in1

Rin1
=

(6.67 mV)2

100 k�
= 445 pW   

 The power delivered to the load is 

   Pout =
V2

RL

RL
=

(3.59 V)2

1.0 k�
= 12.9 mW   

 The power gain,  A p ,  is the ratio of  P out  > P in   1 . 

   Ap =
Pout

Pin1
=

12.9 mW

445 pW
= 29.0 * 106   

 Previously, power gain was introduced and defi ned as the ratio of power delivered 
from an amplifi er to the power supplied to the amplifi er. To show power gain,  A p ,  as a 
decibel ratio, we use a prime in the abbreviation. 

    A�p = 10 logaPout

Pin
b   (1–12)    

   where  A �  p   = power gain expressed as a decibel ratio  
    P out   = power delivered to a load  
    P in   = power delivered to the amplifi er   

 The decibel (dB) is a dimensionless quantity because it is a ratio. Any two power 
measurements with the same ratio are the same number of decibels. For example, the 
power ratio between 500 W and 1 W is 500:1, and the number of decibels this ratio repre-
sents is 27 dB. There is exactly the same number of decibels between 100 mW and 0.2 mW 
(500:1) or 27 dB. When the power ratio is less than 1, there is a power loss or  attenuation . 
The decibel ratio is  positive  for power gain and  negative  for power loss. 

 One important power ratio is 2:1. This ratio is the defi ning power ratio for specifying 
the cutoff frequency of instruments, amplifi ers, fi lters, and the like. By substituting into 
Equation (1–11), the dB equivalent of a 2:1 power ratio is 

   dB = 10 logaP2

P1
b = 10 loga 2

1
b = 3.01 dB   

 This result is usually rounded to 3 dB. 
 Since 3 dB represents a doubling of power, 6 dB represents another doubling of the 

original power (a power ratio of 4:1). Nine decibels represents an 8:1 ratio of power and so 
forth. If the ratio is the same, but  P  2  is smaller than  P  1 , the decibel result remains the same 
except for the sign. 

   dB = 10 logaP2

P1
b = 10 loga 1

2
b = -3.01 dB   

 The negative result indicates that  P  2  is less than  P  1 . 
 Another useful ratio is 10:1. Since the log of 10 is 1, 10 dB equals a power ratio 

of 10:1. With this in mind, you can quickly estimate the overall gain (or attenuation) 
in certain situations. For example, if a signal is attenuated by 23 dB, it can be repre-
sented by two 10 dB attenuators and a 3 dB attenuator. Two 10 dB attenuators are a 
factor of 100 and another 3 dB represents another factor of 2 for an overall attenuation 
ratio of 1:200. 
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 It is common in certain applications of electronics (microwave transmitters, for exam-
ple) to combine several stages of gain or attenuation. When working with several stages of 
gain or attenuation, the total voltage gain is the product of the gains in absolute form. 

   Av(tot) = Av1 * Av2 * g * Avn   

 Decibel units are useful when combining these gains or losses because they involve 
just addition or subtraction. The algebraic addition of decibel quantities is equivalent to 
multiplication of the gains in absolute form. 

   A�v(tot) = A�v1 + A�v2 + g + A�vn   

 Expressed in dB, 

   A�p = 10 log29.0 * 106 = 74.6 dB    

  P R A C T I C E  E X E R C I S E 

 Compute the power gain (in dB) for an amplifi er with an input power of 50 mW 
and a power delivered to the load of 4 W.   

  E X A M P L E  1 – 1 0 

 Assume the transmitted power from a radar is 10 kW. A directional coupler (a 
device that samples the transmitted signal) has an output that represents -40 dB 
of attenuation. Two 3 dB attenuators are connected in series to this output, and 
the attenuated signal is terminated with a 50 � terminator (load resistor). What is 
the power dissipated in the terminator? 

  S O L U T I O N 

   dB = 10 logaP2

P1
b    

 The transmitted power is attenuated by 46 dB (sum of the attenuators). Substituting, 

   -46 dB = 10 loga P2

10 kW
b    

 Divide both sides by 10 and remove the log function. 

   10-4.6 =
P2

10 kW
   

 Therefore, 

   P2 = 251 mW    

  P R A C T I C E  E X E R C I S E 

 Assume one of the 3 dB attenuators is removed. 

   (a)   What is the total attenuation?  

  (b)   What is the new power dissipated in the terminator?     

 Although decibel power ratios are generally used to compare two power levels, they 
are occasionally used for absolute measurements when the reference power level is under-
stood. Although different standard references are used depending on the application, the 
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most common absolute measurement is the dBm. A  dBm  is the power level when the refer-
ence is understood to be 1 mW developed in some assumed load impedance. For radio 
frequency systems, this is commonly 50 �; for audio systems, it is generally 600 �. The 
dBm is defi ned as 

   dBm = 10 loga P2

1 mW
b    

 The dBm is commonly used to specify the output level of signal generators and is 
used in telecommunication systems to simplify the computation of power levels.  

  Decibel Voltage Ratios 
 Since power is given by the ratio of  V  2 > R,  the decibel power ratio can be written as 

   dB = 10 logaV2
2>R2

V2
1>R1

b    

   where  R  1 ,  R  2  = resistances in which  P  1  and  P  2  are developed  

       V  1 ,  V  2  = voltages across the resistances  R  1  and  R  2    

 If the resistances are equal, they cancel. 

   dB = 10 logaV2
2

V2
1
b    

 A property of logarithms is 

   log x2 = 2 log x   

 Thus, the decimal voltage ratio is 

   dB = 20 logaV2

V1
b    

 When  V  2  is the output voltage ( V out  ) and  V  1  is the input voltage ( V in  ) for an amplifi er, 
the equation defi nes the decibel voltage gain. By substitution, 

    A�v = 20 logaVout

Vin
b   (1–13)    

   where  A�v      = voltage gain expressed as a decibel ratio  
       V out   = voltage delivered to a load  
        V in   = voltage delivered to the amplifi er   

 Equation (1–13) gives the decibel voltage gain, a logarithmic ratio of amplitudes. 
The equation was originally derived from the decibel power equation when both the input 
and load resistances are the same (as in telephone systems). 

 Both the decibel voltage gain equation and decibel power gain equation give the 
same ratio if the input and load resistances are the same. However, it has become com-
mon practice to apply the decibel voltage equation to cases where the resistances are 
 not  the same. When the resistances are not equal, the two equations do not give the 
same result. 

 In the case of decibel voltage gain, note that if the amplitudes have a ratio of 2:1, the 
decibel voltage ratio is very close to 6 dB (since 20 log 2 = 6). If the signal is attenuated 
by a factor of 2 (ratio = 1:2), the decibel voltage ratio is -6 (since 20 log 1>2 = −6). 
Another useful ratio is when the amplitudes have a 10:1 ratio; in this case, the decibel volt-
age ratio is 20 dB (since 20 log 10 = 20). 
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  E X A M P L E  1 – 1 1 

 An amplifi er with an input resistance of 200 k� drives a load resistance of 16 �. 
If the input voltage is 100 mV and the output voltage is 18 V, calculate the decibel 
power gain and the decibel voltage gain. 

  S O L U T I O N 

 The power delivered to the amplifi er is 

   Pin =
V2

in

Rin
=

(100 mV)2

200 k�
= 5 * 10-14 W   

 The output power (delivered to the load) is 

   Pout =
V2

out

RL
=

(18 V)2

16 �
= 20.25 W   

 The decibel power gain is 

   A�p = 10 logaPout

Pin
b = 10 loga 20.25 W

5 * 10-14 W
b = 146 dB   

 The decibel voltage gain is 

   A�v = 20 logaVout

Vin
b = 20 loga 18 V

100 mV
b = 105 dB    

  P R A C T I C E  E X E R C I S E 

 A video amplifi er with an input resistance of 75 � drives a load of 75 �. 

   (a)   How do the power gain and voltage gains compare?  

  (b)   If the input voltage is 20 mV and the output voltage is 1.0 V, what is the 
decibel voltage gain?     

  1.    What is an ideal amplifi er?   

  2.    What is a dependent source?   

  3.    What is a decibel?      

  SECTION 1–4 CHECKUP 

   1–5  TROUBLESHOOTING 
  Technicians must diagnose and repair malfunctioning circuits or systems. Troubleshooting is 
the application of logical thinking to correct the malfunctioning circuit or system. Trouble-
shooting skills will be emphasized throughout the text.  

   After completing this section, you should be able to  

  •   Describe the process for troubleshooting a circuit 

   •   Explain what is meant by  half-splitting   

  •   Cite basic rules for replacing a part in a printed circuit (PC) board  

  •   Describe basic bench test equipment for troubleshooting     
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  Analysis, Planning, and Measuring 
 When troubleshooting any circuit, the fi rst step is to analyze the clues (symptoms) of a 
failure. The analysis can begin by determining the answer to several questions: Has the 
circuit ever worked? If so, under what conditions did it fail? What are the symptoms of a 
failure? What are possible causes of this failure? The process of asking these questions is 
part of the analysis of a problem. 

 After analyzing the clues, the second step in the troubleshooting process is forming a 
logical plan for troubleshooting. A lot of time can be saved by planning the process. As 
part of this plan, you must have a working understanding of the circuit you are trouble-
shooting. Take the time to review schematics, operating instructions, or other pertinent 
information if you are not certain how the circuit should operate. It may turn out that the 
failure was that of the operator, not the circuit! A schematic with proper voltages or wave-
forms marked at various test points is particularly useful for troubleshooting. 

 Logical thinking is the most important tool of troubleshooting but rarely can solve 
the problem by itself. The third step is to narrow the possible failures by making carefully 
thought-out measurements. These measurements usually confi rm the direction you are tak-
ing in solving the problem or point to a new direction. Occasionally, you may fi nd a totally 
unexpected result! 

 The thinking process that is part of analysis, planning, and measuring is best illus-
trated with an example. Suppose you have a string of 16 decorative lamps connected in 
series to a 120 V source as shown in  Figure   1–22   . Assume that this circuit worked at one 
time and stopped after being moved to a new location. When plugged in, the lamps fail to 
turn on. How would you go about fi nding the trouble?  

120 V

 FIGURE 1–22           A series of lights. Is one of them open?    

 You might think like this: Since the circuit worked before it was moved, the problem 
could be that there is no voltage at this location. Or perhaps the wiring was loose and 
pulled apart when moved. It’s possible a bulb burned out or became loose. This reasoning 
has considered possible causes and failures that could have occurred. The fact that the 
circuit was once working eliminates the possibility that the original circuit may have been 
incorrectly wired. In a series circuit, the possibility of two open paths occurring together is 
unlikely. You have analyzed the problem and now you are ready to plan the troubleshoot-
ing approach. 

 The fi rst part of your plan is to measure (or test) for voltage at the new location. If 
voltage is present, then the problem is in the light string. If voltage is not present, check the 
circuit breakers at the input panel to the house. Before resetting breakers, you should think 
about why a breaker may be tripped. 

 The second part of your plan assumes voltage is present and the string is bad. You 
can disconnect power from the string and make resistance checks to begin isolating the 
problem. Alternatively, you could apply power to the string and measure voltage at 
various points. The decision whether to measure resistance or voltage is a toss-up and 
can be made based on the ease of making the test. Seldom is a troubleshooting plan 
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developed so completely that all possible contingencies are included. The trouble-
shooter will frequently need to modify the plan as tests are made. You are ready to 
make measurements. 

 Suppose you have a digital multimeter (DMM) handy. You check the voltage at the 
source and fi nd 120 V present. Now you have eliminated one possibility (no voltage). You 
know the problem is in the string, so you proceed with the second part of your plan. You might 
think: Since I have voltage across the entire string, and apparently no current in the circuit 
(since no bulb is on), there is almost certainly an open in the path—either a bulb or a con-
nection. To eliminate testing each bulb, you decide to break the circuit in the middle and to 
check the  resistance  of each half of the circuit. 

 Now you are using logical thinking to reduce the effort needed. The technique you 
are using is a common troubleshooting procedure called  half-splitting . By measuring the 
resistance of half the bulbs at once, you can reduce the effort required to fi nd the open. 
Continuing along these lines, by half-splitting again, will lead to the solution in a few tests. 

 Unfortunately, most troubleshooting is more diffi cult than this example. However, 
analysis and planning are important for effective troubleshooting. As measurements are 
made, the plan is modifi ed; the experienced troubleshooter narrows the search by fi tting 
the symptoms and measurements into a possible cause.  

  Soldering 
 When repairing circuit boards, sooner or later the technician will need to replace a soldered 
part. When you replace any part, it is important to be able to remove the old part without 
damaging the board by excessive force or heat. Transfer of heat for removal of a part is 
facilitated with a chisel tip (as opposed to a conical tip) on the soldering iron. 

 Before installing a new part, the area must be clean. Old solder should be com-
pletely removed without exposing adjacent devices to excess heat. A degreasing cleaner 
or alcohol is suggested for cleaning (remember—solder won’t stick to a dirty board!). 
Solder must be a resin core type (acid solder is never used in electronic circuits and 
shouldn’t even be on your workbench!). Solder is applied to the joint (not to the iron). As 
the solder cools, it must be kept still. A good solder connection is a smooth, shiny one and 
the solder  fl ows  into the printed circuit trace. A poor solder connection looks dull. During 
repair, it is possible for excessive solder to short together two parts or two pins on an 
integrated circuit (this rarely happens when boards are machine soldered). This is called a 
solder bridge, and the technician must be alert for this type of error when repairing boards. 
After the repair is completed, any fl ux must be removed from the board with alcohol or 
other cleaner.  

  Basic Test Equipment 
 The ability to troubleshoot effectively requires the technician to have a set of test equip-
ment available and to be familiar with the operation of the instruments. An oscillo-
scope, DMM, and power supply are basic instruments for troubleshooting. These 
instruments are shown in  Figure   1–23   . No one instrument is best for all situations, so it 
is important to understand the limitations of the test equipment at hand. All electronic 
measuring instruments become part of the circuit they are measuring and thus affect the 
measurement itself (an effect called  instrument loading ). In addition, instruments are 
specifi ed for a range of frequencies and must be properly calibrated if readings are to 
be trusted. An expert troubleshooter must consider these effects when making elec-
tronic measurements. 

 For general-purpose troubleshooting of analog circuits, all technicians need access to 
an oscilloscope and a DMM. The oscilloscope needs to be a good two-channel scope, fast 
enough to spot noise or ringing when it occurs. A set of switchable probes, with the ability 
to switch between �1 and �10, is useful for looking at large or small signals. (Note that in 
the �1 position, the scope loses bandwidth.)                  

 The DMM is a general-purpose meter that has the advantage of very high input 
impedance but may yield errors if used in circuits with frequencies above a few kilohertz. 
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Many new DMMs offer special features, such as continuity testing and diode checking, 
and may include capacitance and frequency measurements. While DMMs are excellent 
test instruments, the VOM (volt-ohm-milliammeter) has some advantages (for example, 
spotting trends faster than a digital meter). Although generally not as accurate as a DMM, 
a VOM has very small capacitance to ground, and it is isolated from the line voltage. Also, 
because a VOM is a passive device, it will not tend to inject noise into a circuit under test. 

 Many times the circuit under test needs to have a test signal injected to simulate 
operation in a system. The circuit’s response is then observed with a scope or other instru-
ment. This type of testing is called  stimulus-response testing  and is commonly used when 
a portion of a complete system is tested. For general-purpose troubleshooting, the function 
generator is used as the stimulus instrument. All function generators have a sine wave, 
square wave, and triangle wave output; the frequency range varies widely, from a low fre-
quency of 1 mHz to a high of 50 MHz (or more) depending on the generator. Higher-
quality function generators offer the user a choice of other waveforms (pulses and ramps, 
for example) and may have triggered or gated outputs as well as other features. 

 The basic function generator waveforms (sine, square, and triangle) are used in many 
tests of electronic circuits and equipment. A common application of a function generator is 
to inject a sine wave into a circuit to check the circuit’s response. The signal is capacitively 
coupled to the circuit to avoid upsetting the bias network; the response is observed on an 
oscilloscope. With a sine wave, it is easy to ascertain if the circuit is operating properly by 
checking the amplitude and shape of the sine wave at various points or to look for possible 
troubles such as high-frequency oscillation. 

 A common test for wide-band amplifi ers is to inject a square wave into a circuit to 
test the frequency response. Recall that a square wave consists of the fundamental fre-
quency and an infi nite number of odd harmonics (as discussed in  Section   1–2   ). The 
square wave is applied to the input of the test circuit and the output is monitored. The 

(a) Oscilloscope (b) Digital multimeter          

(c) Power supply          
 FIGURE 1–23           Test instruments. (Copyright © Tektronix, Inc. Reprinted by permission.)    



1–5 TROUBLESHOOTING   33

shape of the output square wave indicates if specifi c frequencies are selectively 
attenuated. 

  Figure   1–24    illustrates square wave distortions due to selective attenuation of low or 
high frequencies. A good amplifi er should show a high-quality replica of the input. If the 
square wave sags, as in  Figure   1–24   (b), low frequencies are not being passed properly by 
the circuit. The rising edge contains mostly higher-frequency harmonics. If the square 
wave rolls over before reaching the peak, as in  Figure   1–24   (c), high frequencies are being 
attenuated. The rise time of the square wave is an indirect measurement of the bandwidth 
of the circuit. 

 For testing dc voltages or providing power to a circuit under test, a multiple output 
power supply, with both positive and negative outputs, is necessary. The outputs should 
be variable from 0 to 15 V. A separate low voltage supply is also handy for powering 
logic circuits or as a dc source for analog circuits. 

 For certain situations and applications, there are specialized measuring instru-
ments designed for the application. Some of this specialized equipment is designed for 
a specifi c frequency range or for a specifi c application, so they won’t be discussed here. 
The digital storage oscilloscope (DSO) has mostly replaced the analog CRT-based 
scope. It has some particular advantages for troubleshooting because it can be used to 
store and compare waveforms from a known good unit or to capture a failure that occurs 
intermittently. It also has the ability to display events that occur before and after the trigger 
event, a feature that is invaluable with intermittent problems. 

 A complete list of “nice to have” accessories could be quite long indeed, but another 
handy set of instruments is a pulser and pulse tracer. These tools are useful for tracing a 
short such as one from the power supply to ground. The pulser stimulates the circuit with 
a series of very short pulses. The current tracer can follow the path of the current and lead 
right to the short. These tools are useful for both digital and analog circuits.   

  Other Troubleshooting Materials 
 In general, some materials that are useful for general-purpose troubleshooting that fall 
under the “must have” category include the following: 

   •   A basic set of hand tools for electronics, including long-nose pliers, diagonal wire 
cutters, wire strippers, screwdrivers (especially jeweler’s screwdrivers), and a small 
fl ashlight.  

  •   Soldering and desoldering tools, including solder wick and a magnifying glass for 
inspecting work or looking for hairline cracks, solder splashes, or other problems.  

  •   A collection of spare parts (resistors, capacitors, transistors, diodes, switches, ICs). 
In this category, you will also need extra clip leads, cables with various connectors, 
banana to alligator converters, heat shrink, and the like.  

  •   A capacitor and a resistor substitution box. This is a useful tool for various tests such 
as changing the time constant in a circuit under test.  

  •   A hair dryer and freeze spray for testing thermal effects of a circuit.  

  •   A static safe wrist strap (and static-free work station, if possible) to prevent damag-
ing static-sensitive circuits.   

(a) Input

(b) Output: low-frequency attenuation

(c) Output: high-frequency attenuation

 FIGURE 1–24           Square-wave 
response of wide-band amplifi ers.    

S Y S T E M  E X A M P L E  1 – 2

THERMOGRAPHY FOR DIAGNOSING 
SYSTEM FAULTS
All electronic systems, and all the components within that system, dissipate power in 
one form or another. Discrete components, integrated circuits, and even the wires or 
circuit board traces that connect components, dissipate some amount of power. The most 
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FIGURE SE1–3 The Electromagnetic spectrum

common byproduct of power dissipation is heat. Power amplifi ers, by their very nature, 
tend to produce more heat than small-signal amplifi ers. Monitoring the amount of heat 
that a system produces can be a strong indicator of whether a circuit or sub circuit within 
a given system is operating within expected parameters. We will begin this topic with a 
brief discussion of radiant energy.

Figure SE1–3 shows the electromagnetic spectrum. Electromagnetic energy is a con-
tinuous band of frequencies that includes visible light, but this is only a small fraction of 
the electromagnetic spectrum. At longer wavelengths than the visible region there is infra-
red radiation. The infrared region is subdivided into the near-infrared, mid-infrared, and 
the far-infrared. It is this far-infrared region that temperature-sensitive nerve endings in 
our skin sense as thermal energy, as when we are in direct sunlight or stand next to a heat 
source such as a hot stove. Below the far-infrared are microwave frequencies and radio 
waves. Above the visible light region are the ultraviolet and x-ray regions.

The surfaces of all bodies radiate some electromagnetic energy. You might wonder 
why if all bodies emit energy all of the time, why don’t they eventually radiate all of their 
energy and cool to absolute zero? The reason is that they also continuously absorb energy 
from their surroundings. If the amount of energy they absorb is greater than what is radi-
ated, the temperature of the body rises; if it is less, its temperature falls. The wavelength 
that is emitted depends on the temperature of the body. If a body is hot enough, it radiates 
energy in the visible spectrum; if it is cooler the radiated energy is primarily in the infra-
red region.

Although our skin is very sensitive to heat, we have physical limitations in our 
ability to detect the location and the amount of heat being produced. Thermal imaging 
instruments provide a radiometric image of any target system that enhances our ability 
to locate and quantize the amount of heat being produced by the components within the 
system.

A radiometric image is a thermal image that contains temperature measurement 
calculations for various points within the image. The image is displayed on a screen where 
colors correspond to the amount of infrared radiation emitted by the components within 
the target system—the more infrared energy emitted, the more heat being produced.

Figure SE1–4 shows a thermal imager being used to evaluate a piece of electronic 
equipment. The imager generates a false-color picture of the infrared energy emitted by 
(and thus the temperature of) the components within the circuit under test. This makes the 
thermal imager a valuable tool, both in development and testing, as well as in trouble-
shooting. Note that the thermal imager is not connected to the system and does not impact 
on its performance in any way.

All electronic systems have a recognizable thermal signature when they are operating 
correctly. Any variation to this reference thermal signature indicates an abnormal condi-
tion which is easily detected, even when a visual inspection shows little indication of a 
failure. An incorrect thermal signature often precedes a catastrophic failure. Thermal 
imaging can indicate a poor design before it goes into production, or diagnose a problem 
before the system fails.
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     SUMMARY 
   •   A linear component is one in which an increase in current is proportional to the applied voltage.  

  •   An analog signal takes on a continuous range of values within limits. A digital signal is a discrete sig-
nal that can have only certain values. Many circuits use a combination of analog and digital circuits.  

  •   Waveforms that repeat in a certain interval of time are said to be periodic. A cycle is the complete 
sequence of values that a waveform exhibits before an identical pattern occurs. The period is the 
time interval for one cycle.  

  •   Signals that have voltage, current, resistance, or other quantity vary as a function of time are called 
time-domain signals. When the frequency is made the independent variable, the result is a frequency-
domain signal. Any signal can be observed in either the time domain or the frequency domain.  

  •   Thevenin’s theorem replaces a complicated, two-terminal, linear circuit with an ideal independent 
voltage source and a series resistance. The Thevenin circuit is equivalent to the original circuit for 
any load that is connected to the output terminals.  

  •   Norton’s theorem replaces a complicated, two-terminal, linear circuit with an ideal independent 
current source and a parallel resistance. The Norton circuit is equivalent to the original circuit for 
any load that is connected to the output terminals.  

  •   A transducer is a device that converts a physical quantity from one form to another; for electronic 
systems, input transducers convert a physical quantity to an electrical quantity (voltage, current, 
resistance).  

  •   An ideal amplifi er increases the magnitude of an input signal in order to produce a useful out-
come. For a voltage amplifi er, the output signal,  v out  ( t ), is proportional to the input signal,  v in  ( t ). 
The ratio of the output voltage to the input voltage is called the voltage gain,  A v  .  

  1.    What is the fi rst step in troubleshooting a circuit?   

  2.    What is meant by half-splitting?   

  3.    What is meant by instrument loading?       

  SECTION 1–5 CHECKUP 

FIGURE SE1–4 Thermal 
imager showing the tempera-
ture profi le of the target sys-
tem (Photo provided courtesy of 

Fluke  Corporation.)



36   CHAPTER 1  •   BASIC ANALOG CONCEPTS

  •   The decibel is a dimensionless number that is ten times the logarithmic ratio of two powers. 
Decibel gains and losses are combined by algebraic addition.  

  •   Troubleshooting begins with analyzing the symptoms of a failure; then forming a logical plan. 
Carefully thought-out measurements are made to narrow the search for the cause of the failure. 
These measurements may modify or change the plan.  

  •   For general-purpose troubleshooting, a reasonable fast, two-channel oscilloscope and a DMM are 
the principal measuring instruments. The most common stimulus instruments are a function gen-
erator and a regulated power supply.    

  KEY TERMS   
  Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary.  

  Amplifi er      An electronic circuit having the capability of amplifi cation and designed specifi cally for 
that purpose.   

  Analog signal      A signal that can take on a continuous range of values within certain limits.   

  Attenuation      The reduction in the level of power, current, or voltage.   

  Characteristic curve      A plot which shows the relationship between two variable properties of a 
device. For most electronic devices, a characteristic curve refers to a plot of the current,  I,  plotted as 
a function of voltage,  V.    

  Cycle      The complete sequence of values that a waveform exhibits before another identical pattern 
occurs.   

  Decibel      A dimensionless quantity that is 10 times the logarithm of a power ratio or 20 times the 
logarithm of a voltage ratio.   

  Digital signal      A noncontinuous signal that has discrete numerical values assigned to specifi c steps.   

  Frequency      The number of repetitions per unit of time for a periodic waveform.   

  Gain      The amount of amplifi cation. Gain is a ratio of an output quantity to an input quantity (e.g., 
voltage gain is the ratio of the output voltage to the input voltage).   

      Load line      A straight line plotted on a current versus voltage plot that represents all possible operat-
ing points for an external circuit.   

  Period (T)      The time for one cycle of a repeating wave.   

  Phase angle      (in radians) The fraction of a cycle that a waveform is shifted from a reference wave-
form of the same frequency.   

  Thevenin’s theorem      An equivalent circuit that replaces a complicated two-terminal linear circuit 
with a single voltage source and a series resistance.   

  Transducer      A device that converts a physical quantity from one form to another; for example, a 
microphone converts sound into voltage.    

  KEY FORMULAS 
 (1–1)     I �

V
R

     Ohm’s law 

 (1–2)     y(t) � A sin(Vt t F)     Instantaneous value of a sinusoidal wave 

 (1–3)     f(Hz) �
V (rad/s)

2P (rad/cycle)
     Conversion from radian frequency (rad/s) to hertz (Hz) 

 (1–4)     T �
1
f

     Conversion from frequency to period 

 (1–5)     f �
1
T

     Conversion from period to frequency 

 (1–6)     Vavg � 0.637Vp      Conversion from peak voltage to average voltage for a 
sinusoidal wave 

 (1–7)     P � IV     Power law 

 (1–8)     Vrms � 0.707Vp      Conversion from peak voltage to rms voltage for a 
sinusoidal wave 

 (1–9)     Av �
Vout

Vin
     Voltage gain 
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 (1–10)     Ap �
Pout

Pin
     Power gain 

 (1–11)     dB � 10 logaP2

P1
b      Defi nition of the decibel 

 (1–12)     A�p � 10 logaPout

Pin
b      Decibel power gain 

 (1–13)     A�v � 20 logaVout

Vin
b      Decibel voltage gain  

  SELF-TEST 
  Answers are at the end of the chapter.  

   1.    The graph of a linear equation  

   (a)   always has a constant slope     (b)   always goes through the origin  
  (c)   must have a positive slope     (d)   answers (a), (b), and (c)  
  (e)   none of these answers    

   2.    AC resistance is defi ned as  

   (a)   voltage divided by current  
  (b)   a change in voltage divided by a corresponding change in current  
  (c)   current divided by voltage  
  (d)   a change in current divided by a corresponding change in voltage    

   3.    A discrete signal  

   (a)   changes smoothly     (b)   can take on any value  
  (c)   is the same thing as an analog signal     (d)   answers (a), (b), and (c)  
  (e)   none of these answers    

   4.    The process of assigning numeric values to a signal is called  

   (a)   sampling      (b)   multiplexing      (c)   quantizing      (d)   digitizing    

   5.    The reciprocal of the repetition time of a periodic signal is the  

   (a)   frequency      (b)   angular frequency      (c)   period      (d)   amplitude    

   6.    If a sinusoidal wave has a peak amplitude of 10 V, the rms voltage is  

   (a)   0.707 V      (b)   6.37 V      (c)   7.07 V      (d)   20 V    

   7.    If a sinusoidal wave has a peak-to-peak amplitude of 325 V, the rms voltage is  

   (a)   103 V      (b)   115 V      (c)   162.5 V      (d)   460 V    

   8.    Assume the equation for a sinusoidal wave is  v ( t ) = 200 sin(500 t ). The peak voltage is  

   (a)   100 V      (b)   200 V      (c)   400 V      (d)   500 V    

   9.    A harmonic is  

   (a)   an integer multiple of a fundamental frequency  
  (b)   an unwanted signal that adds noise to a system  
  (c)   a transient signal  
  (d)   a pulse    

   10.    A Thevenin circuit consists of a  

   (a)   current source in parallel with a resistor     (b)   current source in series with a resistor  
  (c)   voltage source in parallel with a resistor     (d)   voltage source in series with a resistor    

   11.    A Norton circuit consists of a  

   (a)   current source in parallel with a resistor     (b)   current source in series with a resistor  
  (c)   voltage source in parallel with a resistor     (d)   voltage source in series with a resistor    

   12.    A load line is a plot that describes  

   (a)   the  IV  characteristic curve for a load resistor  
  (b)   a driving circuit  
  (c)   both (a) and (b)  
  (d)   neither (a) nor (b)    
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   13.    The intersection of an  IV  curve with the load line is called the  

   (a)   transfer curve      (b)   transition point      (c)   load point      (d)   Q-point    

   14.    Assume a certain amount of power is attenuated by 20 dB. This is a factor of  

   (a)   10      (b)   20      (c)   100      (d)   200    

   15.    Assume an amplifi er has a decibel voltage gain of 100 dB. The output will be larger than the 
input by a factor of  

   (a)   100      (b)   1000      (c)   10,000      (d)   100,000    

   16.    An important rule for soldering is  

   (a)   always use a good acid-based solder  
  (b)   always apply solder directly to the iron, never to the parts being soldered  
  (c)   wiggle the solder joint as it cools to strengthen it  
  (d)   answers (a), (b), and (c)  
  (e)   none of these answers     

  TROUBLESHOOTER’S QUIZ 
   Answers are at the end of the chapter.  

  Refer to  Figure   1–22   .    

  •  Assume the circuit is plugged in and operating normally. If a bulb is then removed,   

   1.    The voltage across the socket of the removed bulb will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.    The voltage across all other bulbs will  

   (a)   increase      (b)   decrease      (c)   not change    

   3.    The voltage to the circuit will  

   (a)   increase      (b)   decrease      (c)   not change    

       •  Assume one of the sockets in the circuit is shorted with the bulb out, but the other bulbs are on.   

   4.    As a result of the short, the voltage across each of the other bulbs will  

   (a)   increase      (b)   decrease      (c)   not change    

   5.    The total voltage applied to the circuit will  

   (a)   increase      (b)   decrease      (c)   not change    

   6.    The light output from the other bulbs will  

   (a)   increase      (b)   decrease      (c)   not change    

       •  Assume the circuit is disconnected from the source and the resistance is measured between the 
prongs.   

   7.    If one of the sockets is shorted, the total resistance will  

   (a)   increase      (b)   decrease      (c)   not change    

   8.    If one of the bulbs is open, the total resistance will  

   (a)   increase      (b)   decrease      (c)   not change     

  PROBLEMS 
  Answers to odd-numbered problems are at the end of the book.  

   SECTION   1–1    Analog Electronics     

   1.    What is the conductance of a 22 k� resistor?   

   2.    How does the ac resistance of a diode change as the voltage increases?   

   3.    Compute the ac resistance of the diode in  Figure   1–2    at the point  V  = 0.7 V,  I  = 5.0 mA.   

   4.    Sketch the shape of an  IV  curve for a device that has a decreasing ac resistance as voltage increases.   
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   SECTION   1–2    Analog Signals     

   5.    Assume a sinusoidal wave is described by the equation  v ( t ) = 100 V sin(200 t  + 0.52). 
   (a)   From this expression, determine the peak voltage, the average voltage, and the angular 

 frequency in rad/s.  
  (b)   Find the instantaneous voltage at a time of 2.0 ms. (Reminder: the angles are in radians in 

this equation).     

   6.    Determine the frequency (in Hz) and the period (in s) for the sinusoidal wave described in 
 Problem 5.   

   7.    An oscilloscope shows a wave repeating every 27 ms. What is the frequency of the wave?   

   8.    A DMM indicates the rms value of a sinusoidal wave. If a DMM indicates a sinusoidal wave is 
3.5 V, what peak-to-peak voltage would you expect to observe on an oscilloscope?   

   9.    The ratio of the rms voltage to the average voltage for any wave is called the  form factor  (used 
occasionally to convert meter readings). What is the form factor for a sinusoidal wave?   

   10.    What is the fi fth harmonic of a 500 Hz triangular wave?   

   11.    What is the only type of harmonics found in a square wave?   

   SECTION   1–3    Signal Sources     

   12.    Draw the Thevenin equivalent circuit for the circuit shown in  Figure   1–25   . Show values on your 
drawing.   

   13.    Assume a 1.0 k�, 2.7 k� and 3.6 k� load resistor are connected, one at a time, across the out-
put terminals of the circuit in  Figure   1–25   . Determine the voltage across each load.   

   14.    Draw the Norton equivalent circuit for the circuit shown in  Figure   1–25   . Show values on your 
drawing.    

   15.    Draw a graph showing the load line for the Thevenin circuit shown in  Figure   1–26   . On the same 
graph, show the  IV  curve for a 150 k� resistor. Show the Q-point on your plot.    

R1

3.3 k�
VS

 12 V
R2
5.6 k�

R3

1.5 k�

 FIGURE 1–25        

VTH = 15 V

RTH = 200 k�

 FIGURE 1–26        

   16.    Assume the output of a transducer is a 10 mV ac signal with no load and drops to 5 mV when a 
100 k� load is connected to the outputs. Based on these observations, draw the Thevenin equiv-
alent circuit for this transducer.   

   17.    Draw the Norton equivalent circuit for the transducer circuit described in Problem 16.   

   SECTION   1–4    Amplifi ers     

   18.    For the amplifi er described by the transfer curve in  Figure   1–17   , what is the voltage gain in the 
linear region? What is the largest output voltage before saturation?   

   19.    The input to an amplifi er is 80 mV. If the voltage gain of the amplifi er is 50,000, what is the 
output signal?   

   20.    Assume a transducer with a Thevenin (unloaded) voltage of 5.0 mV and a Thevenin resistance 
of 20 k� is connected to a two-stage cascaded amplifi er with the following specifi cations: 

     R in   1  = 50 k�  
    A v   1  (unloaded) = 50  
    R th   1  = 5 k�  
    R in   2  = 10 k�  
    A v   2  (unloaded) = 40  
    R th   2  = 1.0 k�   

   Draw the amplifi er model and compute the voltage across a 2.0 k� load.   

   21.    Compute the decibel voltage gain for the amplifi er in Problem 20.   

   22.    Compute the decibel power gain for the amplifi er in Problem 20.   
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   23.    Assume you want to attenuate the voltage from a signal generator by a factor of 1000. What is 
the decibel attenuation required?   

   24.        (a)   What is the power dissipated in a 50 � load resistor when 20 V is across the load?  
  (b)   Express your answer in dBm.     

   25.    A certain instrument is limited to 2 watts of input power dissipated in its internal 50 � input 
resistor. 
   (a)   How much attenuation (in dB) is required in order to connect a 20 W source to the instrument?  
  (b)   What is the maximum allowable voltage at the input?     

   SECTION   1–5    Troubleshooting     

   26.     Figure   1–27    shows a small system consisting of four microphones connected to a two-channel 
amplifi er through a selector switch (SW1). Either the  A  set or the  B  set of microphones is 
selected and amplifi ed. The output of the amplifi er is connected to two speakers. Power to the 
amplifi er is supplied by a single power supply that furnishes dc voltages to the amplifi er and 
two batteries that provide power to two each of the microphones as shown. 

    Assume no sound is heard when the system is plugged in and turned on. Outline a basic 
troubleshooting plan by indicating the tests you would make to isolate the trouble to either the 
power supply, amplifi er, a microphone, microphone battery, switch, speaker, or other fault.    

   27.    For the system described in Problem 26, outline a basic troubleshooting plan for the case where 
Channel 1 operates normally but no sound is heard from Channel 2. Indicate the tests you would 
make to isolate the trouble. (Can you think of a method to do half-splitting?)   

   28.    What information is obtained when a square wave calibration signal is used as the input to an 
oscilloscope?   

   29.    How can you protect a static-sensitive circuit from damage when you are working on it?   

   30.    Cite two important advantages of a digital storage oscilloscope over an analog oscilloscope.    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   1–1     

   1.   A characteristic curve is a graph of the relationship between current and voltage for a component.  

   2.   The slope of curve is lower for larger resistors.  

   3.   DC resistance is the voltage divided by the current. AC resistance is the  change  in voltage 
divided by the  change  in current.  

   SECTION   1–2     

   1.   An analog signal takes on a continuous range of values; a digital signal represents information 
that has a discrete number of codes.  

   2.   The spectrum is a line spectrum with a single line at the fundamental and other lines at the odd 
harmonic frequencies. See  Figure   1–8   (a).  

Power supply

Battery for
microphone set A

A1

Ch 1

Ch 1

SW1

Ch 2

Ch 2

Amplifier

B1

A2

B2
Battery for
microphone set B

 FIGURE 1–27           A small 
system consisting of a two-
channel amplifi er and four 
microphones.    
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   3.   The spectrum for the repetitive waveform is a line spectrum; the spectrum for the nonrepetitive 
waveform is a continuous spectrum.  

   SECTION   1–3     

   1.   An independent source is a voltage or current source that can be specifi ed without regard to any 
other circuit parameter.  

   2.   A Thevenin circuit consists of a series voltage source and resistor that duplicates the perform-
ance of a more complicated circuit for any given load. A Norton circuit consists of a parallel 
current source and resistor that duplicates the performance of a more complicated circuit for 
any given load.  

   3.   Passive transducers require a separate source of electrical power; active transducers are self-
generating devices.  

   SECTION   1–4     

   1.   An ideal amplifi er is one that introduces no noise or distortion to the signal; the output varies in 
time and replicates the input exactly.  

   2.   A dependent source is one whose value depends on voltage or current elsewhere in the circuit.  

   3.   A decibel is a dimensionless number that is 10 multiplied by the logarithmic ratio of two powers.  

   SECTION   1–5     

   1.   Analyzing the symptoms of a failure by asking questions: Has the circuit ever worked? If so, 
under what conditions did it fail? What are the symptoms of a failure? What are possible causes 
of this failure?  

   2.   Half-splitting divides a troubleshooting problem into halves and determines which half of the 
circuit is likely to have the problem.  

   3.   Instrument loading is the effect of changing circuit voltages due to the process of connecting an 
instrument.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   1–1.    G  2  = 375 mS,  R  2  = 2.67 k�  

   1–2.    V rms   = 10.6 V,  f  = 95 Hz,  T  = 10.5 ms  

   1–3.    V RL   = 3.48 V  

   1–4.    V RL   = 3.48 V  

   1–5.   See  Figure   1–28   .   
   1–6.   6 V  

   1–7.   1.34 V  

   1–8.     (a)   log 0.04 = -1.398     (b)   10 4.8  = 63,096  
   log 0.4 = -0.398 
   log 4.0 = 0.602 
   log 40 = 1.602  

     1–9.   49 dB  

   1–10.       (a)   −43 dB      (b)   503 mW    

   1–11.     (a)   The decibel power gain is one-half the decibel voltage gain.      (b)   34 dB     

  ANSWERS TO SELF-TEST 
   1.   (a)       2.   (b)       3.   (e)       4.   (c)       5.   (a)       6.   (c)       7.   (b)       8.   (b)  

   9.   (a)      10.   (d)      11.   (a)      12.   (b)      13.   (d)      14.   (c)      15.   (d)      16.   (e)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   increase      2.   decrease      3.   not change      4.   increase  

   5.   not change      6.   increase      7.   decrease      8.   increase     

In = 12 nA Rn = 5.0 M�

 FIGURE 1–28        
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    CHAPTER 2 

     OUTLINE 
     2–1  The Atomic Structure of Semiconductors      

     2–2  The  PN  Junction      

     2–3  Biasing the Semiconductor Diode      

     2–4  Diode Characteristics      

     2–5  Rectifi ers      

     2–6  Rectifi er Filters and IC Regulators      

     2–7  Diode Limiting and Clamping Circuits      

     2–8  Special-Purpose Diodes      

     2–9  The Diode Data Sheet      

     2–10  Troubleshooting       

  OBJECTIVES 
  •   Discuss the basic atomic structure of 

semiconductors  

  •   Describe the characteristics of a  pn  junction  

  •   Explain how to bias a semiconductor diode  

  •   Describe the basic diode characteristics  

  •   Analyze the operation of three basic types of 
rectifi ers  

  •   Describe the operation of rectifi er fi lters and IC 
regulators  

  •   Analyze the operation of diode limiters and 
clampers  

  •   Explain the characteristics of four different 
special-purpose diodes  

  •   Interpret and use a diode data sheet  

  •   Troubleshoot a power supply using accepted 
techniques   

  KEY TERMS 
    Energy   
   Electron   
   Semiconductor   
    PN  junction   
   Diode   
   Bias   
   Forward bias   

   Reverse bias   
   Rectifi er   
   Filter   
   Integrated circuit   
   Limiter   
   Clamper     

  VISIT THE WEBSITE 
  Study aids for this chapter are available at  

 http://pearsonhighered.com/fl oyd    

  INTRODUCTION 
 In this chapter, the basic materials used in manufacturing 
diodes, transistors, and integrated circuits are described. 
You will be introduced to  pn  junctions, an important con-
cept essential for the understanding of diode and transis-
tor operation. Diode characteristics are introduced, and 
you will learn how to use diodes in various applications. 
We discuss converting ac to dc by the process known as 
 rectifi cation  and introduce the integrated circuit (IC) reg-
ulator. You will also learn about diode-limiting circuits 
and dc restoring (clamping) circuits. 

 In addition to rectifi er diodes, you will be intro-
duced to zener diodes, varactor diodes, light-emitting 
diodes, and photodiodes. Applications for these special-
purpose diodes are discussed.  

http://pearsonhighered.com/floyd


  Electronic devices such as diodes and transistors are constructed from special materials called 
semiconductors. This section lays the foundation for understanding how semiconductor 
devices function.   

  After completing this section, you should be able to  

  •   Discuss the basic atomic structure of semiconductors 

   •   Describe the planetary model of the atom  

  •   Discuss how silicon and germanium atoms bond together to form crystals  

  •   Compare electron energy levels in a conductor, insulator, and a semiconductor     

  Electron Shells and Orbits 
 The electrical properties of materials are explained by their atomic structure. In the classic 
Bohr model of the atom, electrons orbit the nucleus only in certain  discrete  (separate and 
distinct) distances. The nucleus contains positively charged protons and uncharged neu-
trons. The orbiting electrons are negatively charged. 
Modern quantum mechanical models of the atom retain 
some of the ideas of the original Bohr model but have 
replaced the concept of electron “particles” with mathe-
matical “matter waves”; however, the Bohr model pro-
vides a useful mental picture of the structure of an atom. 

 The distance from the nucleus determines the elec-
tron’s  energy . Electrons near the nucleus have less energy 
than those in more distant orbits. These discrete orbits 
mean that only certain energy levels are permitted within 
the atom. These energy levels are known as  shells . Each 
shell has a certain maximum permissible number of elec-
trons. The differences in energy levels within a shell are 
much smaller than the difference in energy between 
shells. The shells are designated 1, 2, 3, 4, and so on, with 1 
being closest to the nucleus. This concept is illustrated in 
 Figure   2–1   .   

  Valence Electrons, Conduction 
Electrons, and Ions 
  Electrons  in orbits farther from the nucleus are less 
tightly bound to the atom than those closer to the nucleus. 
This is because the force of attraction between the positively charged nucleus and the 
negatively charged electron decreases with increasing distance in accordance with Cou-
lomb’s law. Outer-shell electrons are also shielded from the nuclear charge by the inner-
shell electrons. 

 Electrons in the outermost shell, called  valence electrons , have the highest energy 
and are relatively loosely bound to their parent atom. For the silicon atom in  Figure   2–1   , 
the third shell electrons are the valence electrons. Sometimes, a valence electron can 
acquire enough energy to break free of its parent atom. This free electron is called a  con-
duction electron  because it is not bound to any certain atom. When a negatively charged 
electron is freed from an atom, the rest of the atom is positively charged and is said to be a 
positive  ion . In some chemical reactions, the freed electron attaches itself to a neutral atom 
(or group of atoms), forming a negative ion.  

      2–1  THE ATOMIC STRUCTURE 
OF SEMICONDUCTORS 

Negatively charged
electrons orbit the
nucleus in discrete
energy levels

Shell 1 Shell 2 Shell 3+

Positively charged
nucleus contains
protons and neutrons

 FIGURE 2–1         Energy levels increase as the distance from the 
nucleus of the atom increases. The ratio of the radii of electron 
orbits is proportional to the square of the shell number. A neutral 
silicon atom (with 14 electrons and 14 protons in the nucleus) is 
shown.   



44   CHAPTER 2  •   DIODES AND APPLICATIONS

  Metallic Bonds 
 Metals tend to be solids at room temperature. The nucleus and inner-shell electrons of met-
als occupy fi xed lattice positions. The outer valence electrons are held loosely by all of the 
atoms of the crystal and are free to move about. This “sea” of negatively charged electrons 
holds the positive ions of the metal together, forming metallic bonding. 

 With the large number of atoms in the metallic crystal, the discrete energy level for 
the valence electrons is blurred into a band called the  valence band.  These valence elec-
trons are mobile and account for the thermal and electrical conductivity of metals. In addi-
tion to the valence energy band, the next (normally occupied) level from the nucleus in the 
atom is also blurred into a band of energies called the  conduction band.  

  Figure   2–2    compares the energy-level diagram for three types of solids. Notice that for 
conductors, shown in  Figure   2–2   (c), the bands are overlapping. Electrons can easily move 
between the valence and conduction bands by absorbing light. The movement, back and forth, 
of electrons between the valence band and conduction band accounts for the luster of metals.   

Conduction band

Energy Energy Energy

Valence band

Conduction band

Valence band

Conduction band

Valence band

0 0 0

(c) Conductor(b) Semiconductor(a) Insulator

Overlap

Band gap

Band gap

 FIGURE 2–2         Energy diagrams for three categories of materials. The upper 
band is the conduction band; the lower band is the valence band.   

  Covalent Bonds 
 Atoms of some solid materials form  crystals , which are three-dimensional structures held 
together by strong bonds between the atoms. In diamond, for example, four bonds are 
formed by the sharing of four valence electrons in each carbon atom with adjacent atoms. 
This effectively creates eight valence electrons for each atom and produces a state of 
chemical stability. This sharing of valence electrons produces strong  covalent bonds  that 
hold the atoms together. 

 The shared electrons are not mobile; each electron is associated by a covalent bond 
between the atoms of the crystal. Therefore, there is a large energy gap between the valence 
band and the conduction band. As a consequence, crystalline materials such as diamond are 
insulators, or nonconductors, of electricity.  Figure   2–2   (a) shows the energy bands for a 
solid insulator. 

 Electronic devices are constructed from materials called  semiconductors . The most 
common semiconductive material is  silicon ; however,  germanium  is sometimes used. At 
room temperature, silicon forms a covalent crystal. The actual atomic structure is similar 
to diamond but the covalent bonds in silicon are not as strong as those in diamond. In sili-
con, each atom shares a valence electron with each of its four neighbors. As in the case of 
other crystalline materials, the discrete levels are blurred into a valence band and a conduc-
tion band, as shown in  Figure   2–2   (b). 

 The important difference between a conductor and a semiconductor is the gap that 
separates the bands. With semiconductors, the gap is narrow; electrons can easily be pro-
moted to the conduction band with the addition of thermal energy. At absolute zero, the 
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electrons in a silicon crystal are all in the valence band, but at room temperature many elec-
trons have suffi cient energy to move to the conduction band. The conduction-band electrons 
are no longer bound to a parent atom within the crystal.  

  Electrons and Hole Current 
 When an electron jumps to the conduction band, a vacancy is left in the valence band. This 
vacancy is called a  hole . For every electron raised to the conduction band by thermal or 
light energy, there is one hole left in the valence band, creating what is called an electron-
hole pair.  Recombination  occurs when a conduction-band electron loses energy and falls 
back into a hole in the valence band. 

 A piece of  intrinsic  (pure) silicon at room temperature has, at any instant, a number 
of conduction-band (free) electrons that are unattached to any atom and are essentially 
drifting randomly throughout the material. Also, an equal number of holes are created in 
the valence band when these electrons jump into the conduction band. 

 When a voltage is applied across a piece of intrinsic silicon, as shown in  Figure   2–3   , 
the thermally generated free electrons in the conduction band are easily attracted toward 
the positive end. This movement of free electrons is one type of current in a semiconductor 
and is called  electron current.   
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 FIGURE 2–3         Electron current in intrinsic silicon is produced by thermally generated 
electrons.   

 Another type of current occurs at the valence level, where the holes created by the 
free electrons exist. Electrons remaining in the valence band are still attached to their 
atoms and are not free to move randomly in the crystal structure. However, a valence elec-
tron can move into a nearby hole, with little change in its energy level, thus leaving another 
hole where it came from. Effectively, the hole has moved from one place to another in the 
crystal structure, as illustrated in  Figure   2–4   . This current is called  hole current.   

A free electron
leaves hole in
valence shell.

A valence electron moves
into 2nd hole and leaves
a 3rd hole.

A valence electron moves
into 4th hole and leaves
a 5th hole.

A valence electron moves
into 1st hole and leaves
a 2nd hole.

A valence electron moves
into 3rd hole and leaves
a 4th hole.

A valence electron moves
into 5th hole and leaves
a 6th hole.

When a valence electron moves left to right to fill a hole while leaving another hole behind, the hole
has effectively moved from right to left. Gray arrows indicate effective movement of a hole.

5 3
1

246

Si Si Si

 FIGURE 2–4         Hole current in intrinsic silicon.   
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   2–2  THE  PN  JUNCTION 
  Intrinsic silicon (or germanium) is not a good conductor. It must be modifi ed by increasing 
either the free electrons or the holes to increase its conductivity. If a pentavalent impurity is 
added to pure silicon, an n-material is formed; if a trivalent impurity is added, a p-material is 
formed. During manufacture, these materials can be joined and form a boundary called the pn 
junction. Amazingly, it is the characteristics of the pn junction that allow diodes and transis-
tors to work.   

  After completing this section, you should be able to  

  •   Describe the characteristics of a  pn  junction 

   •   Compare  p -type and  n -type semiconductive materials  

  •   Give examples of donor and acceptor materials  

  •   Describe the formation of a  pn  junction     

  Doping 
 The conductivity of silicon (or germanium) can be drastically increased by the controlled 
addition of impurities to the pure (intrinsic) semiconductive material. This process, called 
 doping  ,  increases the number of current carriers (electrons or holes), thus increasing the 
conductivity and decreasing the resistivity. The two categories of doped intrinsic silicon 
are  n -type and  p -type. 

 To increase the number of conduction-band electrons in pure silicon, a controlled 
number of pentavalent impurity atoms called  donors  are added to the silicon crystal. These 
are atoms with fi ve valence electrons, such as arsenic, phosphorus, and antimony. Each 
pentavalent atom forms covalent bonds with four adjacent silicon atoms, leaving one extra 
electron. This extra electron becomes a conduction (free) electron because it is not bonded 
to any atom in the crystal. The electrons in these  n  materials are called the  majority carri-
ers;  the holes are called  minority carriers.  

 To increase the number of holes in pure silicon, trivalent impurity atoms called 
 acceptors  are added. These are atoms with only three valence electrons, such as alumi-
num, boron, and gallium. Each trivalent atom forms covalent bonds with four adjacent 
silicon atoms. All three of the impurity atom’s valence electrons are used in the covalent 
bonds. However, since four electrons are required in the crystal structure, a hole is 
formed with each trivalent atom added. With  p  materials, the acceptor causes extra holes 
in the valence band; the majority carrier in  p  materials is holes, the minority carrier is 
electrons. 

 It is important to note that the process of creating  n -type or  p -type materials retains 
the overall electrical neutrality. With  n -type materials, the extra electron in the crystal is 
balanced by the additional positive charge of the donor’s nucleus.  

  1.    In an intrinsic semiconductor, in which energy band do free 
electrons exist? In which band do holes exist?   

  2.    How are holes created in an intrinsic semiconductor?   

  3.    Why is current established more easily in a semiconductor 
than in an insulator? 

    SECTION 2–1 CHECKUP* 

  *Answers are at the end of the chapter.       
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  The  PN  Junction 
 When a piece of intrinsic silicon is doped so that half is  n  type and the other half is  p  type, a 
   pn junction  is formed between the two regions. The  n  region has many free electrons 
(majority carriers) and only a few thermally generated holes (minority carriers). The  p  
region has many holes (majority carriers) and only a few thermally generated free electrons 
(minority carriers). The  pn  junction forms a basic diode and is fundamental to the operation 
of all solid-state devices.  A  diode  is a device that allows current in only one direction.  

  THE DEPLETION REGION     When the  pn  junction is formed, some of the conduc-
tion electrons near the junction drift across into the  p  region and recombine with holes near 
the junction as shown in  Figure   2–5   (a). For each electron that crosses the junction and 
recombines with a hole, a pentavalent atom is left with a net positive charge in the  n  region 
near the junction. Also, when the electron recombines with a hole in the  p  region, a trivalent 
atom acquires a net negative charge. As a result, positive ions are found on the  n  side of the 
junction and negative ions are found on the  p  side of the junction. The existence of the 
positive and negative ions on opposite sides of the junction creates a  barrier potential  ( V  B ) 
across the depletion region. The barrier potential depends on temperature, but it is approxi-
mately 0.7 V for silicon and 0.3 V for germanium at room temperature. Since germanium 
diodes are rarely used, 0.7 V is normally found in practice and will be assumed in this text.  

p region n region

pn junction

(a) At the instant of junction formation, free electrons in the
     n region near the pn junction begin to diffuse across the
     junction and fall into holes near the junction in the p region.
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For every electron that diffuses across the junction and combines
with a hole, a positive charge is left in the n region and a negative
charge is created in the p region, forming a barrier potential, VB.
This action continues until the voltage of the barrier repels further
diffusion.

(b)

 FIGURE 2–5         Formation of the pn junction.   

 Conduction electrons in the  n  region must overcome both the attraction of the posi-
tive ions and the repulsion of the negative ions in order to migrate into the  p  region. After 
the ion layers build up, the area on both sides of the junction becomes essentially depleted 
of any conduction electrons or holes and is known as the  depletion region . This condition 
is illustrated in  Figure   2–5   (b). Any further movement of charge across the boundary 
requires that the barrier potential be overcome. 

  1.    How is an  n -type semiconductor formed?   

  2.    How is a  p -type semiconductor formed?   

  3.    What is a  pn  junction?   

  4.    What is the value of the barrier potential for silicon?       

    SECTION 2–2 CHECKUP 



  Forward Bias 
 The term  bias  in electronics refers to a fi xed dc voltage that sets the operating conditions 
for a semiconductor device.  Forward bias  is the condition that permits current across a  pn  
junction. 

  Figure   2–6    shows the polarity required from a dc source to forward-bias the semicon-
ductor diode. The negative side of a source is connected to the  n  region (at the cathode 
 terminal ), and the positive side of a source is connected to the  p  region (at the anode ter-
minal). When the semiconductor diode is forward-biased, the  anode  is the more positive 
terminal and the  cathode  is the more negative terminal.  1     

  A single pn junction forms a semiconductor diode. There is no current across a pn junction at 
equilibrium. The primary usefulness of the semiconductor diode is its ability to allow current 
in only one direction as determined by the bias. There are two bias conditions for a pn 
 junction—  forward and reverse. Either of these conditions is created by connecting an external 
dc voltage in the proper direction across the pn junction.   

  After completing this section, you should be able to  

  •   Explain how to bias a semiconductor diode 

   •   Describe forward and reverse bias of a diode  

  •   Describe avalanche breakdown     

   2–3  BIASING THE SEMICONDUCTOR DIODE 

p region n regionDepletion region

VBARRIER

+                                                   –

 FIGURE 2–6         Electron fl ow in a forward-biased semiconductor diode.   

 1  Chemists defi ne anode and cathode in terms of the type of chemical reaction that occurs in electrochemical 
cells. For electrochemistry, the anode is the terminal that acts as an electron donor; the cathode is the terminal 
that acts as an electron acceptor. 

 This is how forward bias works: When a dc source is connected to forward-bias the 
diode, the negative side of the source pushes the conduction electrons in the  n  region 
toward the junction because of electrostatic repulsion. The positive side pushes the holes 
in the  p  region also toward the junction. When the external bias voltage is suffi cient to 
overcome the barrier potential, electrons have enough energy to penetrate the depletion 
region and cross the junction, where they combine with the  p  region holes. As electrons 
leave the  n  region, more electrons fl ow in from the negative side of the source. Thus, cur-
rent through the  n  region is formed by the movement of conduction electrons (majority 
carriers) toward the junction. When the conduction electrons enter the  p  region and com-
bine with holes, they become valence electrons. Then they move as valence electrons from 
hole to hole toward the positive anode connection. The movement of these valence elec-
trons essentially creates a movement of holes in the opposite direction. Thus, current in the 
 p  region is formed by the movement of holes (majority carriers) toward the junction.  
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  Reverse Bias 
  Reverse bias  is the bias condition that prevents current across the  pn  junction.  Figure   2–7(a)    
shows the polarity required from a dc source to reverse-bias the semiconductor diode. 
Notice that the negative side of the source is connected to the  p  region, and the positive 
side to the  n  region. When the semiconductor diode is reverse-biased, the anode is the 
more negative terminal and the cathode is the more positive terminal.   
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         (b) Current ceases when the barrier potential equals the bias voltage. 

 FIGURE 2–7   Reverse bias.   

 This is how reverse bias works: The negative side of the source attracts holes in the  p  
region away from the  pn  junction, while the positive side of the source attracts electrons 
away from the junction due to the attraction of opposite charges. As electrons and holes 
move away from the junction, the depletion region begins to widen; more positive ions are 
created in the  n  region, and more negative ions are created in the  p  region. The depletion 
region widens until the potential difference across it is equal to the external bias voltage, as 
shown in  Figure   2–7(b)   . The depletion region effectively acts as an insulator between the 
layers of oppositely charged ions when the diode is reverse-biased. 

  PEAK INVERSE VOLTAGE (PIV)     When a diode is reverse-biased, it must be 
able to withstand the maximum value of reverse voltage that is applied or it will break 
down. The maximum rated voltage for a diode is designated as  peak inverse voltage (PIV).  
The required PIV depends on the application; for most cases with ordinary diodes, the PIV 
rating should be higher than the reverse voltage.  

  REVERSE BREAKDOWN     If the external reverse-bias voltage is increased to a 
large enough value,  avalanche breakdown  occurs. Here is what happens: Assume that one 
minority conduction-band electron acquires enough energy from the external source to 
accelerate it toward the positive end of the diode. During its travel, it collides with an atom 
and imparts enough energy to knock a valence electron into the conduction band. There are 
now two conduction-band electrons. Each will collide with an atom, knocking two more 
valence electrons into the conduction band. There are now four conduction-band electrons 
which, in turn, knock four more into the conduction band. This rapid multiplication of 
conduction-band electrons, known as an  avalanche effect,  results in a rapid buildup of 
reverse current. 
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 Most diode circuits are not designed to operate in reverse breakdown, and the diode 
may be destroyed if it is. By itself, reverse breakdown will not harm a diode, but current 
limiting must be present to prevent excessive heating. One type of diode, the zener diode, 
is specially designed for reverse-breakdown operation if suffi cient current limiting is pro-
vided. (Zeners are discussed in  Section   2–8   .) 

   2–4  DIODE CHARACTERISTICS 
  In this section, you will learn that the characteristic curve graphically shows the current-volt-
age relationship for a diode. Three diode models are discussed. Each model represents the 
diode at a different level of accuracy so that you can use the one most appropriate for a given 
situation. In some cases, the lowest level of accuracy is all that is needed and additional details 
only complicate the situation. In other cases, you need the highest level of accuracy so that all 
factors can be taken into account.   

  After completing this section, you should be able to  

  •   Describe the basic diode characteristics 

   •   Describe the diode characteristic  IV  curve  

  •   Explain how to plot the diode characteristic  IV  curve on an oscilloscope  

  •   Describe three models that are used to simplify diode circuits     

  Diode Symbol 
  Figure   2–8   (a) shows the standard schematic symbol for a general-purpose diode. The two 
terminals of the diode are the anode and cathode, labeled A and K on the fi gure. The arrow 
always points toward the cathode.  

  Figure   2–8   (b) shows a forward-biased diode connected to a source through a current-
limiting resistor. The anode is positive with respect to the cathode, causing the diode to 
conduct as indicated by the ammeter symbol. Remember that when the diode is forward-
biased, the barrier potential,  V  B , always appears between the anode and cathode, as indi-
cated. The voltage across the resistor,  V R  , is  V  BB  less the barrier potential,  V  B . 

  1.    What are the two bias conditions?   

  2.    Which bias condition produces majority carrier current?   

  3.    Which bias condition produces a widening of the depletion 
region?   

  4.    What is avalanche breakdown?       

    SECTION 2–3 CHECKUP 
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 FIGURE 2–8         Diode schematic symbol and bias circuits. V BB  is the bias battery voltage, and V B  is 
the barrier potential. The resistor limits the forward current to a safe value.   
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  Figure   2–8   (c) shows the diode with reverse bias. The anode is negative with respect 
to the cathode, and the diode does not conduct as indicated by the ammeter symbol. The 
entire bias voltage,  V  BB , appears across the diode. There is no voltage across the resistor 
because there is no current in the circuit. Notice that the bias voltage,  V  BB , is not the same 
as the barrier potential,  V  B . 

 Some typical diodes are shown in  Figure   2–9    to illustrate common packaging. The 
letter A is used to identify the anode; K is used to identify the cathode.   

K

A
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 FIGURE 2–9         Typical diode packages and terminal identifi cation.   

  Diode Characteristic Curve 
  Figure   2–10    is a graph of diode current versus voltage. The upper 
right quadrant of the graph represents the forward-biased condi-
tion. As you can see, there is essentially no forward current ( I  F ) 
for forward voltages ( V  F ) below the barrier potential. As the for-
ward voltage approaches the value of the barrier potential (typi-
cally 0.7 V for silicon and 0.3 V for germanium), the current 
begins to increase. Once the forward voltage reaches the barrier 
potential, the current increases drastically and must be limited by 
a series resistor. The voltage across the forward-biased diode 
remains approximately equal to the barrier potential, but increases 
slightly with forward current. For a forward-biased diode, this 
barrier voltage is often referred to as a  diode drop.   

 The lower left quadrant of the graph represents the reverse-
biased condition. As the reverse voltage increases to the left, the 
current remains near zero until the breakdown voltage is reached. When breakdown occurs, 
there is a large reverse current which, if not limited, can destroy the diode.  2   Typically, the 
breakdown voltage is greater than 50 V for most rectifi er diodes. Most applications for 
ordinary diodes do not include operation in the reverse-breakdown region.  

  PLOTTING THE CHARACTERISTIC CURVE ON AN OSCILLO-
SCOPE     You can plot the diode’s forward characteristic on your oscilloscope by con-
necting the circuit shown in  Figure   2–11   . The signal is a 5 V peak-to-peak triangle that is 
centered about zero volts. This causes the diode to be alternately forward-biased and then 
reverse-biased. Channel 1 senses the voltage drop across the diode; channel 2 shows a 
signal that is proportional to the current. The scope is placed in the X-Y mode. The com-
mon lead on the signal generator  must not  be the same as the scope ground. Channel 2 
must be inverted to display the signal in the proper orientation.    

 2  With proper current limiting, operation in the reverse-breakdown region does not harm the diode. 
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 FIGURE 2–10         Diode charac-
teristic curve.   
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  Testing Diodes with an Ohmmeter 
or a Multimeter 
 The internal battery in most analog ohmmeters can forward-bias or reverse-bias a diode, 
permitting a quick relative check of the diode. To check the diode with an analog ohmmeter, 
select the  R  * 100 range (to limit current through the diode), connect the meter leads to the 
diode, then reverse the leads. The meter’s internal voltage source will tend to forward-bias 
the diode in one direction and reverse-bias it in the other. As a result, the resistance will read 
a lower value in one direction than the other. Look for a high ratio between the forward and 
reverse readings (typically 1000 or more). The actual reading depends on the internal voltage 
of the meter, the range selected, and the type of diode, so this is only a relative test. 

 Many digital multimeters have a diode test position that will indicate the forward 
diode voltage when a good diode is placed across the test leads. The meter will show an 
overload when the leads are reversed.  

  Diode Models 
  THE IDEAL MODEL     The simplest way to visualize diode operation is to think of it 
as a switch. When forward-biased, the diode ideally acts as a closed (on) switch; and when 
reverse-biased, it acts as an open (off) switch, as shown in  Figure   2–12   . The characteristic 
curve for this model is also shown. Note that the forward voltage and the reverse current 
are always zero in the ideal case. This ideal model, of course, neglects the effect of the bar-
rier potential, the internal resistance, and other effects. However, in many cases, it is accu-
rate enough, particularly when the bias voltage is at least ten times greater than the barrier 
potential.   
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X Y
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330 �
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Invert Y channel

 FIGURE 2–11         Plotting the IV curve for a diode on an oscilloscope. The oscilloscope is placed in 
the X-Y mode and the Y channel is inverted.   
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 FIGURE 2–12         Ideal model of a diode as a switch.   
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  THE OFFSET MODEL     The next higher level of accuracy is the offset model. It 
includes the barrier potential of the diode. In this model, the forward-biased diode is repre-
sented as a closed switch in series with a small “battery” equal to the barrier potential  V  B  
(0.7 V for Si), as shown in  Figure   2–13   (a). The positive end of the equivalent battery is 
toward the anode. Keep in mind that the barrier potential is  not  a voltage source and cannot 
be measured with a voltmeter; rather it only has the effect of an offsetting battery when 
forward bias is applied because the forward-bias voltage,  V  BB , must overcome this barrier 
potential before the diode begins to conduct. The reverse-biased diode is represented by an 
open switch, as in the ideal case, because the barrier potential does not affect reverse bias, 
as shown in  Figure   2–13   (b). The characteristic curve for the offset model is shown in  Fig-
ure   2–13   (c). In this textbook, this model is used for analysis unless otherwise stated.   
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 FIGURE 2–13         The offset model for a diode. The barrier potential is included in this model.   

  THE OFFSET-RESISTANCE MODEL      Figure   2–14   (a) shows the forward-biased 
diode model with both the barrier potential and the low forward (bulk) resistance. The for-
ward resistance is actually an ac resistance (see  Section   1–1   ). The forward resistance varies 
(depending on where it is measured) but is shown here with a straight-line approximation.  
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 FIGURE 2–14         The offset-resistance model for a diode. The barrier potential and forward ac 
resistance is included in this model.   
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 SOLAR POWER SYSTEMS       
 The pn junction is a key part of all diodes including photovoltaic (PV) cells (also called 
solar cells) used in solar power systems.   The  photovoltaic effect  is the basic physical proc-
ess by which a solar cell converts sunlight into electricity. Sunlight contains photons or 
“packets” of energy suffi cient to create electron-hole pairs in the  n  and  p  regions. Electrons 
accumulate in the  n -region and holes accumulate in the  p  region, producing a potential dif-
ference (voltage) across the cell. When an external load is connected, the electrons fl ow 
through the semiconductor material and provide current to the external load. 

   THE SOLAR CELL STRUCTURE      Although there are other types of solar cells and 
continuing research promises new developments in the future, the crystalline silicon solar 
cell is by far the most widely used. A silicon solar cell consists of a thin layer or wafer of 
silicon that has been doped to create  a pn  junction. The depth and distribution of impurity 
atoms can be controlled very precisely during the doping process. The most commonly used 
process for creating a silicon ingot, from which a silicon wafer is cut, is called the  Czochral-
ski method.  In this process, a seed crystal of silicon is dipped into melted polycrystalline 
silicon. As the seed crystal is withdrawn and rotated, a cylindrical ingot of silicon is formed. 

 Thin circular shaped-wafers are sliced from an ingot of ultra-pure silicon and then 
are polished and trimmed to an octagonal, hexagonal, or rectangular shape for maximum 
coverage when fi tted into an array. The silicon wafer is doped so that the  n  region is much 
thinner than the  p  region to permit light penetration, as shown in  Figure   SE2–1   (a). 

 A grid-work of very thin conductive contact strips are deposited on top of the wafer 
by methods such as photoresist or silk-screen, as shown in part (b). The contact grid must 
maximize the surface area of the silicon wafer that will be exposed to the sunlight in order 
to collect as much light energy as possible. 

 S Y S T E M  E X A M P L E  2 – 1 

(c) Characteristic curve
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FIGURE 2–14  (Continued)

 The reversed-biased condition is represented in the offset-resistance model with a very 
high parallel resistance. This results in an extremely small reverse current.  Figure   2–14   (b) 
shows how the high reverse resistance affects the reverse-biased model. The characteristic 
curve is shown in  Figure   2–14   (c). There are other small-scale effects (such as junction 
capacitance) that are not included in this model. For these cases, computer modeling is 
normally done. 
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 The conductive grid across the top of the cell is necessary so that the electrons have 
a shorter distance to travel through the silicon when an external load is connected. The 
farther electrons travel through the silicon material, the greater the energy loss due to 
resistance. A solid contact covering all of the bottom of the wafer is then added, as indi-
cated in the fi gure. Thickness of the solar cell compared to the surface area is greatly exag-
gerated for purposes of illustration. 

 After the contacts are incorporated, an antirefl ective coating is placed on top the con-
tact grid and  n  region, as shown in  Figure   SE2–1   (c). This allows the solar cell to absorb as 
much of the sun’s energy as possible by reducing the amount of light energy refl ected 
away from the surface of the cell. Finally, a glass or transparent plastic layer is attached to 
the top of the cell with transparent adhesive to protect it from the weather.  Figure   SE2–2    
shows a completed solar cell.  

   Solar Cell Panels 
 Currently, the problem is in harnessing solar energy in suffi cient amounts and at a reason-
able cost to meet our requirements. It takes approximately a square meter solar panel to 
produce 100 W in a sunny climate. Some energy can be harvested even if cloud cover 
exists, but no energy can be obtained during the night. 

 A single solar cell is impractical for most applications because it can produce only 
about 0.5 V to 0.6 V. To produce higher voltages, multiple solar cells are connected in 
series as shown in  Figure   SE2–3   (a). For example, the six series cells will ideally produce 

p region

n region

Polished surface
of n region

pn junction and
depletion region

Conductive grid

Conductive layer
covers bottom

(a) (b) (c)

Reflective
coating

 FIGURE SE2–1         Basic construction of a PV solar cell.   

 FIGURE SE2–2         A complete 
PV solar cell.   

(b) Series-parallel connection increases current

To load

(a) Series connection increases

Vout

�� �� �� �� �� ��

 FIGURE SE2–3         Solar cells connected together to create an array called a 
solar panel.   
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  The Solar Power System 
 A basic solar power system that can supply power to ac loads generally consists of four 
components, as shown in the block diagram in  Figure   SE2–5   . These components are the 
solar panel, the charge controller, the batteries, and the inverter. For supplying only dc 
loads, such as solar-powered instruments and dc lamps, the inverter is not needed. Some 
solar power systems do not include battery backup or the charge controller and are used to 
provide supplemental power only when the sun is shining. 

 Effi ciency is an important characteristic of a solar power system. Energy loss due to 
voltage drops, the photovoltaic process, and other factors are inevitable, so minimizing 
losses is a critical consideration in solar power systems.  

6(0.5 V) = 3 V. Since they are connected in series, the six cells will produce the same 
current as a single cell. For increased current capacity, series cells are connected in parallel, 
as shown in part (b). Assuming a cell can produce 2 A, the series-parallel arrangement of 
twelve cells will produce 4 A at 3 V. Multiple cells connected to produce a specifi ed power 
output are called  solar panels  or  solar modules.  

 Solar panels are generally available in 12 V, 24 V, 36 V, and 48 V versions. Higher out-
put solar panels are also available for special applications. In actuality, a 12 V solar panel pro-
duces more than 12 V (15 V to 20 V) in order to charge a 12 V battery and compensate for 
voltage drops in the series connection and other losses. Ideally, a panel with 24 individual solar 
cells is required to produce an output of 12 V, assuming each cell produces 0.5 V. In practice, 
more than thirty cells are typically used in a 12 V panel. Manufacturers usually specify the 
output of a solar panel in terms of power at a certain solar radiation called the  peak sun irradi-
ance , which is 1000 W/m 2 . For example, a 12 V solar panel that has a rated voltage of 17 V and 
produces a current of 3.5 A to a load at peak sun condition has a specifi ed output power of 

   P = VI = (17 V)(3.5 A) = 59.5 W   

 Many solar panels can be interconnected to form large arrays for high power outputs, 
as illustrated in  Figure   SE2–4   .  

Solar panel

Charge
controller

Batteries Inverter To ac load

 FIGURE SE2–5         Basic solar 
power system with battery 
backup.   

 FIGURE SE2–4         Large array 
of solar panels. NREL.gov.   
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   2–5  RECTIFIERS 
  Because of their ability to conduct current in one direction and block current in the other 
direction, diodes are used in circuits called rectifi ers that convert ac voltage into dc voltage. 
Rectifi ers are found in all dc power supplies that operate from an ac voltage source. Power 
supplies are an essential part of all electronic systems from the simplest to the most complex. In 
this section, you will study three basic types of rectifi ers—the half-wave, center-tapped full 
wave, and full-wave bridge rectifi ers.   

  After completing this section, you should be able to  

  •   Analyze the operation of three basic types of rectifi ers 

   •   Recognize a half-wave rectifi er and explain how it works  

  •   Recognize a center-tapped full-wave rectifi er and explain how it works  

  •   Recognize a full-wave bridge rectifi er and explain how it works     

  Half-Wave Rectifi ers 
 A  rectifi er  is an electronic circuit that converts ac into pulsating dc.  Figure   2–15    illus-
trates the process called  half-wave rectifi cation.  In a  half-wave rectifi er , shown in part 
(a), an ac source is connected in series with a diode and the load resistor. When the sinu-
soidal input voltage goes positive, the diode is forward-biased and conducts current to 
the load resistor, as shown in part (b). The output voltage is equal to the peak voltage 
less one diode drop.  

    Vp(out) = Vp(in) - 0.7 V  (2–1)    

 The current produces a voltage across the load, which has the same shape as the 
positive half-cycle of the input voltage. When the input voltage goes negative during the 
second half of its cycle, the diode is reverse-biased. There is no current, so the voltage 
across the load resistor is zero, as shown in part (c). The net result is that only the posi-
tive half-cycles of the ac input voltage, less one diode drop, appear across the load, mak-
ing the output a pulsating dc voltage, as shown in part (d). Notice that during the negative 
cycle, the diode must withstand the negative peak voltage from the source without 
breaking down. 

 In working with diode circuits, it is sometimes practical to neglect the diode drop 
when the peak value of the applied voltage is much greater than the barrier potential. This 
is equivalent to using the ideal model. 

  1.    What are the two conditions under which the diode is operated?   

  2.    What region of the diode characteristic curve is not part of 
normal diode operation?   

  3.    What is the simplest way to visualize a diode?   

  4.    What two approximations are included in the offset-resistance 
model of a diode?                                                                                      

    SECTION 2–4 CHECKUP 
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 FIGURE 2–15         Operation of half-wave rectifi er. The diode is considered ideal.   
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 Determine the peak output voltage and the peak inverse voltage (PIV) of the rectifi er in  Figure   2–16    for the indi-
cated input voltage. Sketch the waveforms you should observe across the diode and the load resistor.  

Vout

RL

+5 V

0

–5 V

Vin

 FIGURE 2–16        

  S O L U T I O N 

 The peak half-wave output voltage is 

   Vp = 5 V - 0.7 V = 4.3 V   
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 FIGURE 2–17        

  P R A C T I C E  E X E R C I S E * 

 Determine the peak output voltage and the PIV for the rectifi er in  Figure   2–16    if the peak input is 3 V.   

  * Answers are at the end of the chapter.      

 The PIV is the maximum voltage across the diode when it is reverse-biased. The PIV is the maximum voltage 
during the negative half cycle. 

   PIV = Vp = 5 V   

 Waveforms are shown in  Figure   2–17   . Notice that if you add the load resistor voltage to the diode voltage, you 
will obtain the input voltage.   

  Full-Wave Rectifi ers 
 The difference between full-wave and half-wave rectifi cation is that a  full-wave rectifi er  
allows unidirectional current to the load during the entire input cycle, and the half-wave rec-
tifi er allows current only during one-half of the cycle. The result of full-wave rectifi cation is 
a dc output voltage that pulsates every half-cycle of the input, as shown in  Figure   2–18   .  

Vout 00 Full-wave
rectifier

Vin

 FIGURE 2–18         Full-wave rectifi cation.   

  THE CENTER-TAPPED FULL-WAVE RECTIFIER     The  center-tapped  (CT) 
full-wave rectifi er uses two diodes connected to the secondary of a center-tapped trans-
former, as shown in  Figure   2–19   . The input signal is coupled through the transformer to 
the secondary. Half of the total secondary voltage appears between the center tap and each 
end of the secondary winding as shown.  

 For a positive half-cycle of the input voltage, the polarities of the secondary voltages 
are as shown in  Figure   2–20   (a). This condition forward-biases the upper diode  D  1  and 
reverse-biases the lower diode  D  2 . The current path is through  D  1  and the load resistor, as 
indicated in color.  

 For a negative half-cycle of the input voltage, the voltage polarities on the secondary 
are as shown in  Figure   2–20   (b). This condition reverse-biases  D  1  and forward-biases  D  2 . 
The current path is through  D  2  and the load resistor, as indicated in color. 
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 Open fi le F02-17 found on 
the companion website. This 
simulation illustrates the 
operation of a positive and 
negative half-wave rectifi er. 

MULTISIM
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 Because the current during both the positive and the negative portions of the input 
cycle is in the same direction through the load, the output voltage developed across the 
load is a full-wave rectifi ed dc voltage.  

  EFFECT OF THE TURNS RATIO ON THE FULL-WAVE OUTPUT 
VOLTAGE     If the turns ratio of a transformer is 1, the peak value of the rectifi ed output 
voltage equals half the peak value of the primary input voltage less one diode drop. This value 
occurs because half of the input voltage appears across each half of the secondary winding. 

 In order to obtain a peak output voltage equal to the peak input voltage (less the bar-
rier potential), you must use a step-up transformer with a turns ratio of 2 (1:2). In this case, 
the total secondary voltage is twice the primary voltage, so the voltage across each half of 
the secondary is equal to the input.  

  PEAK INVERSE VOLTAGE (PIV)     Each diode in the full-wave rectifi er is alter-
nately forward-biased and then reverse-biased. The maximum reverse voltage that each 
diode must withstand is the peak value of the total secondary voltage ( V sec  ). The peak 
inverse voltage across either diode in the center-tapped full-wave rectifi er is 

   PIV = Vp(out)   
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 FIGURE 2–19         A center-tapped (CT) full-wave rectifi er.   
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 FIGURE 2–20         Conducting paths in the secondary are shown in color.   
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  E X A M P L E  2 – 2 

   (a)   Show the voltage waveforms across the secondary winding and across  R L   
when a 25 V peak sine wave is applied to the primary winding in  Figure   2–21   .   

  (b)   What minimum PIV rating must the diodes have?   

Vout

D2

D1F

Vin
RL
10 k�

1:2

0 V

–25 V

+25 V

 FIGURE 2–21        

  S O L U T I O N 

   (a)   The waveforms are shown in  Figure   2–22   .   

  (b)   The total peak secondary voltage is 

   Vp(sec) = aNsec

Npri
bVp(in) = 2(25) V = 50 V   

  There is a 25 V peak across each half of the secondary. Using the ideal 
model, one diode is a short while the other diode has the full secondary volt-
age across it. Each diode must have a minimum PIV rating of  50 V.     

+25 V

0
Vsec

2

0Vout

+24.3 V

–25 V

 FIGURE 2–22        

  P R A C T I C E  E X E R C I S E 

 What diode PIV rating is required to handle a peak input of 160 V in  Figure   2–21   ?        

  Bridge Rectifi ers 
 The bridge rectifi er uses four diodes, as shown in  Figure   2–23    and is the most popular 
arrangement for power supplies because it does not require a center-tapped transformer. 
The four diodes are available in a single package, already wired in a bridge confi guration. 
The bridge rectifi er is a type of full-wave rectifi er because each half of the sine wave con-
tributes to the output.  

 This is how the bridge rectifi er works: When the input cycle is positive as in  Figure 
  2–23   (a), diodes  D  1  and  D  2  are forward-biased and conduct current as shown by the colored 
path. A voltage is developed across  R L   which looks like the positive half of the input cycle. 
During this time, diodes  D  3  and  D  4  are reverse-biased. When the input cycle is negative, as 
in  Figure   2–23   (b), diodes  D  3  and  D  4  are forward-biased and conduct as shown by the 

 Open fi le F02-21 found on 
the companion website. This 
simulation illustrates the 
operation of both a positive 
and negative center-tapped 
full-wave rectifi er. 

MULTISIM
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colored path. A voltage is again developed across  R L   in the same direction as during the 
positive half-cycle. During the negative half-cycle,  D  1  and  D  2  are reverse-biased. A full-
wave rectifi ed output voltage appears across  R L   as a result of this action. 

  BRIDGE OUTPUT VOLTAGE     Neglecting the diode drops, the total secondary 
voltage,  V sec ,  appears across the load resistor. Thus, 

   Vout = Vsec   

 As you can see in  Figure   2–23   , two diodes are always in series with the load resistor 
during both the positive and the negative half-cycles. If these diode drops are taken into 
account, the output voltage (with silicon diodes) is 

    Vout = Vsec - 1.4 V  (2–2)     

  PEAK INVERSE VOLTAGE     When  D  1  and  D  2  are forward-biased, the reverse 
voltage is across  D  3  and  D  4 . Visualizing  D  1  and  D  2  as shorts (ideally), the peak inverse 
voltage is equal to the peak secondary voltage. 

   PIV = Vp(out)   
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 FIGURE 2–23         Operation of the full-wave rectifi er. Conducting paths in the secondary 
are shown in color.   

  1.    Which type of rectifi er (half-wave, full-wave, or bridge) has 
the greatest output voltage for the same input voltage and 
transformer turns ratio?   

  2.    For a given output voltage, is the PIV for bridge rectifi er 
diodes less than, the same as, or greater than the PIV for 
center-tapped rectifi er diodes?   

  3.    At what point on the input cycle does the PIV occur in a half-
wave rectifi er that has a positive output?   

  4.    For a half-wave rectifi er, there is current through the load for 
approximately what percentage of the input cycle?       

    SECTION 2–5 CHECKUP 



  A power supply fi lter greatly reduces the fl uctuations in the output voltage of a rectifi er and 
produces a nearly constant-level dc voltage. The reason for fi ltering is that electronic circuits 
require a constant source of dc voltage and current to provide power and biasing for proper 
operation. Filtering is generally done using large capacitors. To improve the fi ltering action 
even more, the capacitor-input fi lter is followed by a regulator. Today, inexpensive but effec-
tive regulators are available as integrated circuits (ICs). IC regulators are introduced here and 
will be covered in more detail in  Chapter   11   .   

  After completing this section, you should be able to  

  •   Describe the operation of rectifi er fi lters and IC regulators 

   •   Give examples of IC regulators and show how they are connected to the output of a 
rectifi er  

  •   Compute the ripple from an IC regulator given the ripple rejection and the input ripple  

  •   Compute the load regulation given the loaded and unloaded output voltage  

  •   Compute the line regulation given the change in output voltage for a given change in the 
input voltage     

   2–6  RECTIFIER FILTERS 
AND IC REGULATORS 

 In most power supply applications, the standard 60 Hz ac power line voltage must be 
converted to a nearly constant dc voltage. The 60 Hz pulsating dc output of a half-wave 
rectifi er or the 120 Hz pulsating output of a full-wave or bridge rectifi er must be fi ltered to 
reduce the large voltage variations. Filtering can be accomplished by a capacitor, an induc-
tor, or a combination of these. The capacitor-input  fi lter  is the least expensive and most 
widely used type, by far. 

  Capacitor-Input Filter 
 A half-wave rectifi er with a capacitor-input fi lter is shown in  Figure   2–24   . We will use the 
half-wave rectifi er to illustrate the fi ltering principle and then expand the concept to the 
full-wave rectifi er.  

 During the positive fi rst quarter-cycle of the input, the diode is forward-biased, 
allowing the capacitor to charge to within a diode drop of the input peak, as illustrated in 
 Figure   2–24   (a). When the input begins to decrease below its peak, as shown in  Figure   2–24   (b), 
the capacitor retains its charge and the diode becomes reverse-biased. During the remain-
ing part of the cycle and the beginning of the next cycle, the capacitor can discharge only 
through the load resistance at a rate determined by the  RC  time constant. The larger the 
time constant, the less the capacitor will discharge. 

 During the peak of the next cycle, as illustrated in  Figure   2–24   (c), the diode again 
will become forward-biased when the input voltage exceeds the capacitor voltage by 
approximately a diode drop. 

  RIPPLE VOLTAGE     As you have seen, the capacitor quickly charges at the begin-
ning of a cycle and slowly discharges through  R L   after the positive peak (when the diode 
is reverse-biased). The variation in the capacitor voltage due to the charging and dis-
charging is called the  ripple voltage . The smaller the ripple voltage, the better the fi ltering 
action. 

 For a given input frequency, the output frequency of a full-wave rectifi er is twice that 
of a half-wave rectifi er. As a result, a full-wave rectifi er is easier to fi lter because of the 
shorter time between peaks. When fi ltered, the full-wave rectifi ed voltage has less ripple 
voltage than does a half-wave voltage for the same load resistance and fi lter capacitor val-
ues. Less ripple voltage occurs because the capacitor discharges less during the shorter 
interval between full-wave pulses, as shown in  Figure   2–25   .   
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 FIGURE 2–24         Operation of a half-wave rectifi er with a capacitor-input fi lter.   
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 FIGURE 2–25         Comparison of ripple voltages for half-wave and full-wave   
rectifi er outputs with the same fi lter capacitor and derived from the same 
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  SURGE CURRENT IN THE CAPACITOR-INPUT FILTER     When the 
power is fi rst applied to a power supply, the fi lter capacitor is uncharged. At the instant the 
switch is closed, voltage is connected to the rectifi er and the uncharged capacitor appears 
as a short. This case is illustrated for a bridge circuit in  Figure   2–26   (a). An initial surge of 
current (sometimes called inrush current) is produced through the forward-biased diodes. 
The worst-case situation occurs when the switch is closed at a peak of the secondary volt-
age and a maximum surge current is produced.  
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 FIGURE 2–26         Surge current in a capacitor-input fi lter follows the path drawn in color.   

 It is possible that the possible that the surge (inrush) current could could destroy the 
diodes, and for this reason a surge-limiting resistor,  R surge ,  is sometimes connected, as 
shown in  Figure   2–26   (b). The value of this resistor must be small to avoid a signifi cant 
voltage drop across it. Also, the diodes must have a forward current rating such that they 
can withstand the momentary surge of current.      

 Thermistors are widely used in systems where temperature measurement is required. Surge 
current is usually controlled with an NTC (negative temperature coeffi cient) thermistor. A 
 thermistor  is a resistor whose resistance changes signifi cantly, and predictably, as its tempera-
ture changes. Thermistors are covered in more detail in  Chapter   15   . A cold NTC thermistor 
has high resistance. Surge current heats the thermistor and its resistance decreases to a level 
where the voltage drop across the thermistor is insignifi cant. 

 Surge current limiting NTC thermistors have initial resistance values from as low as 
0.2 � up to about 220 �. What initial resistance value is chosen will be determined by system 
requirements. Thermistors require a cool-down or recovery time after a system is powered 
down to allow their resistance to increase suffi ciently to control the next surge current. Typical 
recovery times are about 1 minute, depending on device ratings and heat sinking. For systems 
that may be turned off and on within a short period of time, some form of active current limit-
ing may be required. 

 S Y S T E M  N O T E 
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  IC Regulators 
 While fi lters can reduce the ripple from power supplies to a low value, the most effective 
fi lter is a combination of a capacitor-input fi lter used with an IC regulator. In general, an 
IC ( integrated circuit ) is a complete functional circuit constructed on a single, tiny chip of 
silicon. An integrated circuit  regulator  is an IC that is connected to the output of a rectifi er 
and maintains a constant output voltage (or current) despite changes in the input, the load 
current, or the temperature. The capacitor fi lter reduces the input ripple to the regulator to 
an acceptable level. The combination of a large capacitor and an IC regulator is inexpen-
sive and helps produce an excellent small power supply. 

 The most popular IC regulators have three terminals—an input terminal, an output 
terminal, and a reference (or adjust) terminal. The input to the regulator is fi rst fi ltered with 
a capacitor to reduce the ripple to �10%. The regulator reduces the ripple to a negligible 
amount. In addition, most regulators have an internal voltage reference, short-circuit pro-
tection, and thermal shutdown circuitry. They are available in a variety of voltages, includ-
ing positive and negative outputs, and can be designed for variable outputs with a minimum 
of external components. Typically, IC regulators can furnish a constant output of one or 
more amps of current with high ripple rejection. IC regulators are available that can supply 
load currents of over 5 A. 

 Three-terminal regulators designed for a fi xed output voltage require only external 
capacitors to complete the regulation portion of the power supply, as shown in  Figure 
  2–27   . Filtering is accomplished by a large-value capacitor between the input voltage and 
ground. Sometimes a second smaller-value input capacitor is connected in parallel, espe-
cially if the fi lter capacitor is not close to the IC regulator, to prevent oscillation. This 
capacitor needs to be located close to the IC regulator. Finally, an output capacitor (typ-
ically 0.1 mF to 1.0 mF) is placed in parallel with the output to improve the transient 
response.  

(a) Standard configuration

Input
from

rectifer

Gnd

Output78XX

Pin 1. Input
2. Output
3. Ground

1

2

3

(Bottom view)

(Case connected
to Pin 3)

3
2

1

(Bottom view)

1 2

Input Output

Ground

Pins 1 and 2 are electrically isolated from case.
Case is third electrical connection.

(c) Typical metal and plastic packages

(All 3 plastic types)
Pin 1. Input

2. Ground
3. Output

(Heatsink surface connected to Pin 2)

Pin 1. Output
2. Ground
3. Input

1
2
3

(b) The 7800 series

Type number Output voltage

7805
7806
7808
7809
7812
7815
7818
7824

+5.0 V
+6.0 V
+8.0 V
+9.0 V

+12.0 V
+15.0 V
+18.0 V
+24.0 V

1
2
3

3

1
2

3

1
2

1
8

Pin 1. VOUT
2. Gnd
3. Gnd
4. NC

5. NC
6. Gnd
7. Gnd
8. VIN

 FIGURE 2–27         The 7800 series three-terminal fi xed positive voltage regulators.   
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 Examples of fi xed three-terminal regulators are the 78XX and 79XX series of regula-
tors that are available with various output voltages and can supply up to 1 A of load current 
(with adequate heat sinking). The last two digits of the number stand for the output volt-
age; thus, the 7812 has a +12 V output. The negative output versions of the same regulator 
are numbered as the 79XX series; the 7912 has a -12 V output. The output voltage from 
these regulators is between 1.5% and 4% of the nominal value but will hold a nearly con-
stant output despite changes in the input voltage or output load. A basic fi xed +5 V power 
supply with a 7805 regulator is shown in  Figure   2–28   . Data sheets for the 78XX and 79XX 
series of regulators can be found at  www.onsemi.com . 

F1

D2

D3 D1

On-off
switch

110 V ac

T1

D4

D1–D4 are 1N4001 silicon rectifier diodes.

+ +

780512.6 V acSW1

0.1 A

C2
1.0 μF

C1
1000 μF

+5.0 V

 FIGURE 2–28         A basic �5.0 V power supply.   

  As an example of the reduction in ripple that can be obtained from a 7812 regulator, 
note the typical ripple rejection specifi cation,  RR , in the data sheet. For the 7812, the typi-
cal ripple rejection is 60 dB (refer to  Section   1–4    for a review of decibels). This means that 
the output ripple is 60 dB less than the input ripple, a very signifi cant reduction as illus-
trated in the next example.    

 All of the power supply designs covered in this chapter are linear power supplies. Many sys-
tems today use switch-mode power supplies (SMPSs). Switch-mode power supplies use 
switching voltage regulators (covered in  Chapter   11   ) rather than the IC voltage regulators 
covered in this section. SMPSs offer several advantages and disadvantages compared to linear 
power supplies. They are lighter and more effi cient, but they are more complex, and harder to 
troubleshoot. They can also produce signifi cant amounts of EMI as a result of the high-speed 
switching action of the regulator, usually between 50 kHz and 1 MHz. 

 Switch mode power supplies can also result in poor power factor and high harmonic 
content in the power distribution grid. This is a growing problem since almost all computers 
use SMPSs. In some jurisdictions, especially in Europe, SMPSs are required to include power 
factor correction circuitry. Despite these drawbacks, SMPSs are becoming more common than 
linear power supplies in many systems. To alleviate problems with switching noise, often 
designers will add an IC regulator to the output of a switching regulator. 

 S Y S T E M  N O T E 

  E X A M P L E  2 – 3 

 Assume the input ripple to an MC7812B regulator is 100 mV. What is the typical 
output ripple? From the data sheet, the typical ripple rejection is 60 dB. 

  S O L U T I O N 

 The decibel voltage ratio is 

   dB = 20 logaVout

Vin
b    

 Since 60 dB is an attenuation, it is shown with a negative sign. 

   -60 dB = 20 logaVout

Vin
b    

www.onsemi.com
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 Another type of three-terminal regulator is an adjustable regulator.  Figure   2–29    
shows a power supply circuit with an adjustable output, controlled by the variable resistor, 
 R  2 . Note that  R  2  is adjustable from zero to 1.0 k�. The LM317 regulator keeps a constant 
1.25 V between the output and adjust terminals. This produces a constant current in  R  1  of 
1.25 V>240 � = 52 mA. If we neglect  the very small current through the adjust terminal, 
the current in  R  2  is the same as the current in  R  1 . The output is taken across both  R  1  and  R  2  
and is found from the equation,  

   Vout = 1.25 VaR1 + R2

R1
b    

 Notice that the output voltage from the power supply is the regulator’s 1.25 V multi-
plied by a ratio of resistances. For the case shown in  Figure   2–29   , when  R  2  is set to the 
minimum (zero) resistance, the output is 1.25 V. When  R  2  is set to the maximum, the out-
put is nearly 6.5 V.     

  Percent Regulation 
 The regulation expressed as a percentage is a fi gure of merit used to specify the perform-
ance of a voltage regulator. It can be in terms of input (line) regulation or load regulation. 
 Line regulation  specifi es how much change occurs in the output voltage for a given change 
in the input voltage. It is typically defi ned as a ratio of a change in output voltage for a cor-
responding change in the input voltage expressed as a percentage. 

    Line regulation = a �VOUT

�VIN
b100%  (2–3)    

 Dividing by 20, 

   -3.0 = loga Vout

100 mV
b    

 and eliminating the log results in 

    10-3.0 =
Vout

100 mV
   

    Vout = (100 mV)1.0 * 10-3 = 100 MV    

  P R A C T I C E  E X E R C I S E 

 Find the output ripple for an MC7805B, using the typical value specifi ed on the 
data sheet found at  www.onsemi.com .   

C2
1.0 μF

R2
1.0 k�

F1

D2

D3 D1

110 V ac

T1

D4

LM 31712.6 V ac

SW1
0.1 A

C1
1000 μF

In Out

C3
1.0 μF

ADJ

Vout

D1–D4 are 1N4001 silicon rectifier diodes.

R1
240 �

 FIGURE 2–29         A basic power supply with a variable output voltage (from 1.25 V to 6.5 V).   

 Open fi le F02-29 found on 
the companion website. This 
simulation illustrates the 
operation of the LM 317 
adjustable voltage regulator. 

MULTISIM

www.onsemi.com
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  Load regulation  specifi es how much change occurs in the output voltage over a cer-
tain range of load current values, usually from minimum current (no load, NL) to maxi-
mum current (full load, FL). It is normally expressed as a percentage and can be calculated 
with the following formula: 

    Load regulation = aVNL - VFL

VFL
b100%  (2–4)    

 where  V  NL  is the output voltage with no load and  V  FL  is the output voltage with full (max-
imum) load. Line and load regulation are discussed further in  Section   11–1   . 

  E X A M P L E  2 – 4 

 Assume a certain MC7805B regulator has a measured no-load output voltage of 
5.185 V and a full-load output of 5.152 V. What is the load regulation expressed 
as a percentage? Is this within the manufacturer’s specifi cation? 

  S O L U T I O N 

   Load regulation = aVNL - VFL

VFL
b = a 5.185 V - 5.152 V

5.152 V
b100% = 0.64%   

 The data sheet for the MC7805B indicates a maximum variation of the out-
put voltage (with a load current from 5 mA to 1.0 A) of 100 mV. This represents 
a maximum load regulation of 2% (typical is 0.4%). The measured percent regu-
lation is within specifi cations.  

  P R A C T I C E  E X E R C I S E 

 If the no-load output voltage of a regulator is 24.8 V and the full-load output is 
23.9 V, what is the load regulation expressed as a percentage?   

 The preceding discussion concentrated on the popular three-terminal regulators. 
Three-terminal regulators can be adapted to a number of specialized applications or 
requirements such as current sources or automatic shutdown, current limiting, and the like. 
For certain other applications (high current, high effi ciency, high voltage), more compli-
cated regulators are constructed from integrated circuits and discrete transistors.  Chapter   11    
discusses some of these applications in more detail. 

 A LINEAR POWER SUPPLY 
 The  power supply  is an important part of most electronic systems because it supplies the dc 
voltage and current necessary for all the other circuits in the system to operate. A typical 
power supply converts ac power into a constant dc voltage. In this system example we will 
look at some of the design criteria that must be considered, even in a simple system like a 
basic linear power supply. This system will be illustrated in two stages. In the fi rst stage, we 
will calculate the required components for an unregulated 16 V output. In the second stage, 
we will reduce the output voltage to a regulated +12 V. A schematic of the initial design is 
shown in  Figure   SE2–6   . Assume that the initial design criteria are as follows: 

   •   Input voltage is 120 V @ 60 Hz  

  •   DC output voltage should be +16 V{10% for stage 1.  

  •   Load current: 250 mA (max)  

 S Y S T E M  E X A M P L E  2 – 2 
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120 V ac

 FIGURE SE2–6         Linear power supply with fi lter capacitor   

  •   Ripple factor: 0.03 (max)  

  •   Fusing should be done on the primary side of the transformer  

  •   Costs should be kept as low as possible   

      THE TRANSFORMER :     The dc output voltage from the bridge must be 16 V {10%. 
Therefore the peak transformer secondary voltage must be {16 V plus the bridge diode 
drops. Transformers are rated in rms voltages, so the rms secondary voltage must be calcu-
lated. Several considerations come into play in choosing the transformer. It must have the 
necessary turns ratio and be able to handle the maximum load current. It should also be an 
“off-the-shelf” component if possible to keep costs down.  

   THE FUSE :     The fuse must be chosen based upon several factors. It must have a high 
enough current rating so that it doesn’t blow during maximum load current, or during any 
surge current when the capacitor is charging. It must have a low enough current rating so 
the transformer, bridge, and load, are protected if an over-current event occurs. Since the 
fuse is installed on the primary side of the transformer, all calculations must be based on 
primary current.  

   THE RECTIFIER BRIDGE :     The bridge is comprised of four separate rectifi er diodes 
or a single IC package. The IC bridge is the best choice as only a single part must be kept 
in stock and assembly costs will be lower with a single component. Maximum forward 
current and PIV must be determined when choosing the IC bridge.   

   THE FILTER CAPACITOR :     The fi lter capacitor and the load resistance determine 
the ripple voltage. In order to determine the minimum acceptable value of the fi lter capac-
itor for a 0.03 ripple factor, some calculations are required. 

 Ripple factor ( r ) is found as 

   r =
Vr(pp)

VDC
   

 where:     V r(pp)  is the peak-to-peak ripple voltage   

  V   r(pp)  can be approximated as 

   Vr(pp) = a 1

fRLC
bVP(rect)   

 where:       f  = the frequency of the pulsating dc voltage from the rectifi er  

   V p(rect)  = peak unfi ltered output voltage from the rectifi er.   
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16 V ± 10%

+12 V7812

4700 �F 0.33 �F 0.1 �F

C2
C1 C3

Rlimit

120 V ac

 FIGURE SE2–7         Regulated linear power supply    

 Transposing the V r(pp)  equation we solve for the minimum value of C and fi nd that a 
4700 mF capacitor will allow us to meet our ripple factor specifi cations. The voltage rating 
of the capacitor must also be taken into account. Note that the value of R L  is determined by 
the dc output voltage and the maximum load current.  

   Regulated DC Power Supply 
 The second stage of this circuit design is to add voltage regulation and an LED indicator to 
show when the circuit is powered. The power supply should provide a fi xed output voltage 
of +12 V dc . Maximum load current is to remain the same. The schematic for this circuit is 
illustrated in  Figure   SE2–7   . 

   THE REGULATOR :     A simple 78XX series linear voltage regulator is a good choice 
for this circuit. Since the last two digits of the 78XX series indicate the output voltage, an 
MC7812 is chosen. Whenever possible, heat sinking is a good idea. The cost is small and 
it will increase the stability and life expectancy of the regulator. 

 Note from the 78XX spec sheet that the manufacturer recommends that a 0.33 mF 
capacitor be connected from the input terminal to ground. It also suggests another capaci-
tor may be connected from the output terminal to ground to improve transient response. 
The input capacitor helps eliminate high-frequency oscillations. You may wonder why a 
small capacitor is connected in parallel with the large fi lter capacitor. The reason is that 
large electrolytic capacitors have internal equivalent series resistance, and some induct-
ance, which can affect the high frequency response of the circuit. Again, make sure that the 
capacitors have the proper voltage rating.  

   THE LED CIRCUIT :     The LED requires a current limiting resistor. A red LED is com-
monly chosen as an “ON” indicator. The value of the current limiting resistor is calculated 
based upon the test current range in the spec sheet. You must also determine the power 
rating of the resistor.   

   CIRCUIT SIMULATION :     It would be wise to simulate the circuit prior to construc-
tion using Multisim or other simulation software.   

   PROTOTYPING AND TESTING :     Once the simulation tests are complete, the circuit 
can be built and tested. A PCB must be designed and the board populated. A possible cir-
cuit board layout is shown in  Figure   SE2–8   . Finally, the circuit is evaluated to make cer-
tain that it meets all circuit design parameters, and fi nal production costs can be calculated. 
As you can see, there are a number of decisions, calculations, and measurements that must 
be made even for a relatively simple circuit such as this.    
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XFMR
12.6 V .1

6800

120 V
60 Hz

47 Ω
5 W

.33

 FIGURE SE2–8         Regulated 12 V power supply on a printed circuit board.   

Open fi le SE02–08 found on 
the companion website. This 
simulation will be used to 
determine if all design criteria 
for this power supply design 
have been met.

MULTISIM

  1.    What causes the ripple voltage on the output of a capacitor-
input fi lter?   

  2.    The load resistance of a capacitor-fi ltered full-wave rectifi er is 
reduced. What effect does this reduction have on the ripple 
voltage?   

  3.    What advantages are offered by a three-terminal regulator?   

  4.    What is the difference between input (line) regulation and 
load regulation?                                          

    SECTION 2–6 CHECKUP 

   2–7  DIODE LIMITING AND CLAMPING 
CIRCUITS 

  Diode circuits, called limiters or clippers, are sometimes used to clip off portions of signal volt-
ages above or below certain levels. Another type of diode circuit, called a clamper, is used to 
restore a dc level to an electrical signal.   

  After completing this section, you should be able to  

  •   Analyze the operation of diode limiters and clampers 

   •   Explain how a diode limiter works and determine the clipping level for a given circuit  

  •   Explain how a diode clamping circuit works  

  •   Cite applications for diode limiting and clamping circuits     

  Diode Limiters 
  Figure   2–30   (a) shows a diode circuit called a  limiter  (also called a clipper) that limits or 
clips off the positive part of the input signal. As the input signal goes positive, the diode 
becomes forward-biased. Because the cathode is at ground potential (0 V), the anode cannot 
exceed 0.7 V (assuming a silicon diode). Thus, point  A  is clipped at +0.7 V when the input 
exceeds this value.  
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 Whenever the input is below 0.7 V, the diode is reverse-biased and appears as an 
open. The output voltage looks like the negative part of the input, but with a magnitude 
determined by the voltage divider formed by  R  1  and  R L ,  as follows: 

   Vout = a RL

R1 + RL
bVin   

 If  R  1  is small compared to  R L ,  then  V out  _  V in  . 
 Turn the diode around, as in  Figure   2–30   (b), and the negative part of the input is 

clipped off. When the diode is forward-biased during the negative part of the input, point 
 A  is held at -0.7 V by the diode drop. When the input goes above -0.7 V, the diode is no 
longer forward-biased; and a voltage appears across  R L   proportional to the input. 

  A LIMITER APPLICATION      Figure   2–31    shows an application of a limiter. Sup-
pose you wanted to use the power line to synchronize a computer operation to the ac line. 
In the case shown, a half-wave rectifi er is connected to a 6.3 V output from a transformer. 
The peak signal from the rectifi er is approximately 9 V, too large for a computer input. 
Computers and other logic circuits are designed for a specifi c voltage maximum (typically 
+5.0 V) that cannot be exceeded without risking serious damage to the computer. The lim-
iter shown in the fi gure prevents the signal to the computer from exceeding 4.7 V.  

0
–0.7 V

0 RL Vout

R1

+

–
Vin

–Vp

+Vp

(a)

0 RL Vout

R1

–

+
Vin

–Vp

+Vp

(b)

A

A

0
+0.7 V

Limiting of the positive alternation; diode conducts on positive alternation.

Limiting of the negative alternation; diode conducts on negative alternation.

 FIGURE 2–30         Diode limiting (clipping circuits).   
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 FIGURE 2–31         Limiting the 
signal into a computer.   
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  ADJUSTMENT OF THE LIMITING LEVEL     To adjust the level at which a 
signal voltage is limited, a bias voltage can be added in series with the diode, as shown in 
 Figure   2–34   . The voltage at point  A  must equal  V  BB  + 0.7 V before the diode will become 
forward-biased and conduct. Once the diode begins to conduct, the voltage at point  A  is 
limited to  V  BB  + 0.7 V so that all input voltage above this level is clipped off, as shown in 
the fi gure.  

Vin

RL

R1

0

A

+

–

VBB + 0.7 V

VBB

0

 FIGURE 2–34         A positive limiter with positive bias.   

  E X A M P L E  2 – 5 

 What would you expect to see displayed on an oscilloscope connected as shown in  Figure   2–32   ? The time base 
on the scope is set to show one and one-half cycles.  

+10 V

RL
1.0 k�

R1

100 �

–10 V

0 V

Ch 1 Ch 2

 FIGURE 2–32        

  S O L U T I O N 

 The diode is forward-biased and conducts when the input voltage goes below -0.7 V. Thus, a negative limiter 
with a peak output voltage across  R L   can be determined by the following equation: 

   Vp(out) = a RL

R1 + RL
bVp(in) = a 1.0 k�

1.1 k�
b10 V = 9.1 V   

 The scope will display an output waveform as shown in  Figure   2–33   .   

+10 V

0

–10 V

Vin

+9.1 V

0
–0.7 V

Vout

 FIGURE 2–33         Waveforms for  Figure   2–32   .   

  P R A C T I C E  E X E R C I S E 

 Describe the output waveform for  Figure   2–32    if  R L   is changed to 680 �.    
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 FIGURE 2–35         A positive limiter with variable positive bias.   
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 FIGURE 2–36         A positive limiter with negative bias. Notice that the positive side of the 
waveform is limited above � V BB   � 0.7 V.   
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 FIGURE 2–37         A negative limiter with negative bias.   

 If the bias voltage is varied up or down, the clipping level changes correspondingly, 
as shown in  Figure   2–35   . If the polarity of the bias voltage is reversed, as in  Figure   2–36   , 
voltages above - V  BB  + 0.7 V are clipped, resulting in an output waveform as shown. The 
diode is reverse-biased only when the voltage at point  A  goes below - V  BB  + 0.7 V.   

  E X A M P L E  2 – 6 

  Figure   2–38    shows a circuit combining a positive-biased limiter with a negative-
biased limiter. Determine the output waveform.  

0 Vout

D2

7 V
–

+

D1

7 V
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–

R1 A

+10 V

–10 V

Vin

 FIGURE 2–38        

 If it is necessary to clip the voltage below a specifi ed negative level, then the diode and 
bias voltage must be connected as in  Figure   2–37   . In this case, the voltage at point  A  must go 
below - V  BB  - 0.7 V to forward-bias the diode and initiate clipping action, as shown.  
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  Diode Clampers 
 A diode  clamper  adds a dc level to an ac signal. Clampers are sometimes known as  dc 
restorers.   Figure   2–40    shows a diode clamper that inserts a positive dc level in the output 
waveform. To understand the operation of this circuit, consider the fi rst negative half-cycle 
of the input voltage. When the input initially goes negative, the diode is forward-biased, 
allowing the capacitor to charge to near the peak of the input ( V p   ( in )  - 0.7 V), as shown in 
 Figure   2–40   (a). Just past the negative peak, the diode becomes reverse-biased. This is 
because the cathode is held near  V p   ( in )  by the charge on the capacitor.  

 The capacitor can discharge only through the high resistance of  R L .  Thus, from the 
peak of one negative half-cycle to the next, the capacitor discharges very little. The amount 
that is discharged, of course, depends on the value of  R L .  For good clamping action, the  RC  
time constant should be at least ten times the period of the input signal. 

  S O L U T I O N 

 When the voltage at point  A  reaches +7.7 V, diode  D  1  conducts and limits the 
waveform at +7.7 V. Diode  D  2  does not conduct until the voltage reaches -7.7 V. 
Therefore, positive voltages above +7.7 V and negative voltages below -7.7 V 
are clipped. The resulting output waveform is shown in  Figure   2–39   .   

  P R A C T I C E  E X E R C I S E 

 Determine the output waveform in  Figure   2–38    if both dc sources are 10 V and 
the input has a peak value of 20 V.     

0 RL
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≈Vp (in) – 0.7 V
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–

+
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+–

Vin

(b)

RL

≈Vp(in) – 0.7 V

(c)

+–Vp(in)

0
0

≈ –0.7 V

Diode conducts and charges C. W When C is charged, it acts like a battery.

The capacitor voltage adds to the ac input voltage.

Diode off

Diode on

 FIGURE 2–40         Positive clamping. The diode allows the capacitor to charge rapidly. The capacitor 
can discharge only through R L .   
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 FIGURE 2–39         Output wave-
form for  Figure   2–38   .   
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 FIGURE 2–41         Negative clamping.   

 The net effect of the clamping action is that the capacitor retains a charge approxi-
mately equal to the peak value of the input less the diode drop. The capacitor voltage 
acts essentially as a battery in series with the input signal, as shown in  Figure   2–40   (b). 
The dc voltage of the capacitor adds to the ac input voltage by superposition, as shown 
in  Figure   2–40   (c). 

 If the diode is turned around, a negative dc voltage is added to the input signal to 
produce the output signal, as shown in  Figure   2–41   . If necessary, the diode can be biased 
to adjust the clamping level.  

    E X A M P L E  2 – 7 

 What is the output voltage that you would expect to observe across  R L   in the 
clamping circuit of  Figure   2–42   ? Assume that  RC  is large enough to prevent sig-
nifi cant capacitor discharge.  

  S O L U T I O N 

 Ideally, a negative dc value equal to the input peak less the diode drop is inserted 
by the clamping circuit. 

   VDC � -(Vp(in) - 0.7 V) = -(24 V - 0.7 V) = �23.3 V   

 Actually, the capacitor will discharge slightly between peaks, and, as a result, the 
output voltage will have an average value of slightly less than that calculated 
previously. The output waveform goes to approximately 0.7 V above ground, as 
shown in  Figure   2–43   .   

Vin
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10 k�

C

–24 V

+24 V
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 FIGURE 2–42        

–47.3 V

–23.3 V

0
≈ +0.7 V  FIGURE 2–43         Output 

waveform for  Figure   2–42   .   

  P R A C T I C E  E X E R C I S E 

 What output voltage would you observe across  R L   in  Figure   2–42    if the polarity 
of the diode and the polarity of the capacitor were reversed?   
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  1.    Discuss how diode limiters and diode clampers differ in terms 
of their function.   

  2.    What happens if the diode is reversed in a limiter?   

  3.    To limit the output of a positive limiter to +5 V when a +10 V 
peak input is applied, what value must the bias voltage be?   

  4.    What component in a clamper circuit effectively acts as a battery?       

    SECTION 2–7 CHECKUP 

   2–8  SPECIAL-PURPOSE DIODES 
  The preceding discussion of diodes has focused on applications that exploit the fact that a diode 
is a one-way conductor. A number of diodes are designed for other applications. In this section, 
several special-purpose diodes, namely the zener diode, the varactor diode, the photodiode, 
and the light-emitting diode will be considered.   

  After completing this section, you should be able to  

  •   Explain the characteristics of four different special-purpose diodes 

   •   Describe the characteristic curve for a zener diode  

  •   Show how a zener diode can be used as a basic regulator  

  •   Explain how a varactor diode is used as a variable capacitor  

  •   Discuss the basic principles of light-emitting diodes (LEDs) and photodiodes     

  Zener Diodes 
  Figure   2–44    shows the schematic symbol for a  zener diode  .  The zener diode is a silicon  pn  
junction device that differs from the rectifi er diode in that it is designed for operation in the 
reverse-breakdown region. Zeners with breakdown voltages of 1.8 V to 200 V are com-
mercially available. The breakdown voltage is set by carefully controlling the doping level 
during manufacture. From the discussion of the diode characteristic curve in  Section   2–4   , 
recall that when a diode reaches reverse breakdown, its voltage remains almost constant 
even though the current may change drastically. This volt-ampere characteristic is shown 
again in  Figure   2–45   .   

Anode (A)

Cathode (K)

 FIGURE 2–44         Zener symbol.   
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 FIGURE 2–45         Diode IV characteristic curve.   

 The principal applications of zener diodes are as a voltage reference and for voltage 
regulators in low-current applications. As a regulator, zeners have limitations: they do not 
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have the high ripple rejection of integrated circuit regulators (dis-
cussed in  Section   2–6   ) and they can’t handle large load current 
changes. By combining a zener diode with a transistor or op-amp, 
better regulators can be constructed. 

  Figure   2–46    shows the reverse portion of the characteristic 
curve of a zener diode. Notice that as the reverse voltage ( V  R ) is 
increased, the reverse current ( I  R ) remains extremely small up to the 
knee of the curve. At this point, the breakdown effect begins; the 
internal zener ac resistance begins to decrease as the reverse current 
increases rapidly. This resistance is generally shown on a data sheet 
as impedance,  Z  Z . From the bottom of the knee, the zener break-
down voltage ( V  Z ) remains essentially constant although, it 
increases slightly as  I  Z  increases. This constant voltage region of 
the characteristic curve accounts for the zener’s ability to regulate.  

 A minimum value of reverse current,  I  ZK , must be maintained in 
order to keep the diode in regulation. You can see on the curve in  Fig-
ure   2–46    that when the reverse current is reduced below the knee of 
the curve, the voltage decreases drastically and regulation is lost. Also, 
there is a maximum current,  I  ZM , above which the diode may be dam-
aged. Thus, basically, the zener diode maintains a nearly constant volt-
age across its terminals for values of reverse current ranging from  I  ZK  to  I  ZM . A nominal zener 
voltage,  V  ZT , is usually specifi ed on a data sheet at a value of reverse current called the  zener 
test current, I  ZT . 

  ZENER EQUIVALENT CIRCUIT      Figure   2–47   (a) shows the ideal approximation 
of a zener diode in reverse breakdown. It acts simply as a battery having a value equal to 
the nominal zener voltage.  Figure   2–47   (b) represents the practical equivalent of a zener, 
where the zener impedance ( Z  Z ) is included. Since the actual voltage curve is not ideally 
vertical, a change in zener current (� I  Z ) produces a small change in zener voltage (� V  Z ), 
as illustrated in  Figure   2–47   (c).  

 By Ohm’s law, the ratio of � V  Z  to � I  Z  is the zener impedance, as expressed in the 
following equation: 

    ZZ =
�VZ

�IZ
  (2–5)    

 Normally,  Z  Z  is specifi ed at  I  ZT , the zener test current. In most cases, you can assume that 
 Z  Z  is constant over the full linear range of zener current values. 
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VZ  @ IZT

IZK (zener knee current)
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IZM (zener maximum current)
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 FIGURE 2–46         Reverse characteristic of a zener diode. 
V Z  is usually specifi ed at the test current, I ZT , and is 
 designated V ZT .   
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 FIGURE 2–47         Zener diode equivalent circuits and the characteristic curve illustrating Z Z .   
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  ZENER VOLTAGE REGULATION     As mentioned, zener diodes can be used for 
 voltage regulation  in noncritical applications.  Figure   2–48    illustrates how a zener diode 
can be used to regulate a varying dc input voltage to keep it at a constant level. As you 
learned earlier, this process is called line regulation. (See  Section   2–6   .)  
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(a) As the input voltage increases, the output voltage remains nearly constant (IZK < IZ < IZM).

IZ decreasing

R

VIN > VZ

VIN

(b) As the input voltage decreases, the output voltage remains nearly constant (IZK < IZ < IZM).

– +

–+–+

–+ –+

 FIGURE 2–48         Zener regulation of a varying input voltage.   

  E X A M P L E  2 – 8 

 A certain zener diode exhibits a 50 mV change in  V  Z  for a 2 mA change in  I  Z  on 
the linear portion of the characteristic curve between  I  ZK  and  I  ZM . What is the 
zener impedance? 

  S O L U T I O N 

   ZZ =
�VZ

�IZ
=

50 mV

2 mA
= 25 �    

  P R A C T I C E  E X E R C I S E 

 Calculate the zener impedance if the zener voltage changes 120 mV for a 15 mA 
change in zener current.    

 As the input voltage varies (within limits), the zener diode maintains a nearly con-
stant voltage across the output terminals. However, as  V  IN  changes,  I  Z  will change propor-
tionally, and therefore the limitations on the input variation are set by the minimum and 
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maximum current values ( I  ZK  and  I  ZM ) with which the zener can operate and on the condi-
tion that  V  IN  7  V  Z .  R  is the series current-limiting resistor. The bar graph on the DMM 
symbols indicates the relative values and trends. Many DMMs provide analog bar graph 
displays in addition to the digital readout. 

  E X A M P L E  2 – 9 

  Figure   2–49    shows a zener diode regulator designed to hold 10 V at the output. 
Assume the zener impedance is zero and the zener current ranges from 4 mA min-
imum ( I  ZK ) to 40 mA maximum ( I  ZM ). What are the minimum and maximum 
input voltages for these currents?  
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–

+

 FIGURE 2–49        
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 FIGURE 2–50        

  S O L U T I O N 

 For the minimum current, the voltage across the 1.0 k� resistor is 

   VR = IZKR = (4 mA)(1.0 k�) = 4 V   

 Since  V R   =  V  IN  -  V  Z , 

   VIN = VR + VZ = 4 V + 10 V = 14 V   

 For the maximum zener current, the voltage across the 1.0 k� resistor is 

   VR = (40 mA)(1.0 k�) = 40 V   

 Therefore, 

   VIN = 40 V + 10 V = 50 V   

 As you can see, this zener diode can provide line regulation for an input 
voltage that varies from 14 V to 50 V and maintain approximately a 10 V output. 
The output will vary slightly from this value because of the zener’s impedance.  

  P R A C T I C E  E X E R C I S E 

 Determine the minimum and maximum input voltages that can be regulated by 
the zener in  Figure   2–50    if the minimum current ( I  ZK ) is 2.5 mA and the maxi-
mum ( I  ZM ) is 35 mA.      
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 FIGURE 2–52         Varactor diode capacitance varies with reverse voltage.   

 In a varactor diode, the capacitance parameters are controlled by the method of 
doping in the depletion region and the size and geometry of the diode’s construction. 
Varactor capacitances typically range from a few picofarads to a few hundred picofar-
ads. 

  Figure   2–53   (a) shows a common symbol for a varactor, and  Figure   2–53   (b) shows a 
simplifi ed equivalent circuit. The internal reverse series resistance is labeled  r s ,  and the 
variable capacitance is labeled  C  V .  

  Varactor Diodes 
 Varactor diodes are also known as variable-capacitance diodes because the junc-
tion capacitance varies with the amount of reverse-bias voltage. Varactors are spe-
cifi cally designed to take advantage of this variable-capacitance characteristic. 
The capacitance can be changed by changing the reverse voltage. These devices 
are commonly used in electronic tuning circuits used in communications systems. 

 A  varactor  is basically a reverse-biased  pn  junction that utilizes the 
inherent capacitance of the depletion region. The depletion region, created by 
the reverse bias, acts as a capacitor dielectric because of its nonconductive 
characteristic. The  p  and  n  regions are conductive and act as the capacitor 
plates, as illustrated in  Figure   2–51   .  

 Recall that capacitance is determined by the plate area ( A ), dielectric con-
stant (P), and dielectric thickness ( d ), as expressed in the following formula: 

   C =
AP
d

   

 As the reverse-bias voltage increases, the depletion region widens, effectively 
increasing the dielectric thickness and thus decreasing the capacitance. When the reverse-
bias voltage decreases, the depletion region narrows, thus increasing the capacitance. This 
action is shown in  Figure   2–52   (a) and (b). A general curve of capacitance versus voltage is 
shown in  Figure   2–52   (c).  

p n

VBIAS– +

Plate Plate

Dielectric

 FIGURE 2–51         The reverse-biased varac-
tor diode acts as a variable capacitor.   
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 FIGURE 2–53         Varactor 
diode.   



2–8 SPECIAL-PURPOSE DIODES   83

RS

Vs L

D2

D1
+VC

(variable dc)

 FIGURE SN2–1         Varactors in a resonant circuit.   

A major application of varactors is in tuning circuits used in many communications systems. 
For example, electronic tuners in TV and other commercial receivers utilize varactors as one 
of their elements. When used in a resonant circuit, the varactor acts as a variable capacitor, 
thus allowing the resonant frequency to be adjusted by a variable voltage level, as illustrated in 
 Figure   SN2–1    where two varactor diodes provide the total variable capacitance in a parallel 
resonant (tank) circuit.  V  C  is a variable dc voltage that controls the reverse bias and therefore 
the capacitance of the diodes.  

 Recall that the resonant frequency of the tank circuit is 

   fr �
1

2�2LC
   

      S Y S T E M  N O T E
 This approximation is valid for  Q  � 10. 

  E X A M P L E  2 – 1 0 

 The capacitance of a certain varactor can be varied from 5 pF to 50 pF. The diode 
is used in a tuned circuit similar to that shown in  Figure   SN2–1   . Determine the 
tuning range for the circuit if  L  = 10 mH. 

  S O L U T I O N 

 The equivalent circuit is shown in  Figure   2–54   . Notice that the varactor capaci-
tances are in series; the total  minimum  capacitance is the product-over-sum of the 
individual capacitor’s minimum value.  

   CT(min) =
C1(min)C2(min)

C1(min) + C2(min)
=

(5 pF)(5 pF)

5 pF + 5 pF
= 2.5 pF   

 The maximum resonant frequency, therefore, is 

   fr(max) =
1

2p2LCT(min)

=
1

2p2(10 mH)(2.5 pF)
� 1 MHz   

RS

Vs
L
10 mH

5–50 pF

5–50 pF

C1

C2

 FIGURE 2–54        
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  Light-Emitting Diodes (LEDs) 
 As the name implies, the  light-emitting diode  is a light emitter; LEDs are used as indicators 
(such as in logic probes), in displays such as the familiar seven-segment displays used in many 
digital clocks, and as sources for optical fi ber communication systems. IR-emitting diodes, 
related to LEDs, are used in optical coupling applications (such as isolating electrocardiogram 
sensors on a patient from the measuring instrument) and in remote control applications. 

 The basic operation of the light-emitting diode (LED) is as follows: When the device 
is forward-biased, electrons cross the  pn  junction from the  n  region and recombine with 
holes in the  p  region. These free electrons are in the conduction band and are at a higher 
energy level than the holes in the valence band. When recombination takes place, the 
recombining electrons release energy in the form of heat and light. A large exposed surface 
area on one layer of the semiconductive material permits the photons to be emitted as vis-
ible light.  Figure   2–55    illustrates this process which is called  electroluminescence  .   

 FIGURE 2–56         LED schematic 
symbol.   

 The maximum total capacitance is 

   CT(max) =
C1(max)C2(max)

C1(max) + C2(max)
=

(50 pF)(50 pF)

50 pF + 50 pF
= 25 pF   

 The minimum resonant frequency, therefore, is 

   fr(min) =
1

2p2LCT(max)

=
1

2p2(10 mH)(25 pF)
� 318 kHz    

  P R A C T I C E  E X E R C I S E 

 Determine the tuning range for  Figure   2–54    if  L  = 2.7 mH.     

+

–

+

p region

n region

Light FIGURE 2–55         Electrolumi-
nescence in an LED.   

 The semiconductive materials used in LEDs are gallium arsenide (GaAs), gallium 
arsenide phosphide (GaAsP), and gallium phosphide (GaP). Silicon and germanium are 
not used because they are essentially heat-producing materials and are very poor at pro-
ducing light. GaAs LEDs emit infrared (IR) radiation, which is invisible. GaAsP produces 
either red or yellow visible light, and GaP emits red or green visible light. LEDs that emit 
blue light are also available. The schematic symbol for an LED is shown in  Figure   2–56   .  
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 The LED emits light in response to a suffi cient forward current ( I  F ), as shown in  Fig-
ure   2–57   (a). The amount of power output translated into light is directly proportional to the 
forward current, as indicated in  Figure   2–57   (b). Typical LEDs are shown in  Figures   2–57   (c) 
and    2–57   (d).   

  LED Applications 
 Standard LEDs are used for indicator lamps and readout displays on a wide variety of 
instruments, ranging from consumer appliances to scientifi c apparatus. A common type of 
display device using LEDs is the seven-segment display. Combinations of the segments 
form the ten decimal digits as illustrated in  Figure   2–58   . Each segment in the display is an 
LED. By forward-biasing selected combinations of segments, any decimal digit and a dec-
imal point can be formed. Two types of LED circuit arrangements are the common anode 
and common cathode as shown.  

 One common application of an infrared LED is in remote control units for TV, DVD, 
gate openers, etc. The IR LED sends out a beam of invisible light that is sensed by the 
receiver in your TV, for example. For each button on the remote control unit, there is a 
unique code. When a specifi c button is pressed, a coded electrical signal is generated that 
goes to the LED, which converts the electrical signal to a coded infrared light signal. The 
TV receiver recognizes the code and takes appropriate action, such as changing the chan-
nel or increasing the volume. 

 Also, IR light-emitting diodes are used in optical coupling applications, often in con-
junction with fi ber optics. Areas of application include industrial processing and control, 
position encoders, bar graph readers, and optical switching. 
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 FIGURE 2–57         Operation of 
an LED.   
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 S Y S T E M  E X A M P L E  2 – 3

BASEBALL COUNTING SYSTEM
IR LEDs and detectors fi nd many applications in systems for which there is a need to count 
items. Figure SE2–9 shows an example of a system for counting baseballs as they are fed 
down a chute into a box for shipping. As each ball passes through the chute, the IR beam 
emitted by the LED is interrupted. This is detected by the photodiode (discussed later) and 
the resulting change in current is sensed by a detector circuit. An electronic circuit counts 
each time that the beam is interrupted; and when a preset number of balls pass through the 
chute, the “stop” mechanism is activated to stop the fl ow of balls until the next empty box 
is automatically moved into place on the conveyor. When the next box is in place, the 
“stop” mechanism is deactivated and the balls begin to roll again. This idea can also be 
applied to inventory and packing control for many other types of products.   

IR emitter

IR detector

Stop
mechanism

IR emitter
circuit

IR detector
circuit

Counter
and control

DC
power
supply

To “stop”
mechanism

IR
photo-
diode

IR
LED

Counting and
control system

 FIGURE SE2–9         Basic concept and block diagram of a counting and control system.   
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 FIGURE 2–58         The 7-segment 
LED display.   

  High-Intensity LEDs 
 LEDs that produce much greater light outputs than standard LEDs are found in many 
applications including traffi c lights, automotive lighting, indoor and outdoor advertising 
and informational signs, and home lighting. 
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  TRAFFIC LIGHTS     LEDs are quickly replacing the traditional incandescent bulbs in 
traffi c signal applications. Arrays of tiny LEDs form the red, yellow, and green lights in a traf-
fi c light unit. An LED array has three major advantages over the incandescent bulb: brighter 
light, longer lifetime (years vs. months), and less energy consumption (about 90% less). 

 LED traffi c lights are constructed in arrays with lenses that optimize and direct the 
light output.  Figure   2–59   (a) illustrates the concept of a traffi c light array using red LEDs. 
A relatively low density of LEDs is shown for illustration. The actual number and spacing 
of the LEDs in a traffi c light unit depends on the diameter of the unit, the type of lens, the 
color, and the required light intensity. With an appropriate LED density and a lens, an 8- or 
12-inch traffi c light will appear essentially as a solid-color circle.  

 LEDs in an array are usually connected either in a series-parallel or a parallel arrange-
ment. A series connection is not practical because if one LED fails open, then all the LEDs are 
disabled. For a parallel connection, each LED requires a limiting resistor. To reduce the number 
of limiting resistors, a series-parallel connection can be used, as shown in  Figure   2–59   (b).  

+V

(a) LED array (b) Circuit

Limiting
resistors

 FIGURE 2–59         LED traffi c light.   

 Special application LEDs are also commonly used as transmit-
ters in fi ber optic telecommunication systems. They differ from 
conventional LEDs in a number of ways. They only emit light in 
the infrared rather than the visible spectrum and over a much 
narrower angle (emission pattern) for better coupling to the fi ber 
optic cable. This is a result of the way that LEDs used in fi ber 
optic systems emit light. 

 LEDs are divided into two types, based upon how they 
emit light. Conventional LEDs are  surface emitting ; they emit 
light from the top. The emitting area is large, and even though 
the output of this type of LED may be high, not as much of the 
light can be coupled into an optical fi ber.  Edge-emitting  LEDs 
emit light from their edge and have a very small aperture, usu-
ally between 30 and 50 mm. This allows them to couple very well to a multimode fi ber optic cable which has a diameter of 
between 50 and 62.5 mm. A new type of edge-emitting LED called a  superradiant  LED has a very narrow emission spectrum 
(1–2% of the central wavelength) and can provide power levels that rival laser diodes. A comparison of top and edge-emitting 
LEDs is shown in  Figure   SN2–2   . 

 S Y S T E M  N O T E 

Light pattern

Contacts

 FIGURE SN2–2         Top and edge-emitting LEDs   
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  LED DISPLAYS     LEDs are widely used in large and small signs and message boards  
color, multicolor, or full-color. Full-color screens use a tiny grouping of high-intensity red, 
green, and blue LEDs to form a  pixel.  A typical screen is made of thousands of RGB pixels 
with the exact number determined by the sizes of the screen and the pixel. 

 Red, green, and blue (RGB) are primary colors and when mixed together in varying 
amounts, can be used to produce any color in the visible spectrum. A basic pixel formed by 
three LEDs is shown in  Figure   2–60   . The light emission from each of the three diodes can 
be varied independently by varying the amount of forward current. Yellow is added to the 
three primary colors (RGBY) in some TV screen applications.   

  OTHER APPLICATIONS     High-intensity LEDs are becoming more widely used 
in automotive lighting for taillights, brakelights, turn signals, back-up lights, and inte-
rior applications. LED arrays are expected to replace most incandescent bulbs in auto-
motive lighting. Eventually, headlights may also be replaced by white LED arrays. 
LEDs can be seen better in poor weather and can last 100 times longer than an incan-
descent bulb. 

 LEDs are also fi nding their way into interior home and business lighting applications. 
Arrays of white LEDs may eventually replace incandescent light bulbs and fl ourescent 
lighting in interior living and work areas. Most white LEDs use a blue GaN (gallium 
nitride) LED covered by a yellowish phosphor coating made of a certain type of crystals 
that have been powdered and bound in a type of viscous adhesive. Since yellow light 
stimulates the red and green receptors of the eye, the resulting mix of blue and yellow light 
gives the appearance of white.   

Pixel

R + G + B R + B R + G G + B All off

(c) Examples of different combinations of equal amounts of primary colors

White Magenta Yellow Cyan Black

(a) Basic pixel (b) Pixel circuit

VR VG VB

 FIGURE 2–60         The concept of an RGB pixel used in LED display screens.   
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 FIGURE 2–61         Basic structure of a top-emitting 2-layer OLED.   

 OLED technology was developed by Eastman Kodak. It is beginning to replace LCD (liquid 
crystal display) technology in handheld devices such as PDAs and cellular phones. OLEDs are 
brighter, thinner, faster, and lighter than conventional LEDs or LCDs. They also use less 
power and are cheaper to manufacture. 

 S Y S T E M  N O T E 

  The Organic LED (OLED) 
 An  OLED  is a device that consists of two or three layers of materials composed of organic 
molecules or polymers that emit light with the application of voltage. OLEDs produce 
light through the process of electrophosphorescence. The color of the light depends on the 
type of organic molecule in the emissive layer. The basic structure of a 2-layer OLED is 
shown in  Figure   2–61   .  

 Electrons are provided to the emissive layer and removed from the conductive layer 
when there is current between the cathode and anode. This removal of electrons from the 
conductive layer leaves holes. The electrons from the emissive layer recombine with the 
holes from the conductive layer near the junction of the two layers. When this recombination 
occurs, energy is released in the form of light that passes through the transparent cathode 
material. If the anode and substrate are also made from transparent materials, light is emitted 
in both directions, making the OLED useful in applications such as heads-up displays. 

 OLEDs can be sprayed onto substrates just like inks are sprayed onto paper during 
printing. Inkjet technology greatly reduces the cost of OLED manufacturing and allows 
OLEDs to be printed onto very large fi lms for large displays like 80-inch TV screens or 
electronic billboards.                

  The Photodiode 
 The  photodiode  is a  pn  junction device that operates in reverse bias, as shown in 
 Figure   2–62   , where  I  l  is the reverse current. Note the schematic symbol for the pho-
todiode. The photodiode has a small transparent window that allows light to strike 
the  pn  junction.  

 Recall that when reverse-biased, a rectifi er diode has a very small reverse 
 leakage current. The same is true for the photodiode. The reverse-biased current is 
produced by thermally generated electron-hole pairs in the depletion region, which 
are swept across the junction by the electric fi eld created by the reverse voltage. In a 
rectifi er diode, the reverse leakage current increases with temperature due to an 
increase in the number of electron-hole pairs. 
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+

–

 FIGURE 2–62         Photodiode.   
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 In a photodiode, the reverse current increases with the light intensity at the  pn  junc-
tion. When there is no incident light, the reverse current ( I  l ) is almost negligible and is 
called the  dark current.  An increase in the amount of light energy (measured in lumens per 
square meter, lm/m 2 ) produces an increase in the reverse current, as shown by the graph in 
 Figure   2–63   (a). For a given value of reverse-bias voltage,  Figure   2–63   (b) shows a set of 
characteristic curves for a typical photodiode.  
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 FIGURE 2–63         Typical photodiode characteristics.   

 From the characteristic curve in  Figure   2–63   (b), the dark current for this particular 
device is approximately 35 mA at a reverse-bias voltage of -3 V. Therefore, the reverse 
resistance of the device with no incident light is 

   RR =
VR

Il
=

3 V

35 mA
= 86 k�   

 At 25,000 lm/m 2 , the current is approximately 400 mA at -3 V. The resistance under this 
condition is 

   RR =
VR

Il
=

3 V

400 mA
= 7.5 k�   

 These calculations show that the photodiode can be used as a variable-resistance 
device controlled by light intensity. 

  Figure   2–64    illustrates that the photodiode allows essentially no reverse current 
(except for a very small dark current) when there is no incident light. When a light beam 
strikes the photodiode, it conducts an amount of reverse current that is proportional to the 
light  intensity.  
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    SECTION 2–8 CHECKUP 
  1.    How are zener diodes normally operated?   

  2.    What does the parameter  I  ZM  refer to?   

  3.    What is the purpose of a varactor diode?   

  4.    Based on the general curve in  Figure   2–53   (c), what happens to 
the diode capacitance when the reverse voltage is increased?   

  5.    List some semiconductive materials used for LEDs.   

  6.    There is a small current in a photodiode under no-light 
 conditions. What is this current called?      

  A manufacturer’s data sheet gives detailed information on a device so that it can be used prop-
erly in a given application. A typical data sheet provides maximum ratings, electrical charac-
teristics, mechanical data, and graphs of various parameters.   

  After completing this section, you should be able to  

  •   Interpret and use a diode data sheet 

   •   Identify maximum voltage and current ratings  

  •   Determine the electrical characteristics of a diode  

  •   Analyze graphical data  

  •   Select an appropriate diode for a given set of specifi cations     

   2–9  THE DIODE DATA SHEET 

  Table   2–1    shows the maximum ratings for a certain series of rectifi er diodes. The 
data sheet for the 1N4001 through 1N4007 series of diodes can be found at  www.onsemi.
com . These are the absolute maximum values under which the diode can be operated with-
out damage to the device. For greatest reliability and longer life, the diode should always 
be operated well under these maximums. Generally, the maximum ratings are specifi ed at 
25°C and must be adjusted downward for greater temperatures.  

 An explanation of some of the parameters from  Table   2–1    follows. 

    V  RRM   The maximum reverse peak voltage that can be applied repetitively across the 
diode. Notice that in this case, it is 50 V for the 1N4001 and 1 kV for the 1N4007. 
This is the same as PIV rating.  

Light OFF

Iλ

VBIAS

+ –

Light ON

(a) No light, no current except
negligible dark current

(b) Where there is incident light,
resistance decreases and there is
reverse current.

–+
Iλ

VBIAS

+ –

–+

 FIGURE 2–64         Operation of 
a photodiode.   
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 TABLE 2–1    

 RATING  SYMBOL  1N4001  1N4002  1N4003  1N4004  1N4005  1N4006  1N4007  UNIT 

 Peak repetitive reverse 
voltage 
 Working peak reverse 
voltage 
 DC blocking voltage 

  V  RRM  

  V  RWM  

  V  R  

 50  100  200  400  600   800  1000  V 

 Nonrepetitive peak 
reverse voltage 

  V  RSM   60  120  240  480  720  1000  1200  V 

 rms reverse voltage   V  R(rms)   35  70  140  280  420   560   700  V 

 Average rectifi ed forward 
current (single-phase, 
resistive load, 60 Hz, 
 T  A  = 75°C) 

  I  O   1.0  A 

 Nonrepetitive peak surge 
current (surge applied at 
rated load conditions) 

  I  FSM   30 (for 1 cycle)  A 

 Operating and storage 
junction temperature range 

  T  J ,  T  stg   −65 to +175  °C 

   V  R   The maximum reverse dc voltage that can be applied across the diode.  

   V  RSM   The maximum reverse peak value of nonrepetitive (one-cycle) voltage that can be 
applied across the diode.  

   I  O  The maximum average value of a 60 Hz rectifi ed forward current.  

   I  FSM   The maximum peak value of nonrepetitive (one-cycle) forward current. The graph 
in  Figure   2–65    expands on this parameter to show values for more than one cycle 
at temperatures of 25°C and 175°C. The dashed lines represent values where typi-
cal failures occur. Notice what happens on the lower solid line when ten cycles of 
 I  FSM  are applied. The limit is 15 A rather than the one-cycle value of 30 A.    
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 FIGURE 2–65         Nonrepetitive forward surge current capability.   

  Table   2–2    lists typical and maximum values of certain electrical characteristics for 
the 1N4001–1N4007 series. These items differ from the maximum ratings in that they are 
not selected by design but are the result of operating the diode under specifi ed conditions. 
A brief explanation of these parameters follows.  
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 TABLE 2–2 •   Electrical characteristics. 

 CHARACTERISTICS AND 
CONDITIONS  SYMBOL  TYPICAL  MAXIMUM  UNIT 

 Maximum instantaneous 
forward voltage drop 
( I  F  = 1 A,  T  J  = 25°C) 

  v  F   0.93  1.1  V 

 Maximum full-cycle average 
forward voltage drop 
( I  O  = 1 A,  T  L  = 75°C, 1 in. leads) 

  V  F(avg)   —  0.8  V 

 Maximum reverse current 
(rated dc voltage) 
  T  J  = 25°C 
  T  J  = 100°C 

  I  R   

0.05 
 1.0 

 

10.0 
 50.0 

 mA 

 Maximum full-cycle average 
reverse current 
( I  O  = 1 A,  T  L  = 75°C, 1 in. leads) 

  I  R(avg)   —  30.0  mA 

    v  F   The instantaneous voltage across the forward-biased diode when the forward cur-
rent is 1 A at 25°C.  Figure   2–66    shows how the forward voltages vary with for-
ward current.   

   V  F(avg)   The maximum forward voltage drop averaged over a full cycle (also shown as  V  F  
on some data sheets).  

   I  R   The maximum current when the diode is reverse-biased with a dc voltage.  
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 FIGURE 2–67         A selection of rectifi er diodes based on maximum ratings of I O , I FSM , and V RRM .   

   I  R(avg)   The maximum reverse current averaged over one cycle (when reverse-biased 
with an ac voltage).  

   T  L  The lead temperature.   

  Figure   2–67    shows a selection of rectifi er diodes arranged in order of increasing  I  O , 
 I  FSM , and  V  RRM  ratings.  
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 As discussed in  Section   1–5   , the fi rst step in troubleshooting is to analyze the clues 
(symptoms) of a failure. These clues should lead to a logical plan for troubleshooting. 
The plan for a circuit that has never worked will be different than one that has been 
working. The history of past failures, or failures in a similar circuit, can also be a clue 
to a failure. 

 It is always useful to have a good understanding of the circuit you are troubleshoot-
ing and a schematic. There is no one plan that fi ts all situations; the one to use depends on 
the type and complexity of the circuit or system, the nature of the problem, and the prefer-
ence of the individual technician. 

  A Troubleshooting Plan 
 Above all else, effi cient troubleshooting requires logical thinking and a plan that will fi nd 
the simple problems (such as a blown fuse) quickly. As an example, consider the following 
plan for troubleshooting a power supply that has failed in operation. 

   Step 1:   Ask questions of the person reporting the trouble. When did it fail? (Right 
after it was plugged in? After running for 2 hours at maximum current out?) 
How do you know it failed? (Smoke? Low voltage?)  

  Step 2:   Power check: Make sure the power cord is plugged in and the fuse is not 
burned out. Check that the controls are set for proper operation. Something 
this simple is often the cause of the problem. Perhaps the operator did not 
understand the correct settings required for controls.  

  Step 3:   Sensory check: Beyond the power check, the simplest troubleshooting method 
relies on your senses of observation to check for obvious defects. Remove power, 
open the supply, and do a visual check for broken wires, poor solder connections, 
burned out fuses, and the like. Also, when certain types of components fail, you 
may be able to detect a smell of smoke if you happen to be there when it fails or 
shortly afterward. Since some failures are temperature dependent, you can some-
times use your sense of touch (carefully!) to detect an overheated component.  

  The backbone for nearly all electronic circuits is the power supply. Several types of failures 
can occur in power supplies. In this section, we will expand on our earlier coverage of trouble-
shooting by looking at specifi c power supply failures and the effects they would have on the 
supply’s operation. Then we’ll look at one more example of how you might troubleshoot a 
regulated power supply.   

  After completing this section, you should be able to  

  •   Troubleshoot a power supply using accepted techniques 

   •   Discuss the steps in forming a troubleshooting plan  

  •   Explain fault analysis  

  •   Describe symptoms that are likely for different failures     

   2–10  TROUBLESHOOTING 

  1.    List the three rating categories typically given on all diode 
data sheets.   

  2.    Defi ne each of the following parameters:  V  F ,  I  R , and  I  O .   

  3.    Defi ne  I  FSM ,  V  RRM , and  V  RSM .   

  4.    From  Figure   2–67   , select a diode to meet the following speci-
fi cations:  I  O  = 3 A,  I  FSM  = 300 A, and  V  RRM  = 100 V.     

    SECTION 2–9 CHECKUP 
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  Step 4:   Isolate the failure. Apply power to the supply while it is on the bench and trace 
the voltage. As described in  Section   1–5   , you can start in the middle of the 
circuit and do half-splitting or check the voltage at successive test points from 
the input side until you get an incorrect measurement. Some problems are 
more diffi cult than simply fi nding no voltage, but tracing should isolate the 
problem to an area or a component.   

 Having reviewed a plan for troubleshooting, let’s turn to fault analysis. When you 
fi nd a symptom, you next need to ask the question,  If component X fails in the circuit, what 
are the symptoms?  You will apply fault analysis when you fi nd an incorrect voltage or 
waveform. For example, assume you observe high ripple at the input to a regulator. From 
your knowledge of circuit operation, you might reason that a defective or incorrect value 
capacitor could be the culprit. The following discussion describes four possible failures 
and gives more examples of fault analysis.  

  Open Fuse or Circuit Breaker 
 An overcurrent-protection device is essential to virtually all electronic equipment. These 
devices prevent damage to the equipment in case of a failure or an overload condition and 
reduce the probability of a violent failure. Overcurrent-protection devices include fuses, 
circuit breakers, solid-state current-limiting devices, and thermal overload devices. The 
circuit breakers for the ac line cannot be counted on to protect electronic devices as they 
only open when the current is 15 A or more in the ac line, far too high to offer protection 
to most electronic equipment. 

 If a single fuse is present, it is usually on the primary side of the transformer, and will 
be rated for 115 or 230 VAC at a current that is consistent with the maximum power rating 
of the supply. Frequently, protection devices may also be included on the secondary side, 
especially if a single transformer has multiple outputs. A fuse is designed to carry its rated 
current indefi nitely (and will typically carry 120% of its rated current for several hours). 
Fuses are available in fast- and slow-blow versions. A fast-blow fuse opens in a few mil-
liseconds when overloaded; a slow-blow fuse can survive transient overloads such as 
occurs when power is fi rst applied. Most of the time, slow-blow fuses should be used on 
the input side of a power supply circuit. 

 Testing for an open fuse is relatively simple. Glass fuses can be checked by inspection 
or checked with an ohmmeter (be certain power is disconnected from the circuit). If power 
is still applied, a blown fuse will have voltage across it (provided there are no other opens in 
the path, such as a switch). Usually an open fuse is symptomatic of a short circuit or over-
load; however, fuses can have fatigue failure and may be the only problem in the circuit. 

 Before replacing a blown fuse, the technician should check for the cause. If the fuse 
simply opened, it may be a fatigue failure. If the fuse has blown violently (as evidenced by 
complete vaporization of the wire inside), it is most likely that it opened due to another 
problem. Look for a short circuit with an ohmmeter; it can be the load, the fi lter capacitor, 
or other component that has shorted. Look for any visible signs of an overheated or dam-
aged component. If the fuse is replaced, it is important to replace it with the identical type 
and current rating as specifi ed by the manufacturer. The wrong fuse can cause further dam-
age and may be a safety hazard.  

  Open Diode 
 Consider the full-wave, center-tapped rectifi er in  Figure   2–68   . Assume that diode  D  1  has 
failed open. This causes diode  D  2  to conduct on only the negative cycle. With an oscillo-
scope connected to the output, as shown in part (a), you would observe a larger-than-normal 
ripple voltage at a frequency of 60 Hz rather than 120 Hz. Disconnecting the fi lter capacitor, 
you would observe a half-wave rectifi ed voltage, as in part (b).  

 With the fi lter capacitor in the circuit, the half-wave signal will allow it to discharge 
more than it would with a normal full-wave signal, resulting in a larger ripple voltage. 
Basically, the same observations would be made for an open failure of diode  D  2 . 
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 An open diode in a bridge rectifi er would create symptoms identical to those just 
discussed for the center-tapped rectifi er. As illustrated in  Figure   2–69   , the open diode 
would prevent current through  R L   during half of the input cycle (in this case, the negative 
half). As a result, there would be a half-wave output and an increased ripple voltage at 60 Hz, 
as discussed before.  
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D2

RLC

Open

(a) Ripple should be less and have a frequency of 120 Hz. Instead it is greater in amplitude with a frequency
of 60 Hz.

D1
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60 Hz
half-wave

(b) With C removed, output should be a full-wave 120 Hz signal. Instead it is a 60 Hz, half-wave voltage.

60 Hz in

Ch 1 Ch 2

Ch 1 Ch 2

 FIGURE 2–68         Symptoms of an open diode in a full-wave, center-tapped rectifi er.   

RLD2
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D4
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Open

 FIGURE 2–69         Effect of an open diode in a bridge rectifi er. A half-wave operation results in an 
increased ripple at 60 Hz.   

 Generally, the easiest test for an open diode in a full-wave power supply is to 
measure the ripple frequency. If the ripple frequency is the same as the input ac fre-
quency, look for an open diode or a connection problem with a diode (such as a 
cracked trace).  

  Shorted Diode 
 A shorted diode is one that has failed such that it has a very low resistance in both direc-
tions. If a diode suddenly became shorted in a bridge rectifi er, normally a fuse would blow 
or other circuit protection would be activated. If the supply was not protected by a fuse, the 
shorted diode will most likely cause the transformer to be damaged or cause the other 
diode in series to open, as illustrated in  Figure   2–70   .  
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 In part (a) of  Figure   2–70   , current is supplied to the load through the shorted diode 
during the fi rst positive half-cycle, just as though it were forward-biased. During the nega-
tive half-cycle, the current is shorted through  D  1  and  D  4 , as shown in part (b). It is this 
excessive current that leads to the second failure; hence, when a shorted diode is discov-
ered, it is a good idea to check other components for a failure.  

  Shorted or Leaky Filter Capacitor 
 Electrolytic capacitors can appear shorted (or have high “leakage” current) when they fail. 
One cause of failure that produces symptoms of a short occurs when an electrolytic capacitor 
is put in backwards, an error that can happen with newly manufactured circuit boards. As in 
the case of a shorted diode, the normal symptom is a blown fuse due to excessive current. A 
leaky capacitor is a form of partial failure; it can be represented by a leakage resistance in 
parallel with the capacitor, as shown in  Figure   2–71   (a). The effect of the leakage resistance 
is to reduce the discharging time constant, causing an increase in ripple voltage on the output, 
as shown in  Figure   2–71   (b). A leaky capacitor may simply overheat; a capacitor should 
never show signs of overheating. For an unfused supply, a shorted capacitor would most 
likely cause one or more diodes or the transformer to open due to excessive current. In any 
event, there would be no dc voltage on the output.          
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 When a defective capacitor is replaced, it is important to observe the working voltage 
specifi cation as well as the size of the capacitor. If the working voltage specifi cation is 
exceeded, the replacement is likely to fail again. In addition, it is vitally important to 
observe the polarity of the capacitor. An electrolytic capacitor installed backwards can 
literally explode.  

  Troubleshooting a Regulated Power Supply 
 As indicated at the beginning of this section, the plan for repairing any electronic equip-
ment depends on the observed symptoms. Let’s assume you have a supply like the one 
shown previously in  Figure   2–28    that has blown a fuse immediately after it was connected 
to a printed circuit card. Your thinking might go like this: “The power supply was working 
fi ne until I added the card; perhaps I exceeded the current limit of the supply.” Here you 
have considered the conditions and hypothesized a possible cause. The fi rst step then is to 
remove the load and test the supply to see if this clears the problem. If so, then check the 
current requirement of the card that was added, or check to see if it is drawing too much 
current. If not, the problem is in the supply. 

 What if a power supply is completely dead but has a good fuse? In this case, start tracing 
the voltage to isolate the problem. For example, you could check for voltage on the primary of 
the transformer; if there is voltage, then test the secondary voltage. If the primary does not 
have voltage, check the path for the ac—the switch and connections to the transformer. If a 
single open is in series with the ac line, the full ac voltage will appear across that open. 

 Let’s assume you have found that the transformer has ac on the primary but no volt-
age on the secondary. This indicates that the transformer is open, either the primary or the 
secondary winding. An ohmmeter should confi rm this. Before replacing it, you should 
look to see why the failure occurred. Transformers seldom fail if they are operated prop-
erly. The likelihood is that another component shorted in the circuit. Look for a shorted 
diode or capacitor as an initial cause. 

 As previously stated, the exact strategy for troubleshooting depends on what is found 
at each step, the ease of making a particular test, and the likely cause of a failure. The key 
is that the technician use a series of logical tests to reduce the problem to the exact cause. 

  1.    What would you expect to see if  R  1  of the power supply in 
 Figure   2–29    were open?   

  2.    You are checking a 60 Hz full-wave bridge rectifi er and observe 
that the output has a 60 Hz ripple. What failure(s) do you suspect?   

  3.    You observe that the output ripple of a full-wave rectifi er is 
much greater than normal but its frequency is still 120 Hz. 
What component do you suspect?       

    SECTION 2-10 CHECKUP 

     SUMMARY 
   •   The Bohr model of an atom consists of a nucleus containing positively charged protons and 

uncharged neutrons orbited by negatively charged electrons.  

  •   Atomic shells are energy bands. The outermost shell containing electrons is the valence shell.  

  •   Silicon is the predominant semiconductive material.  

  •   Atoms within a semiconductor crystal structure are held together with covalent bonds.  

  •   Electron-hole pairs are thermally produced.  

  •   A  p -type semiconductor is made by adding trivalent impurity atoms to an intrinsic (pure) semi-
conductor.  

  •   An  n -type semiconductor is made by adding pentavalent impurity atoms to an intrinsic (pure) 
semiconductor.  

  •   The depletion region is a region adjacent to the  pn  junction containing no majority carriers.  
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  •   Forward bias permits majority carrier current through the  pn  junction.  

  •   Reverse bias prevents majority carrier current.  

  •   A  pn  junction is called a diode.  

  •   Reverse breakdown occurs when the reverse-biased voltage exceeds a specifi ed value.  

  •   Three types of rectifi ers are the half-wave, the center-tapped full-wave, and the bridge. The 
center-tapped and the bridge are both types of full-wave rectifi ers.  

  •   The single diode in a half-wave rectifi er conducts for half of the input cycle and has the entire 
output current in it. The output frequency equals the input frequency.  

  •   Each diode in the center-tapped full-wave rectifi er and the bridge rectifi er conduct for one-half of 
the input cycle but share the total current. The output frequency of a full-wave rectifi er is twice 
the input frequency.  

  •   The PIV (peak inverse voltage) is the maximum voltage appearing across a reverse-biased diode.  

  •   A capacitor-input fi lter provides a dc output approximately equal to the peak of the input.  

  •   Ripple voltage is caused by the charging and discharging of the fi lter capacitor.  

  •   Three-terminal integrated circuit regulators provide a nearly constant dc output from an unregu-
lated dc input.  

  •   Regulation of output voltage over a range of input voltages is called input or line regulation.  

  •   Regulation of output voltage over a range of load currents is called load regulation.  

  •   Diode limiters (clippers) cut off voltage above or below specifi ed levels.  

  •   Diode clampers add a dc level to an ac signal.  

  •   The zener diode operates in reverse breakdown.  

  •   A zener diode maintains an essentially constant voltage across its terminals over a specifi ed range 
of zener currents.  

  •   Zener diodes are used to establish a reference voltage and in basic regulator circuits.  

  •   A varactor diode acts as a variable capacitor under reverse-biased conditions.  

  •   The capacitance of a varactor varies inversely with reverse-biased voltage.    

Zener
Varactor

PhotoLight-emitting

or or

         

  KEY TERMS 
 Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary. 

  Bias      The application of dc voltage to a diode or other electronic device to produce a desired mode 
of operation.   

  Clamper      A circuit that adds a dc level to an ac signal; also called a  dc restorer.    

  Diode      An electronic device that permits current in only one direction.   

  Electron      The basic particle of negative electrical charge in matter.   

  Energy      The ability to do work.   

  Filter      A type of electrical circuit that passes certain frequencies and rejects all others.   

  Forward bias      The condition in which a  pn  junction conducts current.   

  Integrated circuit (IC)      A type of circuit in which all the components are constructed on a single 
tiny chip of silicon.   

  Limiter      A circuit that removes part of a waveform above or below a specifi ed level; also called a 
 clipper .   

       PN  junction      The boundary between  n -type and  p -type materials.   

  Rectifi er      An electronic circuit that converts ac into pulsating dc.   

  Reverse bias      The condition in which a  pn  junction blocks current.   

  Semiconductor      A material that has a conductance value between that of a conductor and that of an 
insulator. Silicon and germanium are examples.    
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  KEY FORMULAS 
    (2–1)  Vp(out) � Vp(in) � 0.7 V      Half-wave and full-wave rectifi er peak 

output voltage 

    (2–2)  Vout � Vsec � 1.4 V     Bridge rectifi er peak output voltage 

    (2–3)  Line regulation � a�VOUT

�VIN
b100%     Line regulation expressed as a percentage 

    (2–4)  Load regulation � aVNL � VFL

VFL
b100%     Load regulation expressed as a percentage 

    (2–5)  ZZ �
�VZ

�IZ
     Zener impedance  

  SELF-TEST 
 Answers are at the end of the chapter. 

   1.    When a neutral atom loses or gains a valence electron, the atom becomes  

   (a)   covalent      (b)   a metal      (c)   a crystal      (d)   an ion    

   2.    Atoms within a semiconductor crystal are held together by  

   (a)   metallic bonds     (b)   subatomic particles  
  (c)   covalent bonds     (d)   the valence band    

   3.    Free electrons exist in the  

   (a)   valence band     (b)   conduction band  
  (c)   lowest band     (d)   recombination band    

   4.    A hole is a  

   (a)   vacancy in the valence band     (b)   vacancy in the conduction band  
  (c)   positive electron     (d)   conduction-band electron    

   5.    The widest energy gap between the valence band and the conduction band occurs in  

   (a)   semiconductors      (b)   insulators      (c)   conductors      (d)   a vacuum    

   6.    The process of adding impurity atoms to a pure semiconductive material is called  

   (a)   recombination      (b)   crystallization      (c)   bonding      (d)   doping    

   7.    In a semiconductor diode, the region near the  pn  junction consisting of positive and negative 
ions is called the  

   (a)   neutral zone     (b)   recombination region  
  (c)   depletion region     (d)   diffusion area    

   8.    In a semiconductor diode, the two bias conditions are  

   (a)   positive and negative     (b)   blocking and nonblocking  
  (c)   open and closed     (d)   forward and reverse    

   9.    The voltage across a forward-biased silicon diode is approximately  

   (a)   0.7 V      (b)   0.3 V      (c)   0 V      (d)   dependent on the bias voltage    

   10.    In  Figure   2–72   , identify the forward-biased diode(s).   
   (a)    D  1       (b)    D  2       (c)    D  3       (d)    D  1  and  D  3     

–

–
470 �

20 V

(a)

+

–

D1

1.0 k�

50 V 1.0 k�

(c)

+
D35 V

(b)

+

D2

470 �

 FIGURE 2–72        
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   11.    When the positive lead of an ohmmeter is connected to the cathode of a diode and the negative 
lead is connected to the anode, the meter reads a(n)  

   (a)   very low resistance  
  (b)   infi nitely high resistance  
  (c)   high resistance initially, decreasing to about 100 �  
  (d)   gradually increasing resistance    

   12.    The output frequency of a full-wave rectifi er with a 60 Hz sinusoidal input is  

   (a)   30 Hz      (b)   60 Hz      (c)   120 Hz      (d)   0 Hz    

   13.    If a single diode in a center-tapped full-wave rectifi er opens, the output is  

   (a)   0 V     (b)   half-wave rectifi ed  
  (c)   reduced in amplitude     (d)   unaffected    

   14.    During the positive half-cycle of the input voltage in a bridge rectifi er,  

   (a)   one diode is forward-biased     (b)   all diodes are forward-biased  
  (c)   all diodes are reverse-biased     (d)   two diodes are forward-biased    

   15.    The process of changing a half-wave or a full-wave rectifi ed voltage to a constant dc voltage is called  

   (a)   fi ltering      (b)   ac to dc conversion      (c)   damping      (d)   ripple suppression    

   16.    Assume a particular IC regulator attenuates the input ripple by 60 dB. The output ripple will be 
attenuated by a factor of  

   (a)   60      (b)   600      (c)   1000      (d)   1,000,000    

   17.    The purpose of a small capacitor placed across the output of an IC regulator is to  

   (a)   improve transient response     (b)   couple the output signal to the load  
  (c)   fi lter the ac     (d)   protect the IC regulator    

   18.    A diode limiting circuit  

   (a)   removes part of a waveform  
  (b)   inserts a dc level  
  (c)   produces an output equal to the average value of the input  
  (d)   increases the peak value of the input    

   19.    A clamping circuit is also known as a(n)  

   (a)   averaging circuit      (b)   inverter      (c)   dc restorer      (d)   ac restorer    

   20.    The zener diode is designed for operation in  

   (a)   zener breakdown     (b)   forward bias  
  (c)   reverse bias     (d)   avalanche breakdown    

   21.    Zener diodes are widely used as  

   (a)   current limiters     (b)   power distributors  
  (c)   voltage regulators     (d)   variable resistors    

   22.    Varactor diodes are used as  

   (a)   variable resistors     (b)   variable current sources  
  (c)   variable inductors     (d)   variable capacitors    

   23.    LEDs are based on the principle of  

   (a)   forward bias     (b)   electroluminescence  
  (c)   photon sensitivity     (d)   electron-hole recombination    

   24.    In a photodiode, light produces  

   (a)   reverse current      (b)   forward current      (c)   electroluminescence      (d)   dark current     

  TROUBLESHOOTER’S QUIZ 
 Answers are at the end of the chapter. 

  Refer to  Figure   2–76   (a).    

  • If the power supply voltage is set for 10 V instead of 12 V,   

   1.    The positive peak voltage of the output will  

   (a)   increase      (b)   decrease      (c)   not change    



PROBLEMS   103

   2.    The negative peak voltage of the output will  

   (a)   increase      (b)   decrease      (c)   not change    

   3.    The voltage across the 2.2 k� resistor will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   2–77   (a).    

  • If the diode is open,   

   4.    The peak-to-peak output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   5.    The center of the output waveform will  

   (a)   increase      (b)   decrease      (c)   not change    

       • If the capacitor is shorted,   

   6.    The peak-to-peak output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   7.    The center of the output waveform will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   2–85   .    

  • If the capacitor is smaller than 1000 mF,   

   8.    The ripple frequency will  

   (a)   increase      (b)   decrease      (c)   not change    

   9.    The amplitude of the ripple voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

       • If the zener diode is open,   

   10.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change     

  PROBLEMS 
  Answers to odd-numbered problems are at the end of the book.  

   SECTION   2–5    Rectifi ers     

   1.    Sketch the waveforms for the load current and voltage for  Figure   2–73   . Show the peak values.    

RL
100 �

+5 V

0 V

–5 V

 FIGURE 2–73        

2 :1

RL
220 �

115 V rms

 FIGURE 2–74        

   2.    Determine the peak voltage and the peak power delivered to  R L   in  Figure   2–74   .    
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   3.    Consider the circuit in  Figure   2–75   .  
   (a)   What type of circuit is this?  
  (b)   What is the total peak secondary voltage?  
  (c)   Find the peak voltage across each half of the secondary.  
  (d)   Sketch the voltage waveform across  R L .   
  (e)   What is the peak current through each diode?  
  (f)   What is the PIV for each diode?     

   4.    Show how to connect the diodes in a center-tapped rectifi er in order to produce a negative-
going full-wave voltage across the load resistor.   

   5.    What PIV rating is required for the diodes in a bridge rectifi er that produces an average output 
voltage of 50 V?   

   SECTION   2–6    Rectifi er Filters and IC Regulators     

   6.    The ideal dc output voltage of a capacitor-input fi lter is the (peak, average) value of the rectifi ed 
input.   

   7.    The minimum ripple rejection for a 7805 regulator is 68 dB. Compute the output ripple voltage 
for an input that has 150 mV of ripple.   

   8.    If the no-load output voltage of a regulator is 15.5 V and the full-load output is 14.9 V, what is 
the percent load regulation?   

   9.    Assume a regulator has a percent load regulation of 0.5%. What is output voltage at full-load if 
the unloaded output is 12.0 V?   

   10.    For the variable output supply shown in  Figure   2–29   , what setting of  R  2  would provide an out-
put of 5.0 V?   

   11.    For the variable output supply shown in  Figure   2–29   , what maximum output voltage could be 
obtained if  R  2  were replaced with a 1.5 k� resistor?   

   SECTION   2–7    Diode Limiting and Clamping Circuits     

   12.    Sketch the output waveforms for each circuit in  Figure   2–76   .    

4 :1

D1

80 V rms

D2

RL
1.0 k�

 FIGURE 2–75        
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   13.    Describe the output waveform of each circuit in  Figure   2–77   . Assume that the  RC  time constant 
is much greater than the period of the input.    

   SECTION   2–8    Special-Purpose Diodes     

   14.     Figure   2–78    shows a zener diode regulator designed to hold 5.0 V at the output. Assume the 
zener resistance is zero and the zener current ranges from 2 mA minimum ( I  ZK ) to 30 mA 
maximum ( I  ZM ). What are the minimum and maximum input source voltages for these  currents?    

   15.    A certain zener diode has a  V  Z  = 7.5 V and a  Z  Z  = 5 � at a certain current. Sketch the equivalent 
circuit.   

   16.    To what value must  R  be adjusted in  Figure   2–79    to make  I  Z  = 40 mA? Assume that  V  Z  = 12 V 
at 30 mA and  Z  Z  = 30 �.    

+4 V

–4 V

0 VVin

(a)

R Vout

+15 V

–15 V

0 VVin

(b)

R Vout

C C

 FIGURE 2–77        
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+
R

VIN

18 V

 FIGURE 2–79        

   17.    Assume the output of a zener regulator circuit drops from 8.0 V with no load to 7.8 V with a 
500 � load. What is the percent load regulation?   

   18.     Figure   2–80    is a curve of reverse voltage versus capacitance for a certain varactor. Determine 
the change in capacitance if  V  R  varies from 5 V to 20 V.    

   19.    Refer to  Figure   2–80    and determine the value of  V  R  that produces a capacitance of 25 pF.   

   20.    What capacitance value is required for each of the varactors in  Figure   2–81    to produce a reso-
nant frequency of 1 MHz?    
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   21.    At what value must the control voltage be set in Problem 20 if the varactors have the character-
istic curve in  Figure   2–80   ?   

   22.    When the switch in  Figure   2–82    is closed, will the microammeter reading increase or decrease? 
Assume that  D  1  and  D  2  are optically coupled.    

   23.    With no incident light, there is a certain amount of reverse current in a photodiode. What is this 
current called?   

–

+

–

+

μA

D2λ

+–

D1

SW

R
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   SECTION   2–9    The Diode Data Sheet     

   24.    From the data sheet, determine how much peak inverse voltage that a 1N4933 diode can with-
stand. The data sheet can be found at www.onsemi.com.   

   25.    Repeat Problem 24 for a 1N4936.   

   26.    If the peak output voltage of a full-wave bridge rectifi er is 50 V, determine the minimum value 
of the surge-limiting resistor required when 1N4933 diodes are used.   

   SECTION   2–10    Troubleshooting     

   27.    From the meter readings in  Figure   2–83   , determine the most likely problem. State how you 
could quickly isolate the exact location of the problem.    
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100 μF

DMM3
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(a) Output of a half-wave
     unfiltered rectifier

(b) Output of a full-wave
     unfiltered rectifier

(c) Output of a full-wave
     filter

(d) Output of same full-
wave filter as part (c)

 FIGURE 2–84        

   28.    Each part of  Figure   2–84    shows oscilloscope displays of rectifi er output voltages. In each case, 
determine whether or not the rectifi er is functioning properly and, if it is not, what is (are) the 
most likely failure(s). Assume all displays are set for the same time per division.    

www.onsemi.com
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   29.    For each set of measured voltages at the points 1, 2, and 3 indicated in  Figure   2–85   , determine 
if they are correct and if not identify the most likely fault(s). State what you would do to correct 
the problem once it is isolated. The specs for the 1N5349 can be found at  www.onsemi.com .  
   (a)    V  1  = 110 V rms,  V  2  _ 30 V dc,  V  3  _ 12 V dc  
  (b)    V  1  = 110 V rms,  V  2  _ 30 V dc,  V  3  _ 30 V dc  
  (c)    V  1  = 0 V,  V  2  = 0 V,  V  3  = 0 V  
  (d)    V  1  = 110 V rms,  V  2  _ 30 V peak full-wave 120 Hz voltage,  V  3  _ 12 V, 120 Hz pulsating 

voltage  
  (e)    V  1  = 110 V rms,  V  2  = 0 V,  V  3  = 0 V     

F1

R1

D2

D3 D1

Power on

110 V ac

1 T1

5:1

D4 330 �

D5 1N5349A

2 3

All 1N4001

+ C1
1000 μF
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   30.    Determine the most likely failure in the circuit board of  Figure   2–86    for each of the following 
symptoms. State the corrective action you would take in each case. The normal output of the 
transformer is 12.6 V ac. The regulator (IC1) is a 7812.  
   (a)   No voltage between points 1 and 6.  
  (b)   110 V rms between points 1 and 6 but no voltage between points 2 and 5.  
  (c)   110 V rms between points 1 and 6 but 11.5 V rms between points 2 and 5.  
  (d)   A pulsating full-wave rectifi ed voltage with a peak of 19 V between point 3 and ground.  
  (e)   Excessive 120 Hz ripple voltage between point 3 and ground.  
  (f)   Ripple voltage has a frequency of 60 Hz between point 3 and ground.  
  (g)   17 V dc with 120 Hz ripple at point 3 but no dc voltage at point 4.     

   31.    Draw the schematic for the circuit board in  Figure   2–87    and determine what the correct output 
voltages should be.    

   32.    The ac input of the circuit board in  Figure   2–87    is connected to the secondary of a transformer 
with a turns ratio of 1 that is operating from the 110 V ac source. When you measure the output 
voltages, both are zero. What do you think has failed, and what is the reason for this failure?   

www.onsemi.com
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   33.    Select a transformer turns ratio that will provide the proper secondary voltage compatible with 
the circuit board in  Figure   2–90   .   

   34.    In  Figure   2–90   ,  V  OUT2  is zero and  V  OUT1  is correct. What are possible reasons for this?    

  MULTISIM TROUBLESHOOTING 
PROBLEMS 
   35.    Open fi le P02-35 and determine the fault.   

   36.    Open fi le P02-36 and determine the fault.   

   37.    Open fi le P02-37 and determine the fault.    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   2–1     

   1.   Conduction band; valence band  

   2.   An electron is thermally raised to the conduction band leaving a vacancy (hole) in the valence 
band.  

   3.   The gap between the valence band and the conduction band is narrower in a semiconductor than 
in an insulator.  

   SECTION   2–2     

   1.   By the addition of pentavalent impurities into the semiconductive material  

   2.   By the addition of trivalent impurities into the semiconductive material  

   3.   The boundary between  p  and  n  materials  

   4.   0.7 V  

   SECTION   2–3     

   1.   Forward, reverse  

   2.   Forward  

+ + + +

+ + + +

D1
VOUT1

ac input

Gnd
VOUT2
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D2
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C1

C2

R1

R2

D1–D8: 1N4001
D9: 1N4736A
D10: 1N4749A
C1–C2: 1000 μF 

 FIGURE 2–87        
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   3.   Reverse  

   4.   A rapid buildup of current when suffi cient reverse bias is applied to the diode  

   SECTION   2–4     

   1.   Forward-bias and reverse-bias  

   2.   The reverse-breakdown region  

   3.   As a switch  

   4.   The barrier potential and the forward (bulk) resistance  

   SECTION   2–5     

   1.   Bridge  

   2.   Less  

   3.   The peak of the negative alteration  

   4.   50% (with no fi lter)  

   SECTION   2–6     

   1.   The charging and discharging of the capacitor  

   2.   Increases ripple  

   3.   Much better ripple rejection, line and load regulation, thermal protection  

   4.    Line regulation:  Constant output voltage for varying input voltage 
Load regulation:  Constant output voltage for varying load current  

   SECTION   2–7     

   1.   Limiters clip off or remove portions of a waveform. Clampers insert a dc level.  

   2.   Reversing the diode causes the limiter to clip the other side of the waveform.  

   3.   The bias voltage must be 5 V - 0.7 V = 4.3 V.  

   4.   The capacitor acts as a battery.  

   SECTION   2–8     

   1.   In breakdown  

   2.   The maximum current, above which the diode may be damaged  

   3.   It is a variable capacitor.  

   4.   The diode capacitance decreases.  

   5.   Gallium arsenide, gallium arsenide phosphide, gallium phosphide  

   6.   Dark current  

   SECTION   2–9     

   1.   The three rating categories on a diode data sheet are maximum ratings, electrical characteristics, 
and mechanical data.  

   2.    V  F  is the maximum instantaneous forward voltage drop,  I  R  is reverse current, and  I  O  is peak 
average forward current.  

   3.    I  FSM  is maximum forward surge current,  V  RRM  is maximum reverse peak repetitive voltage, and 
 V  RSM  is maximum reverse peak nonrepetitive voltage.  

   4.   The 1N4720 has an  I  O  = 3.0 A,  I  FSM  = 300 A, and  V  RRM  = 100 V.  

   SECTION   2–10     

   1.   The output would not change as the potentiometer was varied; it would be slightly more than 
1.25 V.  

   2.   Open diode  

   3.   The fi lter capacitor   
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  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   2–1   2.3 V, 3.0 V  

   2–2   320 V  

   2–3   39.8 mV  

   2–4   3.7%  

   2–5   The peak voltage drops to 8.7 V and -0.7 V.  

    2–6   The output is clipped at +10.7 V and -10.7 V.  

   2–7   The output would be a sinusoidal wave that goes from approximately -0.7 V to +47.3 V.  

   2–8   8 �  

   2–9   6.8 V and 28.9 V  

  2–10   612 kHz to 1.94 MHz   

  ANSWERS TO SELF-TEST 
   1.   (d)       2.   (c)       3.   (b)       4.   (a)       5.   (b)       6.   (d)       7.   (c)       8.   (d)  

   9.   (a)      10.   (d)      11.   (b)      12.   (c)      13.   (b)      14.   (d)      15.   (a)      16.   (c)  

   17.   (a)      18.   (a)      19.   (c)      20.   (a)      21.   (c)      22.   (d)      23.   (b)      24.   (a)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   decrease     2.   not change     3.   increase     4.   not change  

   5.   increase     6.   not change     7.   increase     8.   not change  

   9.   increase     10.    increase     



 BIPOLAR JUNCTION 
TRANSISTORS (BJTs) 

    CHAPTER 3 

     OUTLINE 
     3–1  Structure of Bipolar Junction Transistors      

     3–2  BJT Bias Circuits      

     3–3  Data Sheet Parameters and AC Considerations      

     3–4  Common-Emitter Amplifi ers      

     3–5  Common-Collector Amplifi ers      

     3–6  Common-Base Amplifi ers      

     3–7  The Bipolar Transistor as a Switch      

     3–8  Transistor Packages and Terminal Identifi cation     

     3–9  Troubleshooting       

  OBJECTIVES 
  •   Describe the basic construction and operation of 

bipolar junction transistors (BJTs)  

  •   Explain the operation of the four basic BJT bias 
circuits  

  •   Discuss transistor parameters and characteristics 
and use them to analyze a transistor circuit  

  •   Understand and analyze the operation of common-
emitter amplifi ers  

  •   Understand and analyze the operation of common-
collector amplifi ers  

  •   Understand and analyze the operation of common-
base amplifi ers  

  KEY TERMS 
    Bipolar junction 
transistor (BJT)   
   Emitter   
   Base   
   Collector   
   dc beta (B DC )   
   Cutoff   

   Saturation   
   Negative feedback   
   ac beta (B AC )   
   Common-emitter (CE)   
   Common-collector (CC)   
   Common-base (CB)     

  INTRODUCTION 
 Two basic types of  transistors  are the bipolar junction 
transistor (BJT) and the fi eld-effect transistor (FET). In 
this chapter, you will be introduced to the fi rst of these 
types—the bipolar junction transistor. The chapter 
begins with a discussion of dc operation and bias cir-
cuits. You will see how these various bias circuits oper-
ate and how basic types of discrete amplifi ers work in 
linear and switching applications. You will also learn to 
read manufacturer’s data sheets.  

  VISIT THE WEBSITE 
  Study aids for this chapter are available at  

 http://pearsonhighered.com/fl oyd    

  •   Explain how a transistor can be used as a switch  

  •   Identify various types of transistor package 
confi gurations  

  •   Troubleshoot various faults in transistor circuits   

http://pearsonhighered.com/floyd


  The basic structure of the bipolar junction transistor (BJT) determines its operating charac-
teristics. In this section, you will see how semiconductive materials form a BJT, and you will 
learn the standard transistor symbols. You will see the application of a load line to a basic 
transistor circuit for setting up proper dc currents and voltages (bias) in a transistor circuit.   

  After completing this section, you should be able to  

  •   Describe the basic construction and operation of bipolar junction transistors (BJTs) 

   •   Distinguish between  npn  and  pnp  transistors  

  •   Defi ne BJT currents and explain how they are related  

  •   Interpret the characteristic curves for a BJT  

  •   Explain how a dc load line is constructed for a transistor circuit  

  •   Defi ne the terms  cutoff  and  saturation      

      3–1  STRUCTURE OF BIPOLAR 
JUNCTION TRANSISTORS 

 The  bipolar junction transistor (BJT)  is constructed with three doped semiconductor 
regions called  emitter ,  base , and  collector . These three regions are separated by two  pn  
junctions. The two types of bipolar transistors are shown in  Figure   3–1   . One type consists 
of two  n  regions separated by a thin  p  region ( npn ), and the other type consists of two  p  
regions separated by a thin  n  region ( pnp ) .  Both types are widely used; however, because 
the  npn  type is more prevalent, it will be used for most of the discussion which follows.  

Metalized contacts Oxide

(a) Basic epitaxial planar structure

Emitter

Base

Collector

Substrate

B
(base)

C (collector)

n

n

Base-collector
junction

Base-emitter
junction

(b) npn

E (emitter)

B

C

p

n

(c) pnp

E

p

p

 FIGURE 3–1         Construction of bipolar junction transistors.   

 The  pn  junction joining the base region and the emitter region is called the  base-emitter 
junction.  The  pn  junction joining the base region and the collector region is called the  base-
collector junction,  as indicated in  Figure   3–1   (b). These junctions act just like the diode junc-
tions discussed in  Chapter   2    and are frequently referred to as the base-emitter diode and the 
base-collector diode. Each region is connected to a wire lead, labeled E, B, and C for emitter, 
base, and collector, respectively. Although the emitter and collector regions are made from 
the same type of material, the doping level and other characteristics are different. 

  Figure   3–2    shows the schematic symbols for the  npn  and  pnp  bipolar transistors. 
(Note that the arrow on an  npn  transistor is  n ot  p ointing i n. ) The term  bipolar  refers to the 
use of both holes and electrons as carriers in the transistor structure.     

B

E

C

(a) npn

B

E

C

(b) pnp

 FIGURE 3–2         Standard bipolar 
junction transistor symbols.   
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 FIGURE 3–3         Forward-
reverse bias of a bipolar 
junction transistor.   

  Transistor Operation 
 In order for the transistor to operate properly, the two  pn  junctions must be supplied with 
external dc bias voltages to set the proper operating conditions.  Figure   3–3    shows the proper 
bias arrangement for both  npn  and  pnp  transistors. In both cases, the base-emitter (BE) junc-
tion is forward-biased and the base-collector (BC) junction is reverse-biased. This is called 
 forward-reverse bias.  Both  npn  and  pnp  transistors normally use this forward-reverse bias, 
but the bias voltage polarities and the current directions are reversed between the two types.  

 All industries are trying to lessen their environmental impact. In the semiconductor manufac-
turing industry one of the major concerns is the use of heavy metals, especially lead (Pb). 
Many companies are now producing Pb-free components. There are two primary requirements 
for a semiconductor device to gain a Pb-free designation. First, since lead-free solder has a 
higher melting temperature, Pb-free components must be able to withstand peak temperatures 
of 260°C. Second, a Pb-free designation requires that lead levels must not exceed 1,000 parts 
per million (ppm). Other heavy metals like mercury, cadmium, and chromium must also not 
exceed 1,000 ppm. 

 S Y S T E M  N O T E 

 To illustrate transistor action, let’s examine what happens inside an  npn  transistor 
when the junctions are forward-reverse biased. (The same concepts can be applied to a  pnp  
transistor by reversing the polarities.) The forward bias from base to emitter narrows the 
BE depletion region, and the reverse bias from base to collector widens the BC depletion 
region, as depicted in  Figure   3–4   . The heavily doped  n -type emitter region is teeming with 
conduction-band (free) electrons that easily diffuse through the forward-biased BE junc-
tion into the  p -type base region, just as in a forward-biased diode.  

 The base region is lightly doped and very narrow so that it has a very limited number 
of holes. Thus, only a small percentage of all the electrons fl owing through the BE junction 
can combine with the available holes in the base. These relatively few recombined elec-
trons fl ow out of the base lead as valence electrons, forming the small base current, as 
shown in  Figure   3–4   . 

 Most of the electrons fl owing from the emitter into the narrow lightly doped base 
region do not recombine but diffuse into the BC depletion region. Once in the region, they 
are pulled through the reverse-biased BC junction by the electric fi eld set up by the force of 
attraction between the positive and negative ions. Actually, you can think of the electrons as 
being pulled across the reverse-biased BC junction by the attraction of the collector supply 
voltage. The electrons now move through the collector region, out through the collector 
lead, and into the positive terminal of the external dc source, thereby forming the collector 
current, as shown. The amount of collector current depends directly on the amount of base 
current and is essentially independent of the dc collector voltage. 

 The bottom line is this:  A small base current can control a larger collector current.  
Because the controlling element is base current and it controls a larger collector current, 
the bipolar transistor is essentially a current amplifi er. This concept of a small control ele-
ment for a large current is analogous to deForest’s control grid mentioned in  Section   1–1   .  
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  Transistor Currents 
 Kirchhoff’s current law (KCL) says the total current entering a junction must be equal to 
the total current leaving that junction. Applying this law to both the  npn  and the  pnp  tran-
sistors shows that the emitter current ( I  E ) is the sum of the collector current ( I  C ) and base 
current ( I  B ), expressed as follows: 

    IE = IC + IB  (3–1)    

 The base current,  I  B , is very small compared to  I  E  or  I  C , which leads to the approximation 
 I  E  �  I  C , a useful assumption for analyzing transistor circuits. Examples of an  npn  and a  pnp  
small-signal transistor with representative currents are shown on the meters in  Figures   3–5   (a) 
and    3–5   (b), respectively. Notice the polarity of the ammeters and supply voltages are reversed 
between the  npn  and the  pnp  transistors. The capital-letter subscripts indicate dc values.  

  DC Beta (B DC ) 
 When a transistor is operated within certain limits, the collector current is proportional to 
the base current. The  dc beta (B DC ) , the current gain of a transistor, is the ratio of the dc 
collector current to the dc base current. 

    bDC =
IC

IB
  (3–2)    

 The dc beta (b DC ) represents a constant of proportionality called the current gain and 
is usually designated as  h  FE  on transistor data sheets. It is valid as long as the transistor is 
operated within its linear range. For this case, the collector current is equal to b DC  multi-
plied by the base current. For the examples in  Figure   3–5   , b DC  = 100.  

Electrons that 
recombined
with holes in 
the base region

Base lead 
(metallic)

Minority 
(hole) 
current
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Collector lead 
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BC junction depletion region

}BASE  ( p-type)

COLLECTOR (n-type)

EMITTER (n-type)

IC

IE

IB

BE junction depletion region

–

+

–

+

 FIGURE 3–4         BJT operation 
showing electron fl ow.   
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 The values for b DC  vary widely and depend on the type of transistor. They are typi-
cally from 20 (power transistors) to 200 (small-signal transistors). Even two transistors of 
the same type can have current gains that are quite different. Although the current gain is 
necessary for a transistor to be useful as an amplifi er, good designs do not rely on a par-
ticular value of b DC  to operate properly.  

  Transistor Voltages 
 The three dc voltages for the biased transistor in  Figure   3–6    are the emitter 
voltage ( V  E ), the collector voltage ( V  C ), and the base voltage ( V  B ). These 
single-subscript voltages mean that they are referenced to ground. The col-
lector power supply voltage,  V  CC , is shown with repeated subscript letters. 
Because the emitter is grounded, the collector voltage is equal to the dc 
supply voltage,  V  CC , less the drop across  R  C .  

   VC = VCC - ICRC   

 Kirchhoff’s voltage law (KVL) says the sum of the voltage drops and rises around a 
closed path is zero. The previous equation is an application of this law. 

 As mentioned earlier, the base-emitter diode is forward-biased when the transistor is 
operating normally. The forward-biased base-emitter diode drop,  V  BE , is approximately 
0.7 V. This means that the base voltage is one diode drop larger than the emitter voltage. 
In equation form, 

   VB = VE + VBE = VE + 0.7 V   

 In the confi guration of  Figure   3–6   , the emitter is the reference terminal, so  V  E  = 0 V 
and  V  B  = 0.7 V.    
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 FIGURE 3–5         Currents in small-signal transistors.   
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 FIGURE 3–6         Bias voltages.   

 E X A M P L E  3 – 1 

 Determine  I  B ,  I  C ,  I  E ,  V  B , and  V  C  in  Figure   3–7   , where b DC  is 50.  

–

+

1.0 k�

RB

–

+
VCC
20 V

VBB
3 V

10 k�

RC

 FIGURE 3–7        
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  * Answers are at the end of the chapter.   

MULTISIM

 Open fi le F03-07 found on the 
companion website. This 
simulation demonstrates the 
relationship between the 
various currents in both  npn  
and  pnp  BJTs. 

  Characteristic Curves for a BJT 
  BASE-EMITTER CHARACTERISTIC     The characteristic  IV  curve for the base-
emitter junction is shown in  Figure   3–8   . As you can see, it is identical to that of an ordinary 

diode. You can model the base-emitter junction with any of the three diode 
models presented in  Chapter   2   . For most work, the offset model is suffi -
ciently accurate. This means, if you are troubleshooting a bipolar transistor 
circuit, you can look for 0.7 V across the base-emitter junction (as in a for-
ward-biased diode) to determine if the transistor is conducting. If the volt-
age is zero, the transistor is not conducting; if it is much larger than 0.7 V, it 
is likely that the transistor has an open base-emitter junction.   

  COLLECTOR CHARACTERISTIC     Recall that the collector cur-
rent is proportional to the base current ( I  C  = b DC  I  B ). If there is no base 
current, the collector current is zero. In order to plot the collector character-
istic, a base current must be selected and held constant. A circuit such as that 

in  Figure   3–9   (a) can be used to generate a set of collector  IV  curves to show how  I  C  varies 
with  V  CE  for a given base current. These curves are called the  collector characteristic 
curves .  

 Notice in the circuit diagram that both dc supply voltages,  V  BB  and  V  CC , are adjusta-
ble. If  V  BB  is set to produce a specifi c value of  I  B  and  V  CC  is zero, then  I  C  = 0 and  V  CE  = 0. 
Now, as  V  CC  is gradually increased,  V  CE  will increase and so will  I  C , as indicated on the 
color-shaded portion of the curve between points  A  and  B  in  Figure   3–9   (b). 

 When  V  CE  reaches �0.7 V, the base-collector junction becomes reverse-biased and 
 I  C  reaches its full value determined by the relationship  I  C  = b DC  I  B . Ideally,  I  C  levels off 
to an almost constant value as  V  CE  continues to increase. This action appears to the right of 
point  B  on the curve. In practice,  I  C  increases slightly as  V  CE  increases due to the widening 
of the base-collector depletion region, which results in fewer holes for recombination in 
the base region. The steepness of this rise is determined by a parameter called the  forward 
Early voltage,  named after J. M. Early. 

 By setting  I  B  to other constant values, you can produce additional  I  C  versus  V  CE  
curves, as shown in  Figure   3–9   (c). These curves constitute a “family” of collector curves 
for a given transistor. A family of curves allows you to visualize the complex situation 
when three variables interact. By holding one of them ( I  B ) constant, you can see the rela-
tion between the other two ( I  C  versus  V  CE ).    

Base voltage, VB
0.7 V

Base current, IB

 FIGURE 3–8         Base-emitter characteristic.   

  S O L U T I O N 

 Since  V  E  is ground,  V  B  �  0.7 V . The drop across  R  B  is  V  BB  -  V  B , so  I  B  is calcu-
lated as follows: 

   IB =
VBB - VB

RB
=

3 V - 0.7 V

10 k�
= 0.23 mA   

 Now you can fi nd  I  C ,  I  E , and  V  C . 

    IC = bDCIB = 50(0.23 mA) = 11.5 mA   

    IE = IC + IB = 11.5 mA + 0.23 mA = 11.7 mA   

    VC = VCC - ICRC = 20 V - (11.5 mA)(1.0 k�) = 8.5 V     

  P R A C T I C E  E X E R C I S E * 

 Determine  I  B ,  I  C ,  I  E ,  V  CE , and  V  CB  in  Figure   3–7    for the following values:  R  B  = 
22 k�,  R  C  = 220 �,  V  BB  = 6 V,  V  CC  = 9 V, and b DC  = 90.   
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 FIGURE 3–9         Collector characteristic curves.   

 E X A M P L E  3 – 2 

 Sketch the family of collector curves for the circuit in  Figure   3–10    for  I  B  = 5 mA 
to 25 mA in 5 mA increments. Assume that b DC  = 100.  

�DC = 100
–

+

VCC

RC

RB

–

+
VBB

 FIGURE 3–10        

  S O L U T I O N 

  Table   3–1    shows the calculations of  I  C  using the relationship  I  C  = b DC  I  B . The result-
ing curves are plotted in  Figure   3–11   . To account for the forward Early voltage, the 
resulting curves are shown with an arbitrary upward slope as previously discussed.    
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 TABLE 3–1   

  I  B    I  C  

  5 mA  0.5 mA 

 10 mA  1.0 mA 

 15 mA  1.5 mA 

 20 mA  2.0 mA 

 25 mA  2.5 MA 

  P R A C T I C E  E X E R C I S E 

 Ideally, where would the curve for  I  B  = 0 appear on the graph?  
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 FIGURE 3–11        

  Cutoff and Saturation 
 When  I  B  = 0, the transistor is in  cutoff  and there is essentially no collector current except 
for a very tiny amount of collector leakage current,  I  CEO , which can usually be neglected. 
In cutoff, both the base-emitter and the base-collector junctions are reverse-biased. When 
you are troubleshooting a transistor that is in cutoff, you can assume the collector current 
is zero; therefore, there is no voltage drop across the collector resistor. As a result, the 
collector-to-emitter voltage will be very nearly equal to the supply voltage. 

 Now let’s consider the opposite situation. When the base-emitter junction in  Figure 
  3–9    becomes forward-biased and the base current is increased, the collector current also 
increases and  V  CE  decreases as a result of more voltage drop across  R  C . According to 
Kirchhoff’s voltage law, if the voltage across  R  C  increases, the drop across the transistor 
must decrease. Ideally, when the base current is high enough, the entire  V  CC  is dropped 
across  R  C  with no voltage between the collector and emitter. This condition is known as 
 saturation . Saturation occurs when the supply voltage,  V  CC , is across the total resistance of 
the collector circuit,  R  C . The saturation current for this particular confi guration is given by 
Ohm’s law. 

   IC(sat) =
VCC

RC
   

 Once the base current is high enough to produce saturation, further increases in base 
current have no effect on the collector current, and the relationship  I  C  = b DC  I  B  is no 



3–1 STRUCTURE OF BIPOLAR JUNCTION TRANSISTORS    119

longer valid. When  V  CE  reaches its saturation value,  V  CE(sat) , which is ideally zero, the 
base-collector junction becomes forward-biased. 

 When you are troubleshooting transistor circuits, a quick check for cutoff or satura-
tion provides useful information. Remember a transistor in cutoff has nearly the entire 
supply voltage between collector and emitter; a saturated transistor, in practice, has a very 
small voltage drop between collector and emitter (typically 0.1 V).  

  DC Load Line 
 Recall from  Section   1–3    that a Thevenin circuit is drawn as a voltage source in series with a 
resistor. Consider the circuit in  Figure   3–12   (a). The collector voltage source,  V  CC , and the 
collector resistor,  R  C , form a Thevenin source; the transistor is the load. The minimum and 
maximum current that can be provided from this source are zero and  V  CC >  R  C . These are, of 
course, the cutoff and saturation values as previously defi ned. Note that the saturation and 
cutoff points depend only on the Thevenin circuit; the transistor does not affect these points. 
A straight line drawn between cutoff and saturation defi nes the dc load line for this circuit, as 
shown in  Figure   3–12   (b). This line represents all possible dc operating points for the circuit.  

 The  IV  curve for any type of load can be added to the same plot as the dc load line to 
obtain a graphical picture of the circuit operation, as shown earlier in  Section   1–3   .  Figure 
  3–12   (c) shows a dc load line superimposed on a set of ideal collector characteristic curves. 
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 FIGURE 3–12        
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Any value of  I  C  and the corresponding  V  CE  will fall on this line, as long as dc operation is 
maintained. 

 Now let’s see how the dc load line and the characteristic curves for a transistor can be 
used to illustrate transistor operation. Assume you have a transistor with the characteristic 
curves shown in  Figure   3–13   (a) and you install it in the dc test circuit shown in  Figure   3–13   (b). 
A graphical solution can be used to fi nd currents and voltages by drawing a dc load line. First, 
the cutoff point on the load line is determined. When the transistor is cut off, there is essentially 
no collector current. Thus, the collector-emitter voltage and current are  

   VCE(cutoff) = VCC = 12 V   

 and 

   IC(cutoff) = 0 mA   

 Next, the saturation point on the load line is determined. When the transistor is satu-
rated,  V  CE  is nearly zero. Therefore,  V  CC  is dropped across  R  C . The saturation value of the 
collector current,  I  C(sat) , is found by applying Ohm’s law to the collector resistor. 

   IC(sat) =
VCC

RC
=

12 V

2.0 k�
= 6.0 mA   

 This value is the maximum value for  I  C . It cannot possibly be increased without changing 
 V  CC  or  R  C . 

 Next, the cutoff and saturation points are plotted on the same plot as the characteris-
tic curves and a straight line, which is the load line, is drawn between them. This repre-
sents all possible operating points for the circuit.  Figure   3–13   (c) shows the load line and 
the characteristic curves for the transistor together on the same plot.  
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  Q-Point 
 Before the actual collector current can be found, the value of the base current,  I  B , needs to 
be established. Referring to the original circuit, it is apparent that the base power supply, 
 V  BB , is across the series combination of the base resistor,  R  B , and the forward-biased base-
emitter junction. This means that the voltage across the base resistor is 

   VRB
= VBB - VBE = 12 V - 0.7 V = 11.3 V   

 By applying Ohm’s law, you can fi nd the base current. 

   IB =
VRB

RB
=

11.3 V

1.0 M�
= 11.3 mA   

 The point at which the actual base current line intersects the load line is the quies-
cent or Q-point for the circuit. The Q-point is found on the graph by interpolating 
between the 10 mA and 15 mA base current lines. The coordinates of the Q-point are the 
values for  I  C  and  V  CE  at that point, as illustrated in  Figure   3–13   (d). Reading these values 
from the plot, you fi nd the value of  I  C  to be approximately 2.6 mA and  V  CE  to be approxi-
mately 7.0 V. 

 The plot in  Figure   3–13   (d) completely describes the dc operating conditions for the 
amplifi er circuit. When troubleshooting, you won’t take the time to draw load lines; rather 
you will learn to apply the basic math for circuits to obtain an idea of what should be 
occurring with a given circuit. However, the load line provides a useful mental picture for 
describing the dc conditions for the transistor. 

  1.    What are the three BJT currents called?   

  2.    Explain the difference between  saturation  and  cutoff.    

  3.    What is the defi nition of b DC ?   

    SECTION 3–1 CHECKUP* 

  * Answers are at the end of the chapter.     

   3–2  BJT BIAS CIRCUITS 
  In this section, methods for biasing a bipolar junction transistor are presented. Biasing is the 
application of the appropriate dc voltages to cause the transistor to operate properly. It can be 
accomplished with any of several basic circuits. The choice of biasing circuit depends largely 
on the application. You will learn about four biasing methods and see the advantages and dis-
advantages of each method.   

  After completing this section, you should be able to  

  •   Explain the operation of the four basic BJT bias circuits 

   •   Describe a base bias circuit  

  •   Describe a collector-feedback bias circuit  

  •   Describe a voltage-divider bias circuit  

  •   Describe an emitter bias circuit     

 For linear amplifi ers, the signal must swing in both the positive and negative directions. 
Transistors operate with current in one direction only. In order for a transistor to amplify 
an ac signal, the ac signal needs to be superimposed on a dc level that sets the operating 
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point. Bias circuits set the dc level at a point that allows the ac signal to vary in both the 
positive and negative directions without driving the transistor into saturation or cutoff. 

  Base Bias 
 The simplest biasing circuit is  base bias . For the  npn  transistor, shown in  Figure   3–14   (a), 
a resistor ( R  B ) is connected between the base and supply voltage. Note that this is essen-
tially the same circuit that was introduced in  Figure   3–9   (a) and used to plot the character-
istic curve. The only difference is that the base and the collector power supplies have been 
combined into a single supply (referred to as  V  CC ). Although this bias method is simple, it 
is not a good choice for linear amplifi ers for reasons that will be discussed.  

RC

+VCC

RB

(a) npn bias circuit

RC

–VCC

RB

(b) pnp bias circuit with
a negative supply

+VEE

RCRB

(c) pnp bias circuit with
a positive supply

 FIGURE 3–14         Base bias circuits.   

 The  pnp  transistor can be set up using a negative supply as shown in  Figure   3–14   (b) 
or it can be run with a positive supply by applying the positive supply voltage to the emit-
ter as shown in  Figure   3–14   (c). Either of these arrangements provide a path for base cur-
rent through the base-emitter junction. In turn, this base current causes a collector current 
that is b DC  times larger than the base current (assuming linear operation). Thus, the collec-
tor current, for linear operation, is 

   IC = bDCIB   

 The base resistor,  R  B , has the base current,  I  B , through it. From Ohm’s law, you can 
substitute for  I  B  and obtain 

   IC = bDCaVRB

RB
b    

    IC = bDCaVCC - VBE

RB
b   (3–3)    

 This formula gives the collector current for base bias as long as the transistor is not in satu-
ration. It is derived for the case with no emitter resistor, so this formula can only be applied 
to this confi guration. 

 As mentioned previously, transistors can have very different current gains. Typical 
transistors of the same type can have b DC  values that vary by a factor of 3! In addition, 
current gain is a function of the temperature; as temperature increases, the base-emitter 
voltage decreases and b DC  increases. As a result, the collector current can vary widely 
between similar circuits with base bias. Circuits that depend on a particular b DC  cannot be 
expected to operate in a consistent manner. For this reason, base bias is rarely used for 
linear circuits. 

 Because it uses only a single resistor for bias, base bias is a good choice in switching 
applications, where the transistor is always operated in either saturation or cutoff. For 
switching amplifi ers, Equation (3–3) does not apply. 
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  Collector-Feedback Bias 
 Another type of bias arrangement is the  collector-feedback bias  circuit shown in  Fig-
ure   3–16    for an  npn  transistor. (A  pnp  transistor can be operated identically except for 
a negative supply voltage.) The base resistor,  R  B , is connected to the collector rather 
than to  V  CC , as in the base bias arrangement discussed previously. The base resistor will 
be a smaller value than in base bias because the collector voltage is less than  V  CC  in 
normal operation.  

 Collector feedback uses an important idea in electronics called  negative feedback  to 
achieve stability. Negative feedback returns a portion of the output back to the input in a 
manner to cancel changes that may occur. The negative feedback connection provides a 
relatively stable Q-point as a result. 

 Let’s see how it works. In  Figure   3–16   , the collector voltage provides the bias to the 
base-emitter junction. The negative feedback creates a compensating effect that tends to 
keep the Q-point stable. Assume the b DC  increases due to a temperature increase. This 
causes  I  C  to increase and, in turn, more voltage drops across  R  C . With more voltage 
dropped across  R  C ,  V  C  will decrease which, in turn, means it will supply  less  bias current. 
Thus, the original increase in b DC  has been compensated for, in part, by a smaller bias cur-
rent. This compensating action is what is meant by negative feedback. Other applications 
for negative feedback will be described later. 

  E X A M P L E  3 – 3 

 The manufacturer’s specifi cation for a 2N3904 transis-
tor shows that b DC  has a range from 100 to 300 (given 
in  Fig.   3–25   ). Assume a 2N3904 is used in the base-
biased circuit shown in  Figure   3–15   . Compute the 
minimum and maximum collector current based on 
this specifi cation. (Note that this is effectively the 
same circuit that was solved with load line analysis in 
 Figure   3–13    except it now is shown with a single 
power supply.)  

  S O L U T I O N 

 The base-emitter junction is forward-biased, causing a 
0.7 V drop. The voltage across  R  B  is 

   VRB
= VCC - VBE = 12 V - 0.7 V = 11.3 V   

 The base current can be found by applying Ohm’s law to the base resistor. 

   IB =
VRB

RB
=

11.3 V

1.0 M�
= 11.3 mA   

 With linear operation, the collector current is b DC  times larger than the base 
current. Therefore, the minimum collector current is 

   IC(min) = bDCIB = (100)(11.3 mA) = 1.13 mA   

 The maximum collector current is 

   IC(max) = bDCIB = (300)(11.3 mA) = 3.39 mA   

 Notice that a 300% change in b DC  caused a 300% change in collector current.  

  P R A C T I C E  E X E R C I S E 

 If you measured 2.5 mA of collector current in the circuit of  Figure   3–15   , what is 
the b DC  for the transistor?    

RC
2.0 k�

+VCC
+12 V

RB
1.0 M�

 FIGURE 3–15        

+VCC

RB

RC

 FIGURE 3–16         Collector-
feedback bias.   
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 The collector current for collector-feedback bias is derived from the application of 
Kirchhoff’s voltage law (KVL). By writing a loop equation around the base circuit, the 
following equation for the collector current can be derived: 

    IC =
VCC - VBE

RC + RB>bDC
  (3–4)    

 This equation is valid for either an  npn  or a  pnp  transistor (be careful of signs). Equation 
(3–4) is applied in the next example to show how the effect of a different b DC  is compen-
sated for by feedback. 

  E X A M P L E  3 – 4 

 As you saw earlier, a 2N3904 transistor has a b DC  
range from 100 to 300. Assume a 2N3904 is used in the 
collector-feedback biased circuit shown in  Figure    3–17   . 
Compute the minimum and maximum collector current 
based on this specifi cation.  

  S O L U T I O N 

 Substitute the values given for b DC  = 100 into Equa-
tion (3–4). 

   IC(min) =
VCC - VBE

RC + RB>bDC
=

12 V - 0.7 V

2.0 k� + 150 k� >100
= 3.2 mA   

 Repeat the calculation for b DC  = 300. 

   IC(max) =
VCC - VBE

RC + RB>bDC
=

12 V - 0.7 V

2.0 k� + 150 k� >300
= 4.5 mA   

 Note that a 300% change in b DC  resulted in only a 40% change in collector 
current for this case, which is a considerable improvement over the base-bias case 
in  Example   3–3   .  

  P R A C T I C E  E X E R C I S E 

 Compute the minimum and maximum value of  V  CE  for the range of b DC  given in 
the problem. Notice that  V  E  = 0; therefore,  V  CE  =  V  C .      

+VCC
+12 V

RB

150 k�

RC
2.0 k�

 FIGURE 3–17        

 As illustrated by  Example   3–4   , collector-feedback bias offers greater stability than 
base bias with the same number of components. It still doesn’t have the highest degree of 
stability required for many linear circuits. The highest stability for single supply operation 
is offered by voltage-divider bias.  

  Voltage-Divider Bias 
 As you have seen, the principal disadvantage to base bias is its dependency on b DC . Col-
lector-feedback bias offered greater stability than base bias, but an even higher degree of 
stability can be obtained with  voltage-divider bias . Voltage-divider bias is the most 
widely used form of biasing because it uses only one supply voltage and produces bias that 
is essentially independent of b DC . In fact, looking at the equations for voltage-divider bias 
reveals that neither b DC  nor any other transistor parameter is included. Essentially, good 
voltage-divider designs are independent of the transistor that is used. 

 Open fi le F03-17 found on the 
companion website. This 
simulation demonstrates how 
collector feedback limits the 
effects of a changing dc beta on 
collector current. 

MULTISIM
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RC

+VCC

R1

RER2

 FIGURE 3–19         Voltage-
divider bias.   

 The voltage-divider rule, one of the most useful rules from your 
basic dc/ac circuits course, allows you to compute the voltage across 
a series resistive branch in a circuit.  Figure   3–18   (a) illustrates a basic 
voltage divider. To fi nd the output voltage, a ratio of the resistance to 
total resistance is set up and multiplied by the input voltage.  

   VOUT = a R2

R1 + R2
bVIN   

 When setting up the ratio for the voltage-divider rule, the resistor 
that the output is taken across (in this case,  R  2 ) is the numerator and 
the sum of the resistances is the denominator. 

 When a load resistor is placed across the output of a voltage 
divider, as in  Figure   3–18   (b), the output voltage decreases because of 
the loading effect.  As long as the load resistor is large compared to 
the divider resistors, the loading effect is small and can be ignored.  

 Voltage-divider bias is shown in  Figure   3–19   . In this confi guration, two resistors,  R  1  
and  R  2 , form a voltage divider that keeps the base voltage nearly the same for any load that 
requires a small current. This voltage forward-biases the base-emitter junction, resulting in 
a small base current. With voltage-divider bias, the transistor acts as a high resistance load 
on the divider. This will tend to make the base voltage slightly less than the unloaded 
value. In actual voltage-divider bias circuits, the effect is generally small, so the loading 
effects can be ignored. In any case, this loading effect can be minimized by the choice of 
 R  1  and  R  2 . As a rule of thumb, these resistors should have a current that is at least ten times 
 larger  than the base current to avoid variations in the base voltage when a transistor with a 
different b DC  is used. This is called  stiff bias  because the base voltage is relatively inde-
pendent of the base current.  

 The steps in computing the parameters for a voltage-divider bias circuit are straight-
forward applications of the voltage-divider rule and Ohm’s law. Based on the assumption 
of no signifi cant loading effect, you can use the voltage-divider rule described earlier to 
compute the base voltage. The voltage-divider rule applied to  Figure   3–19    is 

    VB = a R2

R1 + R2
bVCC  (3–5)    

 The emitter voltage is one diode drop less than the base voltage. (For  pnp  transistors, it is 
one diode drop higher). 

   VE = VB - VBE   

    VE = VB - 0.7 V  (3–6)    

 With the emitter voltage known, the emitter current is found by Ohm’s law. 

   IE =
VE

RE
   

 The collector current is approximately the same as the emitter current. 

   IC � IE   

 The collector voltage can now be found. It is  V  CC  less the drop across the collector resistor, 
found by Ohm’s law. Writing this as an equation, 

    VC = VCC - ICRC  (3–7)    

 To fi nd the collector-emitter voltage,  V  CE , subtract the emitter voltage,  V  E , from the collec-
tor voltage,  V  C . 

   VCE = VC - VE   

  Example   3–5    illustrates this procedure for fi nding the dc parameters for a circuit. 

VOUT

R1

R2

VIN

(a) Unloaded

R1

RLR2

VIN

(b) Loaded

VOUT

 FIGURE 3–18         Voltage dividers.   
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  Figure   3–21    shows two confi gurations for voltage-divider bias with a  pnp  transistor. 
As in the case of base bias, either negative or positive supply voltages can be used for bias. 
With a negative supply, shown in  Figure   3–21   (a), the voltage is applied to the collector. 
With a positive supply, shown in  Figure   3–21   (b), the voltage is applied to the emitter. The 
transistor is frequently drawn upside down to place the supply voltage on top; this means 
that the emitter resistor is also on top. The equations for  npn  transistors can be applied to 
 pnp  transistors, but you need to be careful of algebraic signs.  

  E X A M P L E  3 – 5 

 Find  V  B ,  V  E ,  I  E ,  I  C , and  V  CE  for the circuit in  Figure   3–20   .  

  S O L U T I O N 

 Begin by fi nding the base voltage using the voltage-divider rule. 

   VB = a R2

R1 + R2
bVCC = a 3.9 k�

27 k� + 3.9 k�
b18 V = 2.27 V   

 The emitter voltage is one diode drop less than the base voltage. 

   VE = VB - VBE = 2.27 V - 0.7 V = 1.57 V   

 Next, fi nd the emitter current from Ohm’s law. 

   IE =
VE

RE
=

1.57 V

470 �
= 3.34 mA   

 Using the approximation  I  C  _  I  E , 

   IC = 3.34 mA   

 Now fi nd the collector voltage. 

   VC = VCC - ICRC = 18 V - (3.34 mA)(2.7 k�) = 8.98 V   

 The collector-emitter voltage is 

   VCE = VC - VE = 8.98 V - 1.57 V = 7.41 V    

  P R A C T I C E  E X E R C I S E 

 Find  V  B ,  V  E ,  I  E ,  I  C , and  V  CE  for the circuit in  Figure   3–20    if the power supply 
voltage was incorrectly set to +12 V.   

RC
2.7 k�

+VCC
+18 V

R1
27 k�

RE
470 �

R2
3.9 k�

 FIGURE 3–20        
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RC

–VCC

R1

RER2

RE

+VEE

R1

RCR2

(a) Negative supply (b) Positive supply

 FIGURE 3–21         Voltage-divider bias for pnp 
 transistors.   

  E X A M P L E  3 – 6 
 Find  V  B ,  V  E ,  I  E ,  I  C , and  V  CE  for the  pnp  circuit in  Figure   3–22   .  

RC
5.6 k�

–VCC
–12 V

R1
27 k�

RE
1.0 k�

R2
4.7 k�

 FIGURE 3–22        

  S O L U T I O N 

 Begin by fi nding the base voltage using the voltage-divider rule. 

   VB = a R2

R1 + R2
bVCC = a 4.7 k�

27 k� + 4.7 k�
b (-12 V) = �1.78 V   

 The equation for  V  E  is the same one used for the  npn  transistor but note the 
signs. The emitter voltage is one diode drop  greater  than the base voltage for a 
forward-biased  pnp  transistor. 

   VE = VB - VBE = -1.78 - (-0.7 V) = �1.08 V   

 Now fi nd the emitter current using Ohm’s law. 

   IE =
VE

RE
=

-1.08 V

1.0 k�
= �1.08 mA   

 Using the approximation  I  C  _  I  E , 

   IC = �1.08 mA   

 Now fi nd the collector voltage. 

   VC = VCC - ICRC = -12 V - (-1.08 mA)(5.6 k�) = -5.96 V   
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  Emitter Bias 
  Emitter bias  is a very stable form of bias that uses both positive and negative power sup-
plies and a single bias resistor that, in the usual confi guration, puts the base voltage near 
ground potential. It is the type of bias used in most integrated circuit amplifi ers. 

 Emitter bias circuits for  npn  and  pnp  confi gurations are shown in 
 Figure   3–23   . As in the other bias circuits, the key difference between 
the  npn  and  pnp  versions is that the polarity of the power supplies are 
opposite to each other.  

 For stable bias, the base resistor is selected to drop only a few 
tenths of a volt. For the  npn  case, the emitter voltage is approximately 
-1 V due to the small drop across  R  B  and the forward-bias drop of the 
base-emitter junction of 0.7 V. For the  pnp  version, the emitter volt-
age is approximately +1 V. When troubleshooting, a quick check of 
the emitter voltage will reveal if the transistor is conducting and if the 
bias voltage is correct. 

 The emitter current is computed by applying Ohm’s law to the 
emitter resistor. The approximation that  I  C  _  I  E  is used to calculate 
the collector current and the collector voltage is again found by apply-
ing the following equation: 

   VC = VCC - ICRC   

 Open fi le F03-22 found on 
the companion website. This 
simulation will be used to 
perform a dc analysis of a 
voltage-divider biased  pnp  
circuit. 

MULTISIM

(a) npn (b) pnp

RC

+VCC

RERB

–VEE

RC

–VCC

RERB

+VEE

 FIGURE 3–23         Emitter bias circuits.   

  E X A M P L E  3 – 7 

 Find  V  E ,  I  E ,  I  C , and  V  CE  for the emitter bias circuit in  Figure   3–24   .  

RC
6.8 k�

+VCC
+12 V

RE
15 k�

RB
100 k�

–VEE
–12 V

 FIGURE 3–24        

  S O L U T I O N 

 Start with the approximation  V  E  _  −1 V.  This implies the voltage across  R  E  is 
11 V. Applying Ohm’s law to the emitter resistor, 

   IE =
VRE

RE
=

11 V

15 k�
= 0.73 mA   

 The collector-emitter voltage is 

   VCE = VC - VE = -5.96 V - (-1.08 V) = �4.88 V   

 Notice that  V  CE  is negative for a  pnp  circuit.  

  P R A C T I C E  E X E R C I S E 

 Find  V  B ,  V  E ,  I  E ,  I  C , and  V  CE  for the circuit in  Figure   3–22    if  R  E  is changed to 1.2 k�.       
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TEMPERATURE CONTROL SYSTEM  
The purpose of the temperature control system in Figure SE3–1 is to keep the temperature 
of the liquid in the tank at a specifi ed value. The temperature in the tank is monitored by a 
thermistor sensor whose resistance changes with temperature. The resistance of the ther-
mistor is ultimately converted to a voltage that is proportional to the resistance. This volt-
age is then applied to a valve interface circuit that adjusts the valve to control the fuel fl ow 
to the burner. If the tank temperature exceeds the specifi ed value, the fuel to the burner is 
reduced, causing a decrease in the temperature. If the tank temperature drops below the 
specifi ed value, the fuel to the burner is increased, causing an increase in the temperature.  

S Y S T E M  E X A M P L E  3 – 1

Valve
interface

Temperature-
to-voltage
conversion
circuit

DC power
supply

Thermistor

Continuously
variable valve

Fuel flow

 FIGURE SE3–1         Temperature-control system.   

The voltage-divider biased amplifi er, shown in Figure SE3–2(a), is used for the tem-
perature-to-voltage conversion circuit. The thermistor is used as one of the resistors in the 
voltage-divider bias. The thermistor has a positive temperature coeffi cient so its resistance 

 The collector current is approximately equal to the emitter current. 

   IC � 0.73 mA   

 Now fi nd the collector voltage. 

   VC = VCC - ICRC = 12 V - (0.73 mA)(6.8 k�) = 7.0 V   

 Find  V  CE  by subtracting  V  E  from  V  C . 

   VCE = VC - VE = 7.0 V - (-1 V) = 8.0 V    

  P R A C T I C E  E X E R C I S E 

 Find  V  E  if the base of the transistor in  Figure   3–24    were shorted to ground.   
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is directly proportional to the temperature of the liquid in the tank. The transistor base volt-
age changes proportionally to the change in thermistor resistance. The transistor output 
voltage is inversely proportional to the base voltage, so as the temperature goes down, the 
output voltage increases and allows more fuel to the burner.  

For illustration, assume the temperature is to be maintained at 70º + 5ºC. The table in 
Figure SE3–2(b) shows the how the thermistor resistance changes for a given temperature 
range. A Multisim simulation in Figure SE3–3 shows the operation of the temperature-to-
voltage conversion circuit.

R3

RTherm

VOUT

470 � 

Q1

2N3904 

+9 V

R2
1 k�

(a)  Circuit

R1
4.7 k�

(b) Temperature characteristic of the thermistor for the
      specified range

T

TEMPERATURE,�C
THERMISTOR

RESISTANCE, k�

1.256
1.481
1.753
2.084
2.490

60
65
70
75
80

 FIGURE SE3–2         Temperature-to-voltage conversion circuit.   

(a)  Circuit output voltage at 60° C

(b)  Circuit output voltages at 65°, 70°, 75°, and 80°

Rtherm = 1.481 k� Rtherm = 1.753 k� Rtherm = 2.084 k� Rtherm = 2.490 k�

FIGURE SE3–3 Operation of the temperature-to-voltage conversion circuit.
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  DC and AC Quantities 
 In the fi rst part of this chapter, dc values were used to set up the operating conditions for 
transistors. These dc quantities of voltage and current used the standard italic capital letters 
with nonitalic capital-letter subscripts such as  V  E ,  I  E ,  I  C , and  V  CE . Lowercase italic sub-
scripts are used to show ac quantities of rms, peak, and peak-to-peak voltages and currents 
such as  V e  ,  I e  ,  I c  , and  V ce  . Instantaneous quantities are indicated with both lowercase italic 
letters and subscripts such as  v e  ,  i e  ,  i c  , and  v ce  . 

 In addition to currents and voltages, resistances often have different values from an ac 
viewpoint compared to a dc viewpoint (see  Section   1–1    for a review of dc versus ac resist-
ance). Lowercase italic subscripts are used to identify ac resistance values. For example,  R  C  
represents a dc collector resistance and  R c   represents an ac collector resistance. You will see 
the need for this distinction as we discuss amplifi ers. Internal resistances that are part of the 
transistor’s equivalent circuit are written as lowercase italic letters (sometimes with a prime) 
and subscripts. For example,  r �  e   represents the internal ac emitter resistance and  R in   ( tot )  rep-
resents the total ac resistance that an amplifi er presents to a signal source. 

 One parameter that is different for dc and ac circuits is b. The dc beta (b DC ) for a 
circuit was previously defi ned as the ratio of the collector current,  I  C , to the base current, 
 I  B . The  ac beta (B  ac  )  is defi ned as a small  change  in collector current divided by a corre-
sponding  change  in base current. A changing quantity is written using ac notation and is a 
ratio of the collector current,  I c  , to the base current,  I b   (note the lowercase italic subscripts). 
On manufacturer’s data sheets, b  ac   is usually shown as  h fe  . In equation form, 

    bac =
Ic

Ib
  (3–8)    

  1.    Name the four types of bias circuits for BJTs.   

  2.    What are the steps for fi nding  V  CE  with stiff voltage-divider bias?   

  3.    What dc emitter voltage do you expect to fi nd with emitter 
bias on a  pnp  transistor?      

    SECTION 3–2 CHECKUP 

   3–3  DATA SHEET PARAMETERS 
AND AC CONSIDERATIONS 

  The backbone of analog electronics is the linear amplifi er, a circuit that produces a larger sig-
nal that is a replica of a smaller one. In the last section, you saw how bias is used to provide the 
necessary dc conditions for the transistor to operate. In this section, we look at factors that 
affect the ac signal.   

  After completing this section, you should be able to  

  •   Discuss transistor parameters and use them to analyze a transistor circuit 

   •   Compare the notation used for dc and ac quantities  

  •   Discuss principal characteristics given on manufacturer’s data sheets for BJTs  

  •   Explain the function of coupling and bypass capacitors  

  •   Explain how an amplifi er produces voltage gain     
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 The difference between b  ac   and b DC  for a given transistor is normally quite small and 
is due to small nonlinearities in the characteristic curves. For almost all designs, these dif-
ferences are not important but should be understood when reading data sheets.  

  Manufacturer’s Data Sheet 
  Figure   3–25    shows a partial data sheet for the 2N3903 and 2N3904  npn  transistors. Notice 
that the maximum collector-emitter voltage ( V  CEO ) is 40 V. The “O” in the subscript indi-
cates that the voltage is measured from collector (C) to emitter (E) with the base open (O). 
In this textbook, we use  V  CE(max)  for clarity. Also notice that the maximum collector cur-
rent is 200 mA.  

Maximum Ratings
Rating

Collector-Emitter voltage
Collector-Base voltage
Emitter-Base voltage
Collector current — continuous
Total device dissipation @ TA = 25°C
    Derate above 25°C

Thermal resistance, junction to case
Thermal resistance, junction to ambient

Total device dissipation @ TC = 25°C
    Derate above 25°C
Operating and storage junction
    Temperature range

VCEO

VCBO

VEBO

IC

40
60
6.0
200

V dc
V dc
V dc

mA dc
PD

PD

TJ, Tstg

625
5.0
1.5
12

–55 to +150

mW
mW/C°
Watts

mW/C°
°C

Thermal Characteristics
Characteristic Symbol Max Unit

Symbol Value Unit

Electrical Characteristics (TA = 25°C unless otherwise noted.)
Characteristic Symbol Max UnitMin

1
2
3 1 Emitter

2
Base

3 Collector

General-Purpose
Transistors

NPN Silicon

2N3903
2N3904

RθJC
RθJA

83.3
200

C°/W
C°/W

ON Characteristics
DC current gain
    (IC = 0.1 mA dc, VCE = 1.0 V dc)

    (IC = 1.0 mA dc, VCE = 1.0 V dc)

    (IC = 10 mA dc, VCE = 1.0 V dc)

    (IC = 50 mA dc, VCE = 1.0 V dc)

    (IC = 100 mA dc, VCE = 1.0 V dc)

Collector-Emitter saturation voltage
    (IC = 10 mA dc, IB = 1.0 mA dc)
    (IC = 50 mA dc, IB = 5.0 mA dc)
Base-Emitter saturation voltage
    (IC = 10 mA dc, IB = 1.0 mA dc)
    (IC = 50 mA dc, IB = 5.0 mA dc)

2N3903
2N3904

2N3903
2N3904

2N3903
2N3904

2N3903
2N3904

2N3903
2N3904

hFE
20
40

35
70

50
100

30
60

15
30

–
–

–
–

150
300

–
–

–
–

–

VCE(sat)

VBE(sat)

–
–

0.65
–

0.2
0.3

0.85
0.95

V dc

V dc

OFF Characteristics
Collector-Emitter breakdown voltage
    (IC = 1.0 mA dc, IB = 0)
Collector-Base breakdown voltage
    (IC = 10 μA dc, IE = 0)
Emitter-Base breakdown voltage
    (IE = 10 μA dc, IC = 0)
Base cutoff current
    (VCE = 30 V dc, VEB = 3.0 V dc)
Collector cutoff current
    (VCE = 30 V dc, VEB = 3.0 V dc)

V(BR)CEO

V(BR)CBO

V(BR)EBO

ICEX

IBL

40

60

6.0

–

–

–

–

–

50

50

V dc

V dc

V dc

nA dc

nA dc

 FIGURE 3–25         Partial data sheet for 2N3903 and 2N3904 npn transistors.   
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 FIGURE 3–26         Variation of B  DC   with  I   C   for several temperatures.   

 A transistor data sheet usually specifi es b DC  at specifi c  I  C  values. Even at fi xed val-
ues of  I  C  and temperature, b DC  varies from device to device for a given transistor. The b DC  
specifi ed at a certain value of  I  C  is usually the minimum value, b DC(min) , although the 
maximum and typical values are sometimes specifi ed. 

 The dc power dissipated in any component is the product of the current and volt-
age. For a transistor, the product of  V  CE  and  I  C  gives the power dissipated by the tran-
sistor. Like any other electronic device, the transistor has limitations on its operation. 
These limitations are stated in the form of maximum ratings and are normally specifi ed 
on the manufacturer’s data sheet. Typically, maximum ratings are given for collector-
to-emitter voltage ( V  CE ), collector-to-base voltage ( V  CB ), emitter-to-base voltage ( V  EB ), 
collector current ( I  C ), and power dissipation ( P  D ). The product of  V  CE  and  I  C  must not 
exceed the maximum power dissipation specifi cation. Both  V  CE  and  I  C  cannot be at 
their individual maximum values at the same time. If  V  CE  is maximum,  I  C  can be calcu-
lated as 

   IC =
PD(max)

V(CE)
   

 If  I  C  is maximum,  V  CE  can be calculated as 

   VCE =
PD(max)

IC
   

 For a given transistor, a maximum power dissipation curve can be plotted on the 
collector characteristic curves, as shown in  Figure   3–27   (a). These values are tabulated in 
 Figure   3–27   (b). For this transistor,  P  D(max)  is 500 mW,  V  CE(max)  is 20 V, and  I  C(max)  is 
50 mA. The curve shows that this particular transistor cannot be operated in the shaded 
portion of the graph.  I  C(max)  is the limiting rating between points  A  and  B, P  D(max)  is the 
limiting rating between points  B  and  C,  and  V  CE(max)  is the limiting rating between points 
 C  and  D.   

 On this data sheet, the dc current gain (b DC ) is given as  h  FE . Minimum values of 
 h  FE  are listed on the data sheet under  ON Characteristics.  Note that the dc current 
gain is not really a constant but varies with the collector current. The current gain 
also changes with temperature as shown in  Figure   3–26   . The three variables, b DC ,  I  C , 
and temperature, are plotted with a family of curves for a typical transistor. Keeping 
the junction temperature constant and increasing  I  C  causes b DC  to increase gradually 
to a maximum. A further increase in  I  C  beyond this maximum point causes b DC  to 
decrease. If  I  C  is held constant and the temperature is varied, b DC  changes directly 
with the temperature.  
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 FIGURE 3–27         Maximum power dissipation curve.   

  E X A M P L E  3 – 8 

 The transistor in  Figure   3–28    has the following maximum ratings:  P  D(max)  = 800 mW, 
 V  CE(max)  = 15 V,  I  C(max)  = 100 mA,  V  CB(max)  = 20 V, and  V  EB(max)  = 10 V. 
Determine the maximum value to which  V  CC  can be adjusted without exceeding a 
rating. Which rating would be exceeded fi rst?  
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βDC = 100
22 k�

1.0 k�

 FIGURE 3–28        

  S O L U T I O N 

 First, fi nd  I  B  so that you can determine  I  C . 

    IB =
VBB - VBE

RB
=

5 V - 0.7 V

22 k�
= 195 mA   

    IC = bDCIB = (100)(195 mA) = 19.5 mA    

  I  C  is much less than  I  C(max)  and will not change with  V  CC . It is determined only by 
 I  B  and b DC . 

 The voltage drop across  R  C  is 

   VRC
= ICRC = (19.5 mA)(1.0 k�) = 19.5 V   

 Now you can determine the maximum value of  V  CC  when  V  CE  =  V  CE(max)  = 15 V. 

   VRC
= VCC - VCE   

 Thus, 

   VCC(max) = VCE(max) + VRC
= 15 V + 19.5 V = 34.5 V   
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  AC and DC Equivalent Circuits 
 In  Section   3–2   , you solved the dc bias conditions necessary to set the operating conditions 
for the transistor. The fi rst step in analyzing or troubleshooting any transistor amplifi er is 
to fi nd the dc conditions. After checking that the dc voltages are correct, the next step is to 
check ac signals. The equivalent ac circuit is quite different from the dc circuit. For exam-
ple, a capacitor prevents dc from passing; thus, it appears as an open circuit to dc but looks 
like a short circuit to most ac signals. For this reason, you need to be able to look at the dc 
and ac equivalent circuits quite differently. 

 Recall from your dc/ac circuits course that the superposition principle allows you to 
fi nd the voltage or current anywhere in a linear circuit due to a single voltage or current 
source acting alone. This is done by reducing all other sources to zero. To compute ac 
parameters, reduce the dc power supply to zero by mentally replacing it with a short and 
computing the ac parameters as if they were acting alone. Replacing the power supply 
with a short means that  V  CC  is actually at ground potential for the ac signal. This is called 
an  ac ground.  The concept of a ground point that is an ac signal ground but not a dc 
ground may be new to you. Just remember that an ac ground is a common reference point 
for the ac signal.  

  Coupling and Bypass Capacitors 
 A basic BJT amplifi er is shown in  Figure   3–29   . The difference 
between this circuit and the one in  Figure   3–19    is the addition of 
an ac signal source, three capacitors, and a load resistor. In addi-
tion, the emitter resistor is divided into two resistors.  

 The ac signal is brought into and out of the amplifier 
through series capacitors ( C  1  and  C  3 ) called  coupling capaci-
tors . As mentioned previously, a capacitor normally appears as a 
short to the ac signal and an open to dc. This means that coupling 
capacitors can pass the ac signal while simultaneously blocking 
the dc voltage. The input coupling capacitor,  C  1 , passes the ac 
signal from the source to the base while isolating the source from 
the dc bias voltage. The output coupling capacitor,  C  3 , passes the 
signal on to the load while isolating the load from the power sup-
ply voltage. Notice that the coupling capacitors are in series with 
the signal path. 

 Capacitor  C  2  is different; it is connected in parallel with 
one of the emitters’ resistors. This causes the ac signal to  bypass  
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R1
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RE1
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C3

Rs
C1

Vin

Vout

 FIGURE 3–29         A basic transistor amplifi er.   

  V  CC  can be increased to 34.5 V, under the existing conditions, before 
 V  CE(max)  is exceeded. However, at this point it is not known whether or not 
 P  D(max)  has been exceeded. 

   PD = VCE(max)IC = (15 V)(19.5 mA) = 293 mW   

 Since  P  D(max)  is 800 mW, it is  not  exceeded when  V  CC =  34.5 V. Thus,  V  CE(max)  = 
15 V is the limiting rating in this case. If the base current is removed causing the 
transistor to turn off,  V  CE(max)  will be exceeded because the entire supply voltage, 
 V  CC , will be dropped across the transistor.  

  P R A C T I C E  E X E R C I S E 

 Assume the transistor in  Figure   3–28    has the following maximum ratings: 
 P  D(max)  = 500 mW,  V  CE(max)  = 25 V,  I  C(max)  = 200 mA,  V  CB(max)  = 30 V, 
 V  EB(max)  = 15 V. Determine the maximum value to which  V  CC  can be adjusted 
without exceeding a rating. Which rating would be exceeded fi rst?    
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the emitter resistor; thus, it is called a  bypass capacitor . The purpose of the bypass capaci-
tor is to increase the gain of the amplifi er for reasons you will learn later. Since the bypass 
capacitor is an ac short,  both  ends of the capacitor are at ac ground. Whenever one side of 
a capacitor is connected to ground, the other side is also a ground to the ac signal. Remem-
ber this if you are troubleshooting; you shouldn’t fi nd an ac signal on either side of a 
bypass capacitor. If you do, the capacitor may be open.  

  Amplifi cation 
 The signal source,  V s  , shown in  Figure   3–29    causes variations in base current which, in 
turn, cause the much larger emitter and collector currents to vary about the Q-point in 
phase with the base current. However, when the collector current  increases,  the collector 
voltage  decreases  and viceversa. Thus, the sinusoidal collector-to-emitter voltage varies 
above and below its Q-point value 180° out of phase with the base voltage. A transistor 
always inverts the signal between the base and the collector. Amplifi cation occurs because 
a small swing in base current produces a large variation in collector voltage. 

  1.    Does the b DC  of a transistor increase or decrease with 
 temperature?   

  2.    Generally, what effect does an increase in  I  C  have on the b DC ?   

  3.    How can you fi nd the dc power dissipated in a transistor?   

  4.    What is the allowable collector current in a transistor with 
 P  D(max)  = 320 mW when  V  CE  = 8 V?   

  5.    Explain the difference between a coupling capacitor and a 
bypass capacitor.      

    SECTION 3–3 CHECKUP 

   3–4  COMMON-EMITTER AMPLIFIERS 
  The common-emitter (CE) is a type of BJT amplifi er confi guration in which the emitter is the 
reference for the input and output signals. In this section, a specifi c CE amplifi er is introduced 
and used to illustrate certain ac parameters.   

  After completing this section, you should be able to  

  •   Understand and analyze the operation of common-emitter amplifi ers 

   •   Draw the equivalent ac circuit for a CE amplifi er  

  •   Compute the voltage gain and the input and output resistances for a CE amplifi er  

  •   Discuss why the ac load line differs from the dc load line  

  •   Draw the ac load line for a CE amplifi er and fi nd the Q-point     

 The  common-emitter (CE)  amplifi er, the most widely used type of BJT amplifi er, has the 
emitter as the reference terminal for the input and output signal.  Figure   3–30   (a) shows a 
CE amplifi er that produces an amplifi ed and inverted output signal at the load resistor. The 
input signal,  V in ,  is capacitively coupled to the base through  C  1 , causing the base current to 
vary above and below its dc bias value. This variation in base current produces a corre-
sponding variation in collector current. The variation in collector current is much larger 
than the variation in base current because of the current gain through the transistor. This 
produces a larger variation in the collector voltage which is out of phase with the base 
signal voltage. This variation in collector voltage is then capacitively coupled to the load 
and appears as the output voltage,  V out .   



3–4 COMMON-EMITTER AMPLIFIERS   137

 Now let’s look closely at the amplifi er in  Figure   3–30   (a) and examine its dc and ac 
parameters. The dc parameters were worked out in  Example   3–5    ( Figure   3–20   ) and the 
method is briefl y reviewed here. Notice that the original 470 � emitter resistor is now 
composed of two series resistors,  R  E1  and  R  E2 , that add to the same 470 �. This has no 
effect on the dc currents or voltages, but because of the presence of the bypass capacitor, 
 C  2 , the ac resistance of the emitter circuit is different. 

 There is voltage-divider bias, so fi rst fi nd the dc base voltage by applying the 
 voltage-divider rule. The emitter voltage is 0.7 V less than the base voltage due to the 
base-emitter diode drop. Next, fi nd the emitter current by applying Ohm’s law to the emit-
ter resistor. This calculates to 3.34 mA of emitter current, which is approximately the same 
as the collector current; therefore, the voltage drop across  R  C  can also be found by Ohm’s 
law. The results from  Example   3–5    showed that  V  C  is 8.98 V and that  V  CE  is 7.41 V. Recall 
that  I  C  and  V  CE  defi ne the Q-point for the circuit. Because these are the values of  I  C  and 
 V  CE  at the Q-point, they are given special labels:  I  CQ  and  V  CEQ , respectively. 

 A graphical picture of the parameters just reviewed may help you visualize the dc 
parameters. You can determine the load line by fi nding the saturation current and the col-
lector-emitter cutoff voltage for the circuit. Recall that the saturation current is the current 
when the collector-to-emitter voltage is approximately zero. Thus, 

   IC(sat) =
VCC

RC + RE1 + RE2
=

18 V

2.7 k� + 200 � + 270 �
= 5.68 mA   

 At cutoff, there is no current, so the entire supply voltage,  V  CC , is across the collector 
to emitter. These two points, saturation and cutoff, allow you to construct the dc load line, 
as shown in  Figure   3–30   (b). All possible operating points, with 
no ac signal, are shown. The Q-point is located on the load line 
using the earlier calculation. 

  The AC Equivalent Circuit 
 Recall that the ac signal “sees” a different circuit than does the dc 
source for several reasons. If you apply the superposition theorem 
to the circuit in  Figure   3–30   (a) and show the capacitors as shorts, 
you can redraw the CE amplifi er from the perspective of the ac 
signal. This is shown in  Figure   3–31   . The power supply has been 
replaced with an ac ground, shown in color. The capacitors have 
been replaced with shorts, and  R  E2  is eliminated because it is 
bypassed with  C  2 .  
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 FIGURE 3–30         A basic common-emitter amplifi er.   
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 FIGURE 3–31         AC equivalent circuit for  Figure   3–30   (a).   
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 The ac equivalent circuit also shows an internal resistance in the base-emitter diode 
(using the offset-resistance model described in  Section   2–4   ). This internal resistance, 
called  r �  e  , plays a role in the gain and input impedance of the amplifi er so is generally 
included in the ac equivalent circuit. Because it is an ac resistance, it is sometimes called 
the  dynamic emitter resistance . The value of this ac resistance is related to the dc emitter 
current as follows: 

    r�e =
25 mV

IE
  (3–9)    

 The derivation of this formula is in  Appendix   A   . 

  E X A M P L E  3 – 9 

 Find the dynamic emitter resistance,  r �  e  , for the circuit in  Figure   3–30   (a). 

  S O L U T I O N 

 The emitter current was found to be 3.34 mA (see  Example   3–5   ). Substituting 
into Equation (3–9), 

   r�e =
25 mV

IE
=

25 mV

3.34 mA
= 7.5 �    

  P R A C T I C E  E X E R C I S E 

 Compute  r �  e   for a transistor with an emitter current of 100 mA.    

  Voltage Gain 
 The voltage gain,  A v ,  of the CE amplifi er is the ratio of the output signal voltage to the 
input signal voltage,  V out  >  V in .  The output voltage,  V out ,  is measured at the collector and the 
input voltage,  V in ,  is measured at the base. Because the base-emitter junction is forward-
biased, the signal voltage at the emitter is approximately equal to the signal voltage at the 
base. Thus, since  V b   =  V e ,  the voltage gain is 

   Av = -
Vc

Ve
= -

IcRc

IeRe
   

 Since  I c   _  I e ,  the voltage gain reduces to the ratio of ac collector resistance to ac emitter 
resistance. 

    Av � -  
Rc

Re
  (3–10)    

 The negative sign in the gain formula is added to indicate inversion, meaning the 
output signal is out of phase with the input signal. Note that the gain is written as a ratio of 
two ac resistances; you will see this idea again with the other amplifi er confi gurations. 

 The gain formula is a useful and simple way to quickly determine what the voltage 
gain of a CE amplifi er should be. When you’re troubleshooting, you need to know what 
signal to expect; remember that the collector and emitter resistances used in calculating 
gain are the  total ac  resistance. The following summarizes these ideas: 

   •   The emitter ac circuit     In the emitter circuit, you need to include the internal base-
emitter diode resistance ( r �  e  ) and the fi xed resistor that is not bypassed with a capacitor. 
The internal  r �  e   appears to be in series with the unbypassed emitter resistance in the ac 
emitter circuit. Incidentally, this unbypassed resistor, shown as  R  E1  in  Figure   3–30   (a), 
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serves an important role in determining the gain and keeping the gain stable. It also 
increases the input resistance of the amplifi er as you will see later. Sometimes it is 
called a  swamping resistor  because it tends to “swamp” out the uncertain value of  r �  e  .  

  •   The collector ac circuit     From the vantage point of the collector, the collector resis-
tor and the load resistor appear to be in parallel. Thus the ac resistance,  R c ,  of the 
collector is simply  R  C }  R L .  An example should clarify this.   

  E X A M P L E  3 – 1 0 

 Find  A v   for the circuit in  Figure   3–30   (a). 

  S O L U T I O N 

 The ac resistance in the emitter circuit,  R e ,  is composed of  r �  e   in series with the 
unbypassed  R  E1 . From  Example   3–9   ,  r �  e   = 7.5 �. Therefore, 

   Re = r�e + RE1 = 7.5 � + 200 � = 207.5 �   

 Next, fi nd the ac resistance as viewed from the transistor’s collector. 

   Rc = RC }RL = 2.7 k� }4.7 k� = 1.71 k�   

 Substituting into Equation (3–10), 

   Av � -
Rc

Re
= -

1.71 k�

207.5 �
= �8.3   

 Again, the negative sign is used to show that the amplifi er inverts the signal.  

  P R A C T I C E  E X E R C I S E 

 Assume the bypass capacitor in  Figure   3–30   (a) were open. What effect would 
this have on the gain?       

 Open fi le F03-30 found on the 
companion website. This 
simulation will be used to 
examine how changes in load 
resistance affect amplifi er 
voltage gain. 

MULTISIM

  Input Resistance 
 The input resistance for an amplifi er,  R in   ( tot ) , (called the input impedance when capacitive 
or inductive effects are included) was introduced in  Section   1–4    and  Figure   1–19   . It is an 
ac parameter that acts like a load in series with the source resistance. As long as the input 
resistance is high compared to the source resistance, most of the voltage will appear at the 
input and the loading effect is small. If the input resistance is small compared to the source 
resistance, most of the source voltage will drop across its own series resistance, leaving 
little for the amplifi er to amplify. 

 One of the problems with the CE amplifi er is that the input resistance is dependent 
on b  ac  . As you have seen, this parameter is highly variable, so you can’t calculate input 
resistance  exactly  for a given amplifi er without knowing the b  ac  . Despite this, you can 
minimize the effect of b  ac   and increase the total input resistance by adding a swamping 
resistor to the emitter circuit. You can then obtain a reasonable estimate of the input 
resistance, which for most purposes will enable you to determine if a given amplifi er is 
appropriate for the job at hand. 

 The input circuit for the CE amplifi er in  Figure   3–30   (a) has been 
redrawn in  Figure   3–32    to eliminate the output circuit.  R  C  is not part of 
the input circuit because of the reverse-biased base-collector junction. 
For the input ac signal, there are three parallel paths to ground. Look-
ing in from the source, the three paths consist of  R  1 ,  R  2 , and a path 
through the transistor’s base-emitter circuit. It is these three parallel 
paths that comprise the input resistance of the circuit. We defi ne this 
resistance as  R in   ( tot )  because it represents the total input resistance 
including the bias resistors. The base-emitter path, however, has b  ac   
dependency because of the transistor’s current gain. The equivalent 
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  ′re

600 �

 FIGURE 3–32         Equivalent ac input circuit for the 
CE amplifi er in  Figure   3–30   (a).   
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resistances,  R  E1  and  r �  e  , appear to be larger in the base circuit than in the emitter circuit 
because of this current gain. The resistors in the emitter circuit must be multiplied by b  ac   
to obtain their equivalent resistance in the base circuit. Therefore, the formula for calculat-
ing total input resistance is  

    Rin(tot) = R1 }R2 } [bac(r�e + RE1)]  (3–11)    

  E X A M P L E  3 – 1 1 

 Find  R in   ( tot )  for the circuit in  Figure   3–30   (a). Assume the b  ac   is 120. 

  S O L U T I O N 

 The internal ac emitter resistance,  r �  e  , was found to be 7.5 � in  Example   3–9   . 
Substituting into Equation (3–11), 

    Rin(tot) = R1 }R2 } [bac(r�e + RE1)]  

  = 27 k� }3.9 k� } [120 (7.5 � + 200 �)] = 3.0 k�    

  P R A C T I C E  E X E R C I S E 

 Compute  R in   ( tot )  for the circuit in  Figure   3–30   (a) if b  ac   is 200.    

  Output Resistance 
 Recall that the model for an amplifi er ( Section   1–4   ) includes a Thevenin voltage 
source driving a series resistance or a Norton current source driving a parallel resist-
ance. In both of these models, the resistance is the same. It is the equivalent output 
resistance of the amplifi er. 

 To fi nd the output resistance of any CE amplifi er, look back from the output 
coupling capacitor as illustrated in  Figure   3–33   . The transistor appears as a current 
source in parallel with the collector resistor. This is the same as the equivalent Norton 
circuit in  Figures   1–11    and    1–19   (b).  

 Recall that the internal resistance of an ideal current source is infi nite. With this 
in mind, you can see that the output resistance for the CE amplifi er is simply the col-
lector resistance,  R  C .  

  The AC Load Line 
 For most troubleshooting work, it is useful to be able to quickly estimate a circuit’s voltage 
and current values. Although technicians seldom use them in their normal work, load lines 
are a useful tool for understanding a transistor’s operation and may offer insight into a 
circuit’s limitations, such as clipping levels. 

 As discussed in  Section   3–1   , a dc load line can be drawn for a basic transistor circuit 
that consists of a series collector resistor,  R  C , and a voltage source,  V  CC . As shown in  Figure 
  3–12   (a), this series combination formed a Thevenin circuit that was represented graphi-
cally by a dc load line that crossed the  y -axis at saturation. Recall that the load line in 
 Figure   3–12   (b) was independent of the transistor, which served as the load. 

 For ac, the Thevenin resistance is more complicated because of the presence of capaci-
tors and an internal emitter resistance,  r �  e  . In high-frequency circuits, inductors may also play 
a role. Even though  r �  e   is internal to the transistor, it is considered part of the Thevenin resist-
ance. Capacitive coupling and bypass capacitors are also present in most practical ac circuits. 
Capacitors are normally treated as shorts for the ac signal, meaning that the ac resistance 
( R ac  ) of the collector-emitter circuit is reduced.  Example   3–12    will illustrate this concept. 

 A dc and an ac load line are shown together in  Figure   3–34    for a capacitively coupled 
amplifi er. The Q-point is the same for both load lines because when the ac signal is reduced 
to zero, operation must still occur at the Q-point. Notice that the ac saturation current is 

RL

Current
source

RC
C

 FIGURE 3–33         Equivalent ac 
output circuit for the CE 
amplifi er.   
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greater than the dc saturation current (because the ac resistance is smaller). In addition, the 
ac collector-emitter cutoff voltage is less than the dc collector-emitter cutoff voltage. The 
ac load line locates all possible operation points (collector current versus collector-emitter 
voltage) for the ac signal.  

VCE

IC

VCEQ

Vce(cutoff )

Q-point

Ic(sat)

Rac

ICQ

VCEQ ICQRac
VCE(cutoff )

AC load line

DC load line

 FIGURE 3–34         The dc and ac load lines.   

 The ac saturation and ac cutoff points can be computed for the ac load line. The ac 
load line crosses the  y  axis at  I c   ( sat )  .  This point is found by starting at the dc Q-point ( I  CQ ) 
and adding a term that includes the ac resistance of the collector-emitter circuit,  R ac ,  as 
shown on  Figure   3–34   . The equation for ac saturation is 

   Ic(sat) = ICQ +
VCEQ

Rac
   

 The ac load line touches the  x  axis at  V ce   ( cutoff ) . This point is also found by starting at 
the dc Q-point ( V  CEQ ) and adding a term that includes the ac resistance,  R ac  . The equation 
for ac cutoff is 

   Vce(cutoff) = VCEQ + ICQRac   

  E X A M P L E  3 – 1 2 

 Draw the ac load line for the circuit in  Figure   3–30   (a). 

  S O L U T I O N 

 The dc load line for this circuit was shown in  Figure   3–30   (b) and is shown in  Figure 
  3–35    for reference. The Q-point coordinates are  V  CEQ  = 7.41 V and  I  CQ  = 3.34 mA.  

VCE

IC

Q-point

Ic(sat) = 7.20 mA

18 V
VCE(cutoff)

AC load line

DC load line

13.8 V
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ICQ = 3.34 mA

 FIGURE 3–35         DC and ac load lines for the circuit in  Figure   3–30   (a).   
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 One interesting way of viewing the operation of an ampli-
fi er is to superimpose a set of characteristic curves for the tran-
sistor on the ac load line. This is shown in  Figure   3–36    for a 
typical transistor that could be used with the CE amplifi er from 
 Figure   3–30   (a). Lines projected from the peaks of the base cur-
rent across to the  I  C  axis and lines from the ac load line down to 
the  V  CE  axis indicate the peak-to-peak variations of the collector 
current and collector-to-emitter voltage, as shown. For the tran-
sistor in this example, if an input signal causes the base current 
to vary from approximately 13 mA to 18 mA, the output collec-
tor current will vary from approximately 2.9 mA to 3.9 mA. In 
addition,  V  CE  varies from approximately 6.3 V to 8.1 V for this 
same signal. The ac load line also gives a quick visual indica-
tion when the signal exceeds the linear range of the amplifi er 
and shows the current and voltage range that a particular signal 
will encompass.  
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 FIGURE 3–36         AC load line superimposed on a typical 
transistor characteristic.   

  1.    Which terminal of a CE amplifi er is the input terminal? 
Which is the output terminal?   

  2.    What is the advantage of a high input resistance in an amplifi er?   

  3.    How is the gain determined in a CE amplifi er?      

    SECTION 3–4 CHECKUP 

 Before locating the ac load line, it is necessary to fi nd the ac resistance of 
the collector-emitter circuit. As you know, the emitter circuit has  r �  e   +  R  E1  in 
series. The collector circuit has the parallel combination of  R  C }  R L .  The total ac 
resistance of the collector-emitter circuit is 

   Rac = r�e + RE1 + (RC }RL)   

 In  Example   3–9   ,  r �  e   was found to be 7.5 �. Substituting this value and the 
other fi xed resistors into the previous equation results in 

   Rac = 7.5 � + 200 � + (2.7 k� }4.7 k�) = 1.92 k�   

 Now, fi nd the ac collector saturation current. 

   Ic(sat) = ICQ +
VCEQ

Rac
= 3.34 mA +

7.41 V

1.92 k�
= 7.20 mA   

 Next, fi nd the ac collector-emitter cutoff voltage. 

   Vce(cutoff) = VCEQ + ICQRac = 7.41 V + (3.34 mA)(1.92 k�) = 13.8 V   

 Together, the ac collector saturation current, the Q-point, and the ac collector-
emitter cutoff voltage establish a straight line. The ac load line can now be drawn 
and is shown in  Figure   3–35   .  

  P R A C T I C E  E X E R C I S E 

 What happens to the Q-point and the ac load line if the load resistor is changed 
from 4.7 k� to 2.7 k�?   



  The common-collector (CC) amplifi er, commonly referred to as an emitter-follower, is the 
second of the three basic amplifi er confi gurations. The input is applied to the base and the out-
put is at the emitter. The CC amplifi er provides current gain; the voltage gain is approximately 1. 
It is frequently used as a buffer or driver because of its high input resistance.   

  After completing this section, you should be able to  

  •   Understand and analyze the operation of common-collector amplifi ers 

   •   Draw the equivalent ac circuit for a CC amplifi er  

  •   Explain why the voltage gain for a CC amplifi er is approximately 1  

  •   Compute the current gain and the input and output resistances for a CC amplifi er  

  •   Explain why a darlington pair has a very high B     

   3–5  COMMON-COLLECTOR 
AMPLIFIERS 

  Figure   3–37   (a) shows a  common-collector (CC)  circuit with a voltage-divider bias. The 
collector is connected directly to the dc power supply, which is an ac ground. Notice that 
the input is applied to the base and the output is taken from the emitter. The output signal 
is in phase with the input signal. Looking from the input coupling capacitor to the base, the 
equivalent ac circuit has the bias resistors and the resistors in the emitter circuit as shown 
in  Figure   3–37   (b).  
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(a) Typical common-collector (CC) or emitter-follower
amplifier
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 FIGURE 3–37        

  Voltage Gain 
 The ac circuit of  Figure   3–37   (b) can be simplifi ed by combining the parallel emit-
ter and load resistors into one equivalent resistor ( R  E }  R L  ), as shown in  Figure 
  3–38   . This circuit is used to analyze the voltage gain of the CC amplifi er.  

 As in all linear amplifi ers, the voltage gain in a CC amplifi er is  A v   =  V out  >  V in .  
In the analysis of the gain, the bias resistors are not included because they do not 
directly affect the input signal (although they do cause a loading effect on the 
source). Notice in  Figure   3–38    that the input voltage is across  r �  e   in series with 
 R  E }  R L .  The output is across only  R  E }  R L .  As long as  r �  e   is small compared to  R  E }  R L   
(the usual case), you can ignore the small drop across  r �  e  . This means that the 
input and output voltages are nearly the same. Therefore, 

    Av � 1  (3–12)    

 Because of the small drop across  r �  e  , the actual gain is slightly less than 1. For practi-
cal circuits, this difference is not important. If you are checking the input and output of a 
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 FIGURE 3–38         Equivalent ac input 
 circuit for the CC amplifi er.   
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CC amplifi er with an oscilloscope, expect to see nearly identical signals. Since the output 
voltage on the emitter follows the input voltage, the CC amplifi er is often called an 
  emitter-follower.  There is no phase inversion in a CC amplifi er. 

 You might wonder, if the CC amplifi er has unity voltage gain, what is its value? The 
answer is that it has current gain. CC amplifi ers are used when it is necessary to drive a 
low-impedance load, such as a speaker. In order to solve for current gain, you need to fi rst 
analyze the input and output ac resistance.  

  Input Resistance 
 The emitter-follower is characterized by a high input resistance, which makes it a very use-
ful circuit. Because of the high input resistance, the emitter-follower can be used as a 
buffer to minimize loading effects when one circuit is driving another. The derivation of 
the input resistance viewed from the base is similar to that for the CE amplifi er. Looking in 
from the source, the CC amplifi er has the same parallel paths as in the CE amplifi er with 
voltage-divider bias, as shown in the equivalent circuit in  Figure   3–38   . In this case, how-
ever, there are no bypass capacitors in the emitter circuit. The total input resistance has a 
similar equation as in the CE case but with a different ac emitter resistance ( R  E }  R L  ). 

    Rin(tot) = R1 }R2 } [bac(r�e + RE }RL)]  (3–13)    

 In most practical circuits,  r �  e   is much smaller than  R  E }  R L   and is ignored in the cal-
culation. Further, the ac resistance of the transistor’s emitter circuit is generally much 
larger than the paths through the bias resistors (because of b  ac  ). For a quick approxima-
tion of the total input resistance, you can just fi nd the equivalent resistance of  R  1  in paral-
lel with  R  2 .  

  Output Resistance 
 The equivalent CC amplifi er output circuit is shown in  Figure   3–39    with the perspective of 
looking back from the output coupling capacitor. Resistor  R base   represents the source and 
bias resistors in the base circuit. From the vantage point of the emitter circuit, these appear 
to be very small (their value is divided by b  ac  ). In practical circuits, they can be ignored; 
from the emitter’s perspective, the base appears to be nearly at ac ground. This leaves only 
 r �  e   in parallel with  R  E . Since  R  E  is much larger than  r �  e  , it also can be ignored.  1   For basic 
analysis purposes, the output resistance for the CC amplifi er is quite simple—it’s just  r �  e  !    

  Current Gain 
 The signal current gain for the emitter-follower is  I load  >  I s   where  I load   is the ac current in 
the load resistor and  I s   is the ac signal current from the source. The current  I s   is calculated 
using Ohm’s law as  V in  >  R in   ( tot ) . Since the voltage gain is approximately 1, the input volt-
age is also across the load. Thus, the load current is  V in  >  R L .  Taking the ratio of the currents 
results in the current gain. 

   Ai =
Iload

Is
=

Vin>RL

Vin>Rin(tot)
   

    Ai =
Rin(tot)

RL
  (3–14)    

 This is a useful result and shows that the current gain,  A i ,  for the loaded CC amplifi er 
is a ratio of the total input resistance to the load resistance. As noted with the earlier volt-
age gain equations, current gain can also be written as a ratio of resistances.    

 1   Notice that the small equivalent series base resistor tends to be cancelled by the larger parallel emitter resistor, 
justifying the simplifying assumptions. 
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 FIGURE 3–39         Equivalent ac 
output circuit for the CC 
amplifi er.   



3–5 COMMON-COLLECTOR AMPLIFIERS    145

 E X A M P L E  3 – 1 3 

 Determine the total input resistance,  R in   ( tot ) , and the approximate voltage gain and 
current gain to the load of the emitter-follower in  Figure   3–40   . Assume the b  ac   is 140.  

  S O L U T I O N 

 Although  r �  e   can be ignored for the calculation of the total input resistance, it is 
useful to review the method for fi nding  r �  e  . The value of  r �  e   is determined from  I  E , 
so the fi rst step is to fi nd the dc conditions. The base voltage is found from the 
voltage-divider rule. 

   VB = a R2

R1 + R2
bVCC = a 27 k�

10 k� + 27 k�
b12 V = 8.76 V   

 The emitter voltage is approximately  V  B  -  V  BE  = 8.06 V. The emitter current is 
found from Ohm’s law. 

   IE =
VE

RE
=

8.06 V

560 �
= 14.4 mA   

 The value of  r �  e   is 

   r�e =
25 mV

IE
=

25 mV

14.4 mA
= 1.7 �   

 Since this value is small compared to the emitter and load resistors, it can be 
ignored. 

 The total input resistance is 

    Rin(tot) = R1 }R2 } [bac(RE }RL)]  

  = 10 k� }27 k� } [140(560 � }560 �)] = 6.15 k�   

 Neglecting  r �  e  , the voltage gain is 

   Av = 1   

 The current gain (to the load resistor) is 

   Ai =
Rin(tot)

RL
=

6.15 k�

560 �
= 11    

  P R A C T I C E  E X E R C I S E 

 Assume  R  1  and  R  2  were both doubled in value. How would this change affect the 
voltage gain? How would the change affect the current gain?    
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 FIGURE 3–40        

 Open fi le F03-40 found on 
the companion website. This 
simulation will be used to 
examine how changes in load 
resistance affect CC amplifi er 
current gain. 

MULTISIM
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  The Darlington Pair 
 One reason for using a CC amplifi er is that it offers high input resistance. The input resist-
ance of the CC amplifi er is limited by the size of the bias resistors and the b  ac   of the tran-
sistor. If b  ac   could be made higher, larger-value bias resistors can still supply the necessary 
base current and the transistor’s input resistance would look higher still. 

 One way to boost input resistance is to use a darlington pair, as shown in  Figure 
  3–41   . A darlington pair consists of two cascaded transistors with the collectors con-
nected; the emitter of the fi rst drives the base of the second. This confi guration achieves 
b  ac   multiplication. In effect, the darlington pair is a “super beta” transistor that looks 
like a single transistor with a beta equal to the product of the individual betas. 

   bac = bac1bac2    

 The main advantage of the darlington pair is that the circuit can achieve high input 
resistance and high current gain. Darlington pairs can be used in any circuit in which a 
very high b is desirable. Darlington transistors are available in a single package confi gura-
tion that look like any other transistor. For example, the 2N6426 is a small-signal darling-
ton transistor with a minimum b of 30,000. 

+VCC

RE

βac1

βac2

 FIGURE 3–41         Darlington 
pair.   

 A DARLINGTON FEEDBACK REGULATOR 
 Almost every type of electronic system requires one or more internal dc voltages in 
order to operate properly. The dc voltage should remain reasonably stable despite 
changes in input voltage (line regulation) and load demand (load regulation). In  Chapter 
  2    you saw how a zener diode can be used as a crude voltage regulator. You were also 
introduced to the 78XX series IC voltage regulators, a much more sophisticated means 
of voltage regulation. 

 A 78XX series regulator is a relatively complex circuit con-
structed on a single chip. It may contain over 20 BJTs (both NPN and 
PNP), two or more zener diodes, and a variety of resistors, capacitors, 
and conventional  pn -junction diodes. Along with voltage regulation, 
the IC may also contain circuits for input over-voltage protection, 
thermal overload protection, and output short-circuit protection. How-
ever, at the heart of the IC voltage regulator is a relatively simple cir-
cuit built around a zener diode and one or more BJTs. This circuit is 
the pass-transistor regulator. The name comes from the fact that all 
load current must pass through the series transistor. The most basic 
form of a pass-transistor regulator is illustrated in  Figure   SE3–4   . 

 The operation of this circuit is relatively simple. Resistor R 1  pro-
vides current limiting for the zener diode. The voltage at the base of 
Q 1  is held at a relatively fi xed value by the zener. This means that the 
load voltage will equal the zener voltage less the Q 1  base-emitter volt-
age drop. By formula 

   VL = VZ - VBE   

 If load voltage were to decrease, the value of V BE  increases, causing Q 1  conduction to 
increase. This increases load current, offsetting the decrease in load voltage. If load  voltage 
increases, V BE  will decrease. Load current will decrease since transistor conduction 
decreases with a decrease in V BE . 

 This basic circuit can be improved by using a Darlington pair in place of a single pass 
transistor, as illustrated in  Figure   SE3–5   . The increased current gain of the Darlington pair 
means that zener current variations due to changes in load demand are reduced. This results 
in a more stable zener voltage and better voltage regulation. Load voltage is now found as 
V L  = V Z  - 2V BE.  

 S Y S T E M  E X A M P L E  3 – 2 

Q1

R1

D1
RL

Unregulated
DC voltage

 FIGURE SE3–4         A basic pass-transistor voltage 
regulator   
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 The Darlington pass-transistor regulator can be improved even more by adding a 
voltage divider on the output as an error detection circuit and another transistor, as shown 
in  Figure   SE3–6   . If load voltage increases, so does the voltage at the base of Q 3 , causing it 
to conduct harder. As Q 3  conduction increases, V CE  for Q 3  decreases and the voltage at the 
base of Q 2  also decreases. This means that Q 1  passes less current to the load and load volt-
age decreases to compensate for the initial increase. The opposite occurs if load voltage 
tries to decrease. Voltage regulator circuits will be covered in more detail in  Chapter   11   . 
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 FIGURE SE3–5         A Darlington pass-transistor 
voltage regulator   
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 FIGURE SE3–6         A Darlington feedback regulator   

   3–6  COMMON-BASE AMPLIFIERS 

  The third basic amplifi er confi guration is the common-base (CB). The CB amplifi er provides 
high voltage gain but has low input resistance. For this reason, it is not as widely used as other 
types but is used in certain high-frequency applications and in a circuit called a differential 
amplifi er that we will discuss in  Chapter   6   .   

  After completing this section, you should be able to  

  •   Understand and analyze the operation of common-base amplifi ers 

   •   Draw the equivalent ac circuit for a CB amplifi er  

  •   Compute the voltage gain and the input and output resistances for a CB amplifi er     

  1.    What is another name for a common-collector amplifi er?   

  2.    What is the ideal maximum voltage gain of a CC amplifi er?   

  3.    What are the most important characteristics of the CC amplifi er?

4. What advantage does a Darlington series pass transistor in a regu-
lator have over a single pass transistor?                           

      

    SECTION 3–5 CHECKUP 
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 A typical  common-base (CB)  amplifi er using voltage-divider bias is shown in 
  Figure   3–42   (a). The base is at signal (ac) ground due to  C  3 , and the input signal is 
applied to the emitter. The output is coupled through  C  2  from the collector to the load 
resistor.  Figure   3–42   (b) shows the equivalent ac circuit. Capacitors and the dc source 
have been replaced with shorts. This causes the bias resistors to be shorted in the equiva-
lent circuit. The basic difference between this circuit and the common-emitter circuit is 
how the signal is fed to the amplifi er.  
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 FIGURE 3–42        

  Voltage Gain 
 As in the CE and CC amplifi ers, the voltage gain of the CB amplifi er is the ratio of  V out  >  V in .  
For the CB amplifi er,  V out   is the ac collector voltage,  V c ,  and  V in   is the ac emitter voltage,  V e .  
With this in mind, the voltage gain formula is developed as follows: 

   Av =
Vc

Ve
=

Ic(RC }RL)

Ie(r�e }RE)
   

 The ac collector and emitter currents are nearly the same, so they cancel. Since 
 R  E W  r �  e  , you can approximate  r �  e  }  R  E  as just  r �  e  . Further,  R  C }  R L   represents the ac resist-
ance of the collector,  R c .  Thus, the voltage gain is again a ratio of resistances. 

   Av =
RC }RL

r�e }RE
   

 or 

   Av �
Rc

r�e
   

 This equation says the voltage gain is approximately equal to the ratio of the ac col-
lector resistance to the internal ac emitter resistance. In this case, the emitter resistance is 
composed only of  r �  e  . The more general case is when a swamping resistor is added in the 
emitter circuit, considered next. 

  VOLTAGE GAIN WITH A SWAMPING RESISTOR     One problem with the 
basic CB amplifi er in  Figure   3–42    is that it tends to distort larger signals because the only 
resistance on the input side is  r �  e  , which depends, to some extent, on the signal amplitude. 
A large signal causes changes in  r �  e   and therefore the gain.  Figure   3–43    shows a modifi ca-
tion of the basic amplifi er with typical values for a small-signal transistor shown. The 
modifi cation is the addition of a small-value swamping resistor,  R  E1 , in series with  r �  e  . As 
in the case of a CE amplifi er, this additional fi xed resistor produces greater gain stability 
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and increases the input resistance but at the price of reduced gain. For the CB amplifi er, it 
can also signifi cantly improve linearity because the swamping resistor is a fi xed quantity, 
independent of the signal amplitude.  

 Since the swamping resistor is in series with  r�   e  , its value is added to  r �  e   to obtain the 
approximate ac emitter resistance (ignoring the much larger parallel  R  E2 ). The voltage gain 
of the CB amplifi er is still the ac collector resistance,  R c ,  divided by the ac emitter resist-
ance,  R e ,  but now includes the swamping resistor. 

   Av �
RC }RL

r�e + RE1
   

    Av �
Rc

Re
  (3–15)    

 Note that this gain equation is the same as that for the CE amplifi er except that the CB 
amplifi er does not invert the signal so the sign of the gain is positive.   

  Input Resistance 
 For the basic amplifi er without a swamping resistor ( Figure   3–42   ),  R  E  appears in parallel 
with  r �  e   when viewed from the source. However,  r �  e   is normally small compared to  R  E , so 
you can generally ignore  R  E  when fi nding the input resistance. Therefore, the total input 
resistance of a CB amplifi er without a swamping resistor is approximately  r �  e  . This is the 
main disadvantage to the CB amplifi er. Although the input resistance is small compared to 
the CE and CC amplifi ers, in certain high-frequency applications, this can be an advantage. 

 As in the case of the CE amplifi er, a swamping resistor increases the input resistance. 
With a swamping resistor, the input resistance is approximately  r �  e   +  R  E1 . This approxima-
tion again ignores the contribution of resistor  R  E2 , which appears to be a large parallel path 
for the input signal. Thus, 

    Rin(tot) � r�e + RE1  (3–16)     

  Output Resistance 
 The output circuit of the CB amplifi er is identical to that of the CE amplifi er; therefore, the 
output resistance is the same (see discussion in  Section   3–4   ). When looking back from the 
output coupling capacitor, the output resistance for both the CB and CE amplifi ers is sim-
ply the collector resistance,  R  C . 

   Rout = RC    
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 FIGURE 3–43         CB amplifi er with swamping resistor.   
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 E X A M P L E  3 – 1 4 

 Find the total input resistance and the voltage gain for the CB amplifi er in  Figure   3–43   . 

  S O L U T I O N 

 In order to determine  r �  e  , it is fi rst necessary to fi nd  I  E . Find the dc voltage on the 
base using the voltage-divider rule. 

   VB = a R2

R1 + R2
bVCC = a 15 k�

36 k� + 15 k�
b15 V = 4.41 V   

 The emitter voltage is one diode drop less than the base. 

   VE = VB - VBE = 4.41 V - 0.7 V = 3.71 V   

 From Ohm’s law, the emitter current is 

   IE =
VE

RE
=

3.71 V

1.53 k�
= 2.43 mA   

 The value of  r �  e   can now be found. 

   r�e =
25 mV

IE
=

25 mV

2.43 mA
= 10.3 �   

 Looking from the input coupling capacitor, the total input resistance is the sum of 
the swamping resistor and  r �  e  . 

   Rin(tot) = r�e + RE1 = 10.3 � + 27 � = 37.3 �   

 The signal voltage gain is the ratio of the collector ac resistance to the emit-
ter ac resistance. The collector ac resistance,  R c ,  is equal to  R  C }  R L .  The emitter 
ac resistance is equal to  r �  e   +  R  E1 . Therefore, the voltage gain is 

   Av �
Rc

Re
=

RC }RL

r�e + RE1
=

3.6 k� }3.6 k�

10.3 � + 27 �
= 48    

  P R A C T I C E  E X E R C I S E 

 What is the output voltage if the input voltage at the coupling capacitor is a 50 mV 
peak-to-peak sinusoidal wave?  

 The bias methods introduced in  Section   3–2    can be applied to CB amplifi ers. Emitter 
bias requires fewer components but requires dual power supplies. With emitter bias on a CB 
amplifi er, the base can be connected directly to ground, rather than through a capacitor and 
there are no bias resistors.  Example   3–15    illustrates emitter bias with a CB amplifi er using a 
 pnp  transistor. Try estimating the dc parameters and the gain before you look at the solution.    

 E X A M P L E  3 – 1 5 

 Find the total input resistance and voltage gain for the CB amplifi er in  Figure   3–44   .  

  S O L U T I O N 

 Since the base is grounded, the emitter voltage is 0.7 V above ground. It can be 
shown with an equation as 

   VE = VB - VBE = 0 V - (-0.7 V) = +0.7 V   

 Applying Ohm’s law for the emitter current, 

   IE =
VRE

RE
=

VEE - VE

RE
=

15 V - 0.7 V

10 k�
= 1.43 mA   
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 The value of  r �  e   is 

   r�e =
25 mV

IE
=

25 mV

1.43 mA
= 17.5 �   

 Since there is no swamping resistor, the total input resistance (looking from the 
input coupling capacitor) is just  r �  e  . Therefore, the total input resistance is 

   Rin(tot) = r�e = 17.5 �   

 The signal voltage gain, measured from the input coupling capacitor to the 
load resistor, is 

   Av �
Rc

Re
�

RC }RL

r�e
=

5.6 k� }10 k�

17.5 �
= 205    

  P R A C T I C E  E X E R C I S E 

 What dc collector voltage should be observed for the circuit in  Figure   3–44   ?    

RC
5.6 k�

RE
10 k�

Vs

–VCC
–15 V

C1 Rs

600 �47 μF

RL
10 k�

1.0 μF

C2

+VEE
+15 V

 FIGURE 3–44        

 The common-base amplifi er has two primary systems applications. In some systems, one of 
the drawbacks of the CB amp can actually be an attribute. The low input resistance of the CB 
amplifi er is a good impedance match for moving-coil microphones and is often found in 
microphone preamplifi ers. Amplifi ers with low input resistance tend to have better noise 
immunity than those with high input resistance. This is important in moving-coil microphones 
as they output a very low-level signal. 

 The most common application for CB amplifi ers is in VHF and UHF systems. The 
grounded base helps isolate the emitter input from the collector output. This means there is 
very little feedback, which increases stability and helps reduce the chance of oscillation. CB 
amplifi ers have a wider bandwidth than an equivalent CE amplifi er. With the input at the emit-
ter, this confi guration is not as affected by internal transistor junction capacitances compared 
to the CE amplifi er. These internal capacitances, between base-emitter and base-collector, 
limit amplifi er high frequency response particularly in inverting amplifi ers like the CE amplifi er. 

 S Y S T E M  N O T E 

  Summary of AC Parameters for CE, CC, 
and CB Amplifi ers 
  Table   3–2    summarizes the important ac characteristics of each of the three basic voltage 
amplifi er confi gurations. Also, relative values are indicated for general comparison of the 
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amplifi ers. The input resistance depends on the particular circuit, including the type of bias. 
Voltage-divider bias is assumed for all amplifi ers with an unbypassed emitter resistor 
( R  E1 ) in the CE and CB confi gurations. These confi gurations are the same as have been 
discussed in the previous sections.  

  1.    Can the same voltage gain be achieved with a CB as with a 
CE amplifi er?   

  2.    Is the input resistance of a CB amplifi er very low or very 
high?   

  3.    What is the advantage of using a swamping resistor with a CB 
amplifi er?

4. Why does the CB amplifi er have a higher frequency response 
than an equivalent CE amplifi er?      

    SECTION 3–6 CHECKUP 

   3–7  THE BIPOLAR TRANSISTOR 
AS A SWITCH 

  In the previous sections, we discussed the transistor as a linear amplifi er. Another major appli-
cation area is switching applications used in digital systems. The fi rst large-scale use of digital 
circuits was in telephone systems. Today, computers form the most important application of 
switching circuits using integrated circuits (ICs). Discrete transistor switching circuits are 
used when it is necessary to supply higher currents or operate at a different voltage than can 
be obtained from ICs.   

  After completing this section, you should be able to  

  •   Explain how a transistor can be used as a switch 

   •   Compute the saturation current for a transistor switch  

  •   Explain how a transistor switching circuit with hysteresis changes states     

  Figure   3–45    illustrates the basic operation of a transistor as a  switch . A switch is a 
two-state device that is either open or closed. In part (a), the transistor is in cutoff because 
the base-emitter  pn  junction is not forward-biased. In this condition, there is, ideally, an 
open between collector and emitter, as indicated by the open switch equivalent. In part (b), 
the transistor is in saturation because the base-emitter  pn  junction is forward-biased and 
the base current is large enough to cause the collector current to reach its saturated value. 
In this condition, there is, ideally, a short between collector and emitter, as indicated by the 

 TABLE 3–2 •   Comparison of amplifi er ac parameters. Voltage-divider bias is assumed for all amplifi ers with 
an unbypassed emitter resistor in the CE and CB confi gurations. 

   CE  CC  CB 

 Voltage gain 
    Av � -

Rc

Re
    

 High 

 Av � 1 

 Low 

    Av �
Rc

Re
    

 High 

 Input resistance   R in   ( tot )  =  R  1 }  R  2 } [b  ac  ( r �  e   +  R  E1 )] 
 Low 

  R in   ( tot )  =  R  1 }  R  2  [b  ac  ( r �  e   +  R  E }  R  L )] 
 High 

  R in   ( tot )  =  r �  e   +  R  E1  
 Very low 

 Output resistance   R  C  
 High 

 _  r �  e   
 Low 

  R  C  
 High 
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 FIGURE 3–45         Ideal switching action of a transistor.   

closed-switch equivalent. Actually, a voltage drop of a few tenths of a volt normally occurs 
across the transistor when it is saturated.  

  Conditions in Cutoff 
 As mentioned before, a transistor is in cutoff when the base-emitter  pn  junction is not 
forward-biased. Neglecting leakage current, all of the currents are zero, and  V  CE  is equal 
to  V  CC . 

   VCE(cutoff) = VCC    

  Conditions in Saturation 
 When the emitter junction is forward-biased and there is enough base current to produce a 
maximum collector current, the transistor is saturated. Since  V  CE  is very small at satura-
tion, the entire power supply voltage drops across the collector resistor. An approximation 
for the collector current is 

   IC(sat) �
VCC

RC
   

 The minimum value of base current needed to produce saturation is 

   IB(min) �
IC(sat)

bDC
   

  I  B  should be signifi cantly greater than  I  B(min)  to keep the transistor well into saturation and 
to account for beta variations in different transistors.    

 E X A M P L E  3 – 1 6 

   (a)   For the transistor switching circuit in  Figure   3–46   , what is  V  CE  when  V  IN  = 0 V?   

RB

VIN

+VCC
+10 V

RC 1.0 k�

 FIGURE 3–46        
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  (b)   What minimum value of  I  B  is required to saturate this transistor if b DC  is 
200? Assume  V  CE(sat)  = 0 V.  

  (c)   Calculate the maximum value of  R  B  when  V  IN  = 5 V.   

  S O L U T I O N 

   (a)   When  V  IN  = 0 V, the transistor is in cutoff (acts like an open switch) and 
 V  CE  =  V  CC  =  10 V.   

  (b)   Since  V  CE(sat)  = 0 V, 

    IC(sat) �
VCC

RC
=

10 V

1.0 k�
= 10 mA    

    IB(min) =
IC(sat)

bDC
=

10 mA

200
= 0.05 mA   

  This is the value of  I  B  necessary to drive the transistor to the point of satura-
tion. Any further increase in  I  B  will drive the transistor deeper into saturation 
but will not increase  I  C .  

  (c)   When the transistor is saturated,  V  BE  = 0.7 V. The voltage across  R  B  is 

   VRB
= VIN - VBE = 5 V - 0.7 V = 4.3 V   

  The maximum value of  R  B  needed to allow a minimum  I  B  of 0.05 mA is 
calculated by Ohm’s law as follows: 

   RB =
VRB

IB
=

4.3 V

0.05 mA
= 86 k�      

  P R A C T I C E  E X E R C I S E 

 Determine the minimum value of  I  B  required to saturate the transistor in  Figure 
  3–46    if b DC  is 125 and  V  CE(sat)  is 0.2 V.    

 One common application for BJT switching circuits is in digital systems. The two main types 
of BJT-based logic gates are transistor-transistor logic (TTL) and emitter-coupled logic (ECL). 
TTL is the more popular of the two. Although CMOS is now the most widely used digital cir-
cuit technology, TTL was the leading family in the small-scale and medium-scale integration 
categories up until about 1990. TTL does have one advantage over CMOS. TTL ICs are less 
susceptible to electrostatic discharge than CMOS chips, so they are more practical for labora-
tory work and prototyping. 

 S Y S T E M  N O T E 

  Improvements to the One-Transistor 
Switching Circuit 
 The basic switching circuit shown in  Figure   3–45    has a threshold voltage at which it 
changes from  off to on  or  on to off.  Unfortunately, the threshold is not an absolute point 
because a transistor can operate between cutoff and saturation, a condition not desirable in 
a switching circuit. A second transistor can dramatically improve the switching action, 
providing a sharp threshold. The circuit is shown in  Figure   3–47   , designed with a light-
emitting diode (LED) output so that you can construct it if you choose and observe the 
switching action. The circuit works as follows. When  V  IN  is very low,  Q  1  is off since it 
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does not have suffi cient base current.  Q  2  will be in saturation 
because it can obtain ample base current through  R  2  and the LED 
is on. As the base voltage for  Q  1  is increased,  Q  1  begins to con-
duct. As  Q  1  approaches saturation, the base voltage of  Q  2  sud-
denly drops, causing it to go from a saturated to cutoff condition 
rapidly. The output voltage of  Q  2  drops and the LED goes out.  

 Another improvement for basic switching circuits is the 
addition of hysteresis. For switching circuits,  hysteresis  means 
that there are two threshold voltages depending on whether the 
output is already high or already low.  Figure   3–48    illustrates the 
situation. When the input voltage rises, it must cross the upper 
threshold before switching takes place. It does not switch at  A  or 
 B  because the lower threshold is inactive. When the signal crosses 
the upper threshold at point  C,  the output switches, and immedi-
ately the threshold changes to a lower value. The output does not 
switch back at  D  but instead must cross the lower threshold at  E  
before returning to the original state. Again, the threshold 
changes to the upper level, so switching does not take place at 
point  F.  The major advantage of hysteresis in a switching circuit is noise immunity. As 
you can see from this example, the output only changed twice despite a very noisy input.  

R1
10 k�

R2
10 k�

RB

10 k�

RC
1.0 k�

+VCC
+12 V

Q1
2N3904

Q2
2N3904

LED
VOUT

VIN

 FIGURE 3–47         A two-transistor switching circuit with a 
sharp threshold.   

t

VIN

A

Switching points

C

B

D

E F

Lower threshold

Upper threshold

 FIGURE 3–48         Hysteresis causes the circuit to switch at points C and E 
but not at the other points.   

 The schematic for a transistor circuit with hysteresis is shown in  Figure   3–49   . As the 
potentiometer is turned in one direction, the output will switch once, even if the potentiometer 
is “noisy.” When the output switches, the common-emitter resistor,  R  E , causes the threshold 
voltage to change. This is caused by the different saturation currents for the two transistors; the 
threshold is different when the output is in cutoff than when the output is saturated.  

R1
10 k�

R2
10 k�

RB

10 k�

RC
1.0 k�

+VCC
+12 V

Q1
2N3904

Q2
2N3904

LED
VOUT

VIN

RE
330 �

 FIGURE 3–49         A discrete transistor switching circuit 
with hysteresis.   
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 SECURITY ALARM SYSTEM 
 A circuit using transistor switches will be developed for use in an alarm system for detecting 
forced entry into a building. In its simplest form, the alarm system will accommodate four 
zones with any number of openings. It can be expanded to cover additional zones. For the 
purposes of this system example, a zone is one room in a house or other building. The sensor 
used for each opening can be either a mechanical switch, a magnetically operated switch, or 
an optical sensor. Detection of an intrusion can be used to initiate an audible alarm signal 
and/or to initiate transmission of a signal over the phone line to a monitoring service. 

  Designing the Circuit 
 A basic block diagram of the system is shown in  Figure   SE3–7   . The sensors for each zone 
are connected to the switching circuits, and the output of the switching circuit goes to an 
audible alarm circuit and/or to a telephone dialing circuit. The focus of this example is the 
transistor switching circuits. 

 S Y S T E M  E X A M P L E  3 – 3 

 A zone sensor detects when a window or door is opened. They are normally in a 
closed position and are connected in series to a dc voltage source, as shown in  Figure   SE3–8   (a). 
When a window or door is opened, the corresponding sensor creates an open circuit, as 
shown in part (b). The sensors are represented by switch symbols. 

 A circuit for one zone is shown in  Figure   SE3–9.    It consists of two BJTs,  Q  1  and  Q  2 . 
As long as the zone sensors are closed,  Q  2  is in the  on  state (saturated). The very low satu-
ration voltage at the  Q  1  collector keeps  Q  2   off . Notice that the collector of  Q  2  is left open 
with no load connected. This allows for all four of the zone circuit outputs to be tied 
together and a common load connected externally to drive the alarm and/or dialing cir-
cuits. If one of the zone sensors opens, indicating a break-in,  Q  1  turns  off  and its collector 
voltage goes to  V CC  . This turns on  Q  2 , causing it to saturate. The  on  state of  Q  2  will then 
activate the audible alarm and the telephone dialing sequence.  

Zone 1 sensors

Transistor
switching
circuits

Audible
alarm

Telephone
dialer

Zone 4 sensors

Zone 3 sensors

Zone 2 sensors

 FIGURE SE3–7         Block diagram of security alarm system.   

To transistor
switching circuit

�VCC

To transistor
switching circuit

�VCC

(a) Series zone sensors are normally closed.

(b) Intrusion into the zone causes a sensor to open.

 FIGURE SE3–8         Zone sensor confi guration.   
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R1

R2

R3
R4

 Q1

+VCC

 Q2

Output to
alarm/dialing
circuit

Input from zone
sensors

 FIGURE SE3–9         One of the four identical transistor switching circuits.   

   3–8  TRANSISTOR PACKAGES 
AND TERMINAL IDENTIFICATION 

  Transistors are available in a wide range of package types for various applications. Those with 
mounting studs or heat sinks are usually power transistors. Low-power and medium-power 
transistors are usually found in smaller metal or plastic cases. Still another package classifi ca-
tion is for high-frequency devices. You should be familiar with common transistor packages 
and be able to identify the emitter, base, and collector terminals. This section is about transis-
tor packages and terminal identifi cation.   

  After completing this section, you should be able to  

  •   Identify various types of transistor package confi gurations 

   •   List three broad categories of transistors  

  •   Recognize various types of cases and identify the pin confi gurations     

  Transistor Categories 
 Manufacturers generally classify their bipolar junction transistors into three broad categories: 
general-purpose/small-signal devices, power devices, and RF (radio frequency/microwave) 
devices. Although each of these categories, to a large degree, has its own unique package 

  1.    When a transistor is used as a switching device, in what two 
states is it operated?   

  2.    When does the collector current reach its maximum value?   

  3.    When is the collector current approximately zero?   

  4.    When is  V  CE  equal to  V  CC ?   

  5.    What is meant by hysteresis in a switching circuit?                                 

    SECTION 3–7 CHECKUP 
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types, you will fi nd certain types of packages used in more than one device category. 
While keeping in mind there is some overlap, we will look at transistor packages for each 
of the three categories so that you will be able to recognize a transistor when you see one 
on a circuit board and have a good idea of what general category it is in. 

  GENERAL-PURPOSE/SMALL-SIGNAL TRANSISTORS     General-purpose/
small-signal transistors are generally used for low- or medium-power amplifi ers or switch-
ing circuits. The packages are either plastic or metal cases. Certain types of packages con-
tain multiple transistors.  Figure   3–50    illustrates common plastic cases,  Figure   3–51    shows 
packages called  metal cans,  and  Figure   3–52    shows multiple-transistor packages. Some of 
the multiple-transistor packages such as the dual-in-line (DIP) and the small-outline (SO) 
are the same as those used for many integrated circuits. Typical pin connections are shown 
so you can identify the emitter, base, and collector.     

2 Emitter

1
Base

3 Collector

1

2

3

(c) SOT-23 or TO-236AB

1 Emitter

2
Base

3 Collector

1
2

3

(b) TO-92 or TO-226AE(a) TO-92 or TO-226AA

1

2
3

1 Emitter

2
Base

3 Collector

 FIGURE 3–50         Plastic cases for general-purpose/small-signal transistors. 
Both old and new JEDEC TO numbers are given. Pin confi gurations may vary. 
Always check the data sheet.   

(a) TO-18 or TO-206AA

1 Emitter

2
Base

3 Collector

3 2
1

1 Emitter

2
Base

3 Collector

3 2 1

(d) TO-52 or TO-206AC

1 Emitter

2
Base

3 Collector

3 2 1

(b) TO-39 or TO-205AD

1 Emitter

2
Base

3 Collector

4 Case

(e) TO-72 or TO-206AF

3 2 4 1

1 Emitter

2
Base

3 Collector

3 2 1

(c) TO-46 or TO-206AB

3 Collector

(f) Pin configuration (bottom view).
     Emitter is closest to tab.

2 Base

1 Emitter

 FIGURE 3–51         Metal cans for general-purpose/small-signal transistors.   

  POWER TRANSISTORS     Power transistors are used to handle large currents 
(typically more than 1 A) and/or large voltages. For example, the fi nal audio stage in a 
stereo system uses a power transistor amplifi er to drive the speakers.  Figure   3–53    shows 
some common package confi gurations. In most applications, the metal tab or the metal 
case is common to the collector and is thermally connected to a heat sink for heat dis-
sipation. Notice in part (g) how the small transistor chip is mounted inside the much 
larger package.   
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(a) Dual metal can. Tab indicates pin 1.

16

1
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15
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10
9

1
2
3
4
5
6
7
8

9
(c) Quad small outline (SO) package for
      surface-mount technology

Collector 9

1

7 Collector

Base 1
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(d) Dual ceramic flat-pack

(b) Quad dual-in-line (DIP) and quad
      flat-pack. Dot indicates pin 1.

14

1

14

1

14 13 12 11 10 9 8

1 2 3 4 5 6 7

 FIGURE 3–52         Typical multiple-transistor packages.   

(g) Cutaway view of tiny transistor chip mounted in the encapsulated package(f) Surface-mount technology
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C

(e) TO-225AA

E
C

B

(d) TO-220AB

B
C
E

C

(c) TO-218AC

C

E

B

C

(b) TO-218

C

C
B

E

(a) TO-3 or TO-204AE

C (case)

E

B

 FIGURE 3–53         Typical power transistors.   

  RF TRANSISTORS     RF transistors are designed to operate at extremely high frequen-
cies and are commonly used for various purposes in communications systems and other 
high-frequency applications. Their unusual shapes and lead confi gurations are designed to 
optimize certain high-frequency parameters.  Figure   3–54    shows some examples.  
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  Troubleshooting a Biased Transistor 
 Several faults can occur in a simple transistor bias circuit. Possible faults are open 
bias resistors, open or resistive connections, shorted connections, and opens or 
shorts internal to the transistor itself.  Figure   3–55    is a basic transistor bias circuit 
with all voltages referenced to ground. The two bias voltages are  V  BB  = 3 V and 
 V  CC  = 9 V. The correct voltages at the base and collector are shown. Analytically, 
these voltages are determined as follows. A b DC  = 200 is taken as midway between 
the minimum and maximum values of  h  FE  given on the data sheet for the 2N3904 in 
 Figure   3–25   . A different  h  FE  (b DC ), of course, will produce different results for the 
given circuit. 

    VB = VBE = 0.7 V    

    IB =
VBB - VBE

RB
=

3 V - 0.7 V

56 k�
=

2.3 V

56 k�
= 41.1 mA   

    IC = bDCIB = 200(41.1 mA) = 8.2 mA    

    VC = VCC - ICRC = 9 V - (8.2 mA)(560 �) = 4.4 V     

E B

C E

(a) (b)

E B

C E

(c) (d)

E

C

C E

B

CE

B

 FIGURE 3–54         Examples of RF transistors.   

  1.    List the three broad categories of bipolar junction transistors.   

  2.    In a single-transistor metal case, how do you identify the leads?   

  3.    In power transistors, the metal mounting tab or case is con-
nected to which transistor region?       

    SECTION 3–8 CHECKUP 

   3–9  TROUBLESHOOTING 
  As you already know, a critical skill in electronics is the ability to identify a circuit malfunction 
and to isolate the failure to a single component if possible. In this section, the basics of trouble-
shooting transistor bias circuits and testing individual transistors are covered.   

  After completing this section, you should be able to  

  •   Troubleshoot various faults in transistor circuits 

   •   Defi ne  fl oating point   

  •   Use voltage measurements to identify a fault in a transistor circuit  

  •   Use a DMM to test a transistor  

  •   Explain how a transistor can be viewed in terms of a diode equivalent  

  •   Discuss in-circuit and out-of-circuit testing  

  •   Discuss point-of-measurement in troubleshooting  

  •   Discuss leakage and gain measurements     

56 k�

+VCC
+9 V

+VBB
+3 V

RB

RC
560 �

4.4 V

0.7 V 2N3904

 FIGURE 3–55         A basic 
transistor bias circuit.   
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 Several faults that can occur in the circuit and the accompanying symptoms are 
illustrated in  Figure   3–56   . Symptoms are shown in terms of measured voltages that are 
incorrect. The term  fl oating point  refers to a point in the circuit that is not electrically 
connected to ground or a “solid” voltage. Normally, very small and sometimes fl uctuating 
voltages in the mV to low mV range are generally observed at fl oating points. The faults 
in  Figure   3–56    are typical but do not represent all possible faults that may occur.   

+VCC
+9 V

+VBB
+3 V

+VCC
+9 V

+VBB
+3 V

+VCC
+9 V

+VBB
+3 V

+VCC
+9 V

+VBB
+3 V

+VCC
+9 V

+VBB
+3 V

+VCC
+9 V

+VBB
+3 V

(d)

RB

RC

56 k�

0.5 V – 0.7 V

2N3904

560 �
OPEN

(e)

RB

RC

56 k�
2N3904

560 �

OPEN

+3 V

9 V

0 V

(f)

RB

RC

56 k�
2N3904

560 �

+3 V

9 V

2.5 V
or more

OPEN

9 V

RB

RC 560 �

OPEN

9 V

μV

2N3904

(a)

RB

RC

56 k�

OPEN

0.5 V – 0.7 V

μV

2N3904

(b)

RC 560 �

9 V

2N3904
56 k�

RB

OPEN

(c)

+3 V

Fault: Open base resistor.
Symptoms: Readings from μV to a
few mV at base due to floating point.
9 V at collector because transistor is
in cutoff.

Fault: Open collector resistor.
Symptoms:  Readings from μV to a
few mV at collector  due to floating
point. 0.5 V – 0.7 Vat base due to
forward voltage drop across the base-
emitter junction.

Fault: Base internally open.
Symptoms:  3 V at base lead.
9 V at collector because transistor
is in cutoff.

Fault: Collector internally open.
Symptoms:  0.5 V – 0.7 V at base
lead due to forward voltage drop
across base-emitter junction. 9 V at
collector because the open prevents
collector current.

Fault: Emitter internally open.
Symptoms:  3 V at base lead. 9 V
at collector because there is no
collector current. 0 V at the emitter
is normal.

Fault: Open ground connection.
Symptoms:  3 V at base lead. 9 V
at collector because there is no
collector current. 2.5 V or more at the
emitter due to the forward voltage
drop across the base-emitter junction.
The measuring voltmeter provides a
forward current path through its
internal resistance.

 FIGURE 3–56         Typical faults and symptoms in the basic transistor bias circuit.   

  Testing a Transistor with a DMM 
 A digital multimeter can be used as a fast and simple way to check a transistor for open or 
shorted junctions. For this test, you can view the transistor as two diodes connected as 
shown in  Figure   3–57    for both  npn  and  pnp  transistors. The base-collector junction is one 
diode and the base-emitter junction is the other.  

 Recall that a good diode will show an extremely high resistance (or open) with 
reverse bias and a very low resistance with forward bias. A defective open diode will show 
an extremely high resistance (or open) for both forward and reverse bias. A defective 
shorted or resistive diode will show zero or a very low resistance for both forward and 
reverse bias. An open diode is the most common type of failure. Since the transistor  pn  
junctions are, in effect diodes, the same basic characteristics apply. 
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  THE DMM DIODE TEST POSITION     Many digital multimeters (DMMs) have a 
 diode test  position that provides a convenient way to test a transistor. A typical DMM, as 
shown in  Figure   3–58   , has a small diode symbol to mark the position of the function 
switch. When set to diode test, the meter provides an internal voltage suffi cient to forward-
bias and reverse-bias a transistor junction. This internal voltage may vary among different 
makes of DMM, but 2.5 V to 3.5 V is a typical range of values. The meter provides a volt-
age reading to indicate the condition of the transistor junction under test.    
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      the BE junction
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(c) Forward-bias test of
      the BC junction

(d) Reverse-bias test of
      the BC junction             

 FIGURE 3–58         Typical DMM test of a properly functioning npn transistor. Leads are reversed for 
a pnp test.   

  WHEN THE TRANSISTOR IS NOT DEFECTIVE     In  Figure   3–58   (a), the V � 
(positive) lead of the meter is connected to the base of an  npn  transistor and the COM 
(negative) lead is connected to the emitter to forward-bias the base-emitter junction. If the 
junction is good, you will get a reading of between 0.5 V and 0.9 V, with 0.7 V being 
typical for forward bias. 

 In  Figure   3–58   (b), the leads are switched to reverse-bias the base-emitter junction, as 
shown. If the transistor is working properly, you will get an open circuit (OL) indication. 
The OL reading indicates that the junction has an extremely high reverse resistance. 

 The process just described is repeated for the base-collector junction as shown in  Figure 
  3–58   (c) and (d). For a  pnp  transistor, the polarity of the meter leads are reversed for each test.  

  WHEN THE TRANSISTOR IS DEFECTIVE     When a transistor has failed with 
an open junction or internal connection, you get an open circuit (OL) reading for both the 
forward-bias and the reverse-bias conditions for that junction, as illustrated in  Figure   3–59   (a). 
If a junction is shorted, the meter reads 0 V in both forward- and reverse-bias tests, as indi-
cated in part (b). Sometimes, a failed junction may exhibit a small resistance for both bias 
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(a)  Both junctions should read
      0.7 V ± 0.2 V when
      forward-biased.

(b)  Both junctions should
       ideally read OPEN when
       reverse-biased.

 FIGURE 3–57         A transistor viewed as two diodes.   
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(a) Forward-bias test and reverse-
 bias test give the same reading
 (OL is typical) for an open
 BC junction.

(b) Forward- and reverse-bias tests 
 for a shorted junction give the
 same 0 V reading.
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 FIGURE 3–59         Testing a defective npn transistor. Leads are reversed for 
a pnp.   

conditions rather than a pure short. In this case, the meter will show a small voltage much 
less than the correct open voltage. For example, a resistive junction may result in a reading 
of 1.1 V in both directions rather than the correct readings of 0.7 V forward and OL reverse.  

 Some DMMs provide a test socket on their front panel for testing a transistor for the  h  FE  
(b DC ) value. If the transistor is inserted improperly in the socket or if it is not functioning 
properly due to a faulty junction or internal connection, a typical meter will fl ash a 1 or display 
a 0. If a value of b DC  within the normal range for the specifi c transistor is displayed, the device 
is functioning properly. The normal range of b DC  can be determined from the data sheet.  

  CHECKING A TRANSISTOR WITH THE OHMS FUNCTION     DMMs that 
do not have a diode test position or an  h  FE  socket can be used to test a transistor for open 
or shorted junctions by setting the function switch to an OHMs range. For the forward-bias 
check of a good transistor  pn  junction, you will get a resistance reading that can vary 
depending on the meter’s internal battery. Many DMMs do not have suffi cient voltage on 
the OHMs range to fully forward-bias a junction, and you may get a reading of from sev-
eral hundred to several thousand ohms. 

 For the reverse-bias check of a good transistor, you will get an out-of-range indica-
tion on most DMMs because the reverse resistance is too high to measure. 

 Even though you may not get accurate forward and reverse resistance readings on a 
DMM, the relative readings are suffi cient to indicate a properly functioning transistor  pn  
junction. The out-of-range indication shows that the reverse resistance is very high, as you 
expect. The reading of a few hundred to a few thousand ohms for forward bias indicates 
that the forward resistance is small compared to the reverse resistance, as you expect.   

  Transistor Testers 
 A comprehensive test of a transistor can be performed with a transistor curve tracer, shown 
in  Figure   3–60   . The curve tracer can show the characteristic curve for all types of transis-
tors, as well as other solid-state devices. It can measure most of the important parameters 
for these devices. Some advanced curve tracers can perform these measurements auto-
matically and include automated setup and sequencing through a variety of measurements, 
data storage, and direct hard copy output of measurements for documentation.  

 There are various reasons for measuring the characteristics of a device. In engineer-
ing work, it is useful to know certain parameters to completely understand a circuit’s 
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performance. Component manufacturers measure characteristics in order to develop bet-
ter products and to characterize production runs. Sometimes a curve tracer is used for 
incoming test, quality control, or sorting components. Finally, of course, there are educa-
tional reasons to study the parameters of various active devices. 

 Although a curve tracer is the ultimate transistor tester, it is better to test a transistor 
in the circuit, particularly if it is soldered in place. Good troubleshooting practice dictates 
that you do not unsolder a component unless you are reasonably sure it is bad or you sim-
ply cannot isolate the trouble any other way. A circuit that is not working may have a good 
transistor or a bad one as illustrated in the simplifi ed circuit in the following two cases. 

  CASE 1     If the transistor tests defective, it should be carefully removed and replaced 
with a known good one. An out-of-circuit check of the replacement device is usually a 
good idea, just to make sure it is OK. The transistor is plugged into the socket on the tran-
sistor tester for out-of-circuit tests.  

  CASE 2     If the transistor tests good in-circuit but the circuit is not working properly, 
examine the circuit board for a poor connection at the collector pad or for a break in the 
connecting trace. A poor solder joint often results in an open or a highly resistive contact. 
A troubleshooter can isolate the problem with voltage measurements. The physical point at 
which you actually measure the voltage is very important in this case. For example, if you 
check the collector lead when there is an external open at the collector pad, you will get a 
fl oating point. If you measure on the connecting trace or on the  R  C  lead, you will read  V  CC . 
This situation is illustrated in  Figure   3–61   .   

 FIGURE 3–60         Transistor curve tracer. Copyright © Tektronix, Inc. 

Reprinted with permission.   

E B C

VCC

OPEN connection
at pad

Meter reads dc
supply voltage.

A few μV to a few
mV  indicates
a floating point.

GND

 FIGURE 3–61         The indication of an open, when it is in the external 
 circuit, depends on where you measure.   
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  IMPORTANCE OF POINT-OF-MEASUREMENT IN TROUBLESHOOTING     
In case 2, if you had taken the initial measurement on the transistor lead itself and the open 
were  internal  to the transistor as shown in  Figure   3–62   , you would have measured  V  CC . 
This would have indicated a defective transistor even before the tester was used. This sim-
ple concept emphasizes the importance of point-of-measurement in certain troubleshoot-
ing situations.  

GND

E B C

VCC

Meter reads dc
supply voltage.

Collector OPEN internally

 FIGURE 3–62         Illustration of an internal open. Compare 
with  Figure   3–61   .   

10 V

3 VGND

E B C

VVμ

V

 FIGURE 3–63        

  E X A M P L E  3 – 1 7 

 What fault do the measurements in  Figure   3–63    indicate? (The probe is shown in 
three different locations.)  

  S O L U T I O N 

 The transistor is in cutoff, as indicated by the 10 V measurement on the collector 
lead. The base bias voltage of 3 V appears on the PC board contact but not on the 
transistor lead as indicated by the fl oating point measurement. This shows that 
there is an open external to the transistor between the two measured base points. 
Check the solder joint at the base contact on the PC board. If the open were inter-
nal, there would be 3 V on the base lead.  

  P R A C T I C E  E X E R C I S E 

 If the meter in  Figure   3–63    that now reads 3 V indicates a fl oating point when 
touching the circuit board pad, what is the most likely fault?     



166   CHAPTER 3  •   BIPOLAR JUNCTION TRANSISTORS (BJTs)

  Leakage Measurement 
 Very small leakage currents exist in all transistors and, in most cases, are small enough to 
neglect (usually nA). When a transistor is connected as shown in  Figure   3–64   (a) with the 
base open ( I  B  = 0), it is in cutoff. Ideally  I  C  = 0, but actually there is a small current 
from collector to emitter, as mentioned earlier, called  I  CEO  (collector-to-emitter current 
with base open). This leakage current is usually in the nA range for silicon. A faulty tran-
sistor will often have excessive leakage current and can be checked in a transistor tester, 
which connects an ammeter as shown in part (a). Another leakage current in transistors is 
the reverse collector-to-base current,  I  CBO . This is measured with the emitter open, as 
shown in  Figure   3–64   (b). If it is excessive, a shorted collector-base junction is likely.   

– +

RC
– +ICBO

(b) Circuit for ICBO test

RC

–

+

– +ICEO

(a) Circuit for ICEO test

VCC

 FIGURE 3–64         Leakage current test circuits.   

  Gain Measurement 
 In addition to leakage tests, the typical transistor tester also checks the b DC . A known 
value of  I  B  is applied and the resulting  I  C  is measured. The reading will indicate the value 
of the  I  C >  I  B  ratio, although in some units only a relative indication is given. Most testers 
provide for an in-circuit b DC  check, so that a suspected device does not have to be removed 
from the circuit for testing. 

  1.    If a transistor on a circuit board is suspected of being faulty, 
what should you do?   

  2.    In a transistor bias circuit, such as the one in  Figure   3–55   , 
what happens if  R  B  opens?   

  3.    In a circuit such as the one in  Figure   3–55   , what are the base 
and collector voltages if there is an external open between the 
emitter and ground?                         

    SECTION 3–8 CHECKUP 

     SUMMARY 
   •   A bipolar junction transistor (BJT) consists of three regions: emitter, base, and collector. The term 

 bipolar  refers to two types of current: electron current and hole current.  

  •   The three regions of a BJT are separated by two  pn  junctions.  

  •   The two types of bipolar transistor are the  npn  and the  pnp.   

  •   In normal operation, the base-emitter (BE) junction is forward-biased and the base-collector (BC) 
junction is reverse-biased.  

  •   The three currents in a BJT are base current, emitter current, and collector current. They are 
related to each other by this formula:  I  E  =  I  C  +  I  B .  

  •   Characteristic collector curves for a BJT are a family of curves showing  I  C  versus  V  CE  for a given 
set of base currents.  

  •   When a BJT is in cutoff, there is essentially no collector current except for a very tiny amount of 
collector leakage current,  I  CEO .  V  CE  is a maximum.  
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  •   When a BJT is saturated, there is maximum collector current as determined by the external 
circuit.  

  •   A load line represents all possible operating points for a circuit, including cutoff and saturation. 
The point at which the actual base current line intersects the load line is the quiescent or Q-point 
for the circuit.  

  •   Base bias uses a single resistor between the power supply and the base terminal.  

  •   Collector-feedback bias uses a single resistor between the collector and base terminals.  

  •   Voltage-divider bias is a very stable form of bias that uses two resistors to form a voltage divider 
in the base circuit.  

  •   Emitter bias is a very stable form of bias that uses both positive and negative power supplies and 
a single resistor between the base terminal and ground.  

  •   DC values are identifi ed with capital-letter nonitalic subscripts; ac values are identifi ed with low-
ercase italic subscripts.  

  •   Manufacturer’s data sheets typically show maximum voltage, current, and power ratings for vari-
ous parameters.  

  •   Coupling capacitors are connected in series with the ac signal to bring it into and out of the amplifi er.  

  •   Bypass capacitors are connected in parallel with a resistor to provide an ac path around the resistor.  

  •   Common-emitter (CE), common-collector (CC), and common-base (CB) designations refer to the 
common terminal for the ac signal.  

  •   Voltage gain for CE, CC, and CB amplifi ers can be found using a ratio of ac resistances.  

  •   A darlington pair is a two-transistor confi guration that is equivalent to a single very high-beta 
transistor.  

  •   In switching circuits, transistors are designed to operate at either cutoff or saturation, the equiva-
lent of an open or closed switch.    

  KEY TERMS 
  Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary.  

  ac beta (B  ac  )      The ratio of a change in collector current to a corresponding change in base current 
in a bipolar junction transistor.   

  Base      One of the semiconductor regions in a BJT.   

  Bipolar junction transistor (BJT)      A transistor constructed with three doped semiconductor 
regions separated by two  pn  junctions.   

  Collector      One of the semiconductor regions in a BJT.   

  Common-base (CB)      A BJT amplifi er confi guration in which the base is the common terminal to 
an ac signal or ground.   

  Common-collector (CC)      A BJT amplifi er confi guration in which the collector is the common 
terminal to an ac signal or ground.   

  Common-emitter (CE)      A BJT amplifi er confi guration in which the emitter is the common termi-
nal to an ac signal or ground.   

  Cutoff      The nonconducting state of a transistor.   

  dc beta (B DC )      The ratio of collector current to base current in a bipolar junction transistor.   

  Emitter      One of the three semiconductor regions in a BJT.   

  Negative feedback      The process of returning a portion of the output back to the input in a manner 
to cancel changes that may occur at the input.   

  Saturation      The state of a BJT in which the collector current has reached a maximum and is inde-
pendent of the base current.    

  KEY FORMULAS 
    (3–1)  IE � IC � IB     Relationship of key transistor currents 

    (3–2)  BDC �
IC

IB
     Defi nition of b DC  
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    (3–3)  IC � BDCaVCC � VBE

RB
b      Collector current for base bias 

    (3–4)  IC �
VCC � VBE

RC � RB ,BDC
      Collector current for collector-feedback 

bias 

    (3–5)  VB � a R2

R1 � R2
bVCC     Base voltage for voltage-divider bias 

    (3–6)  VE � VB � 0.7 V     Emitter voltage for voltage-divider bias 

    (3–7)  VC � VCC � ICRC      Collector voltage for CE and CB 
 amplifi ers 

    (3–8)  Bac �
Ic

Ib
     Defi nition of b  ac   

    (3–9)  r�e �
25 mV

IE
     AC emitter resistance 

    (3–10)  Av @ �
Rc

Re
     Voltage gain for CE amplifi er 

    (3–11)  Rin(tot) � R1 }  R2 }  [Bac(r�e � RE1)]      Input resistance for CE amplifi er with 
voltage-divider bias ( R  E1  is not 
bypassed) 

    (3–12)  Av @ 1     Voltage gain for CC amplifi er 

    (3–13)  Rin(tot) � R1 }  R2 }  [Bac(r�e � RE }  RL)]      Input resistance for CC amplifi er with 
voltage-divider bias and load resistor 

    (3–14)  Ai �
Rin(tot)

RL
     Current gain for CC amplifi er 

    (3–15)  Av @
Rc

Re
     Voltage gain for a CB amplifi er 

    (3–16)  Rin(tot) @ r�e � RE1      Input resistance for CB amplifi er with 
swamping resistor  

  SELF-TEST 
 Answers are at the end of the chapter. 

   1.    The  n -type regions in an  npn  bipolar junction transistor are  

   (a)   collector and base     (b)   collector and emitter  
  (c)   base and emitter     (d)   collector, base, and emitter    

   2.    The  n -region in a  pnp  transistor is the  

   (a)   base      (b)   collector      (c)   emitter      (d)   case    

   3.    For normal operation of an  npn  transistor, the base must be  

   (a)   disconnected     (b)   negative with respect to the emitter  
  (c)   positive with respect to the emitter     (d)   positive with respect to the collector    

   4.    Beta (b) is the ratio of  

   (a)   collector current to emitter current     (b)   collector current to base current  
  (c)   emitter current to base current     (d)   output voltage to input voltage    

   5.    Two currents that are nearly the same in normal operation are  

   (a)   collector and base     (b)   collector and emitter  
  (c)   base and emitter     (d)   input and output    

   6.    If the base current for a transistor operating below saturation is increased, the collector current  

   (a)   increases and the emitter current decreases  
  (b)   decreases and the emitter current decreases  
  (c)   increases and the emitter current does not change  
  (d)   increases and the emitter current increases    
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   7.    A saturated bipolar transistor can be recognized by  

   (a)   a very small voltage between the collector and emitter  
  (b)    V  CC  between collector and emitter  
  (c)   a base emitter drop of 0.7 V  
  (d)   no base current    

   8.    The voltage gain for a common-emitter (CE) amplifi er can be expressed as a ratio of  

   (a)   ac collector resistance to ac input resistance  
  (b)   ac emitter resistance to ac input resistance  
  (c)   dc collector resistance to dc emitter resistance  
  (d)   none of the above    

   9.    The voltage gain for a common-collector (CC) amplifi er   

   (a)   depends on the input signal     (b)   depends on the transistor’s b  
  (c)   is approximately 1     (d)   none of the above    

   10.    In a CE amplifi er, the capacitor from emitter to ground is called the  

   (a)   coupling capacitor     (b)   decoupling capacitor  
  (c)   bypass capacitor     (d)   tuning capacitor    

   11.    If the capacitor from emitter to ground in a CE amplifi er is removed, the voltage gain  

   (a)   increases      (b)   decreases      (c)   is not affected      (d)   becomes erratic    

   12.    When the collector resistor in a CE amplifi er is increased in value, the voltage gain  

   (a)   increases      (b)   decreases      (c)   is not affected      (d)   becomes erratic    

   13.    The input resistance of a CE amplifi er is affected by  

   (a)   the bias resistors     (b)   the collector resistor  
  (c)   answers (a) and (b)     (d)   neither (a) nor (b)    

   14.    The output signal of a CB amplifi er is always  

   (a)   in phase with the input signal     (b)   out of phase with the input signal  
  (c)   larger than the input signal     (d)   equal to the amplitude of the input signal    

   15.    The output signal of a CC amplifi er is always  

   (a)   in phase with the input signal     (b)   out of phase with the input signal  
  (c)   larger than the input signal     (d)   exactly equal to the input signal    

   16.    A darlington pair is two transistors connected to give  

   (a)   very high voltage gain     (b)   very high b  
  (c)   very low input resistance     (d)   very low output resistance    

   17.    Compared to CE and CC amplifi ers, the common-base (CB) amplifi er has a  

   (a)   lower input resistance     (b)   much larger voltage gain  
  (c)   larger current gain     (d)   higher input resistance    

   18.    Compared to a normal transistor switch, a transistor switch with hysteresis has  

   (a)   high input impedance     (b)   faster switching time  
  (c)   higher output current     (d)   two switching thresholds     

  TROUBLESHOOTER’S QUIZ 
  Answers are at the end of the chapter.  

  Refer to  Figure   3–71   .    

  • If  R  2  is open,   

   1.     V  B  will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.     V  C  will  

   (a)   increase      (b)   decrease      (c)   not change    



       • If  R  C  is open,   

   3.     V  B  will  

   (a)   increase      (b)   decrease      (c)   not change    

   4.     V  C  will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   3–74   .    

  • If  R  E  is 560 � instead of 390 �,   

   5.    The dc collector voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   6.    The voltage gain will  

   (a)   increase      (b)   decrease      (c)   not change    

       • If  C  2  is open,   

   7.    The dc emitter voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   8.    The voltage gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   9.    The input impedance will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   3–76   .    

  • If  V  CC  is 15 V,   

   10.    The voltage gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   11.    The input impedance will  

   (a)   increase      (b)   decrease      (c)   not change     
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  PROBLEMS 
 Answers to odd-numbered problems are at the end of the book. 

   SECTION   3–1        Structure of Bipolar Junction Transistors  

   1.    What is the exact value of  I  C  for  I  E  = 5.34 mA and  I  B  = 47.5 mA?   

   2.    A certain transistor has an  I  C  = 25 mA and an  I  B  = 200 mA. Determine the b DC .   

   3.    In a certain transistor circuit, the base current is 2% of the 30 mA emitter current. Determine the 
approximate collector current.   

   4.    Find  V  E  and  I  C  in  Figure   3–65   .    
   5.    Determine the  I  B ,  I  C , and  V  C  for the transistor circuit in  Figure   3–66   . Assume b DC  = 75.    
   6.    Draw the dc load line for the transistor circuit in  Figure   3–67   .    
   7.    Determine  I  B ,  I  C , and  V  C  in  Figure   3–67   .   
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   SECTION   3–2        BJT Bias Circuits  

   8.    For the base-biased  npn  transistor in  Figure   3–68   , assume b DC  = 100. Find  I  C  and  V  CE .    
   9.    Repeat Problem 8 for b DC  = 300. ( Hint:  The transistor is now saturated!)   

   10.    For the base-biased  pnp  transistor in  Figure   3–69   , assume b DC  = 200. Find  I  C  and  V  CE .    
   11.    For each of the following conditions in the circuit of  Figure   3–69   , determine if the collector 

current will increase, decrease, or remain the same: 
   (a)   the base is shorted to ground     (b)    R  C  is smaller  
  (c)   the transistor has a higher b     (d)   the temperature increases  
  (e)    R  B  is smaller     

   12.    For the collector-feedback bias circuit in  Figure   3–70   , determine  I  C  and  V  CE . Assume 
b DC  = 100.    

   13.    For the voltage-divider biased circuit in  Figure   3–71   , determine  I  C  and  V  CE .    
   14.    For the voltage-divider biased ( pnp ) circuit in  Figure   3–72   , determine  I  C  and  V  CE .    
   15.    Determine the end points for the dc load line,  I  C(sat)  and  V  CE(cutoff)  for  Figure   3–72   .   

   16.    For the emitter-bias circuit in  Figure   3–73   , determine  I  C  and  V  CE .    

RC
6.2 k�

+VCC
+15 V

R1
56 k�

RE
1.0 k�

R2
6.8 k�

 FIGURE 3–71        

RE
2.7 k�

+VEE
+15 V

R1
33 k�

R2
47 k�

 FIGURE 3–72        

RC
270 �

+VCC
+18 V

RE
470 �

RB
5.1 k�

–VEE
–18 V

 FIGURE 3–73        

+10 V

βDC = 250
22 k�

1.0 k�

–

+
1.0 V

 FIGURE 3–67        



172   CHAPTER 3  •   BIPOLAR JUNCTION TRANSISTORS (BJTs)

   SECTION   3–3        Data Sheet Parameters and AC Considerations  

   17.    For the circuit in  Figure   3–73   , determine dc power dissipated in the transistor.   

   18.    Assume the transistor in  Figure   3–73    is a 2N3904. Can the power supplies be increased to 24 V 
without exceeding  P  D(max) ? (Data sheet is  Figure   3–25   .)    

   19.    Assume that  R  C  in  Figure   3–73    was replaced with a 330 � resistor. 
   (a)   What is the new value of  I  C  and  V  CE ?  
  (b)   What is the power dissipated in  R  C  as a result of this change?  
  (c)   What is the power dissipated in the transistor as a result of this change?     

   20.    A certain transistor is to be operated at a collector current of 50 mA. How high can  V  CE  go 
without exceeding a  P  D(max)  of 1.2 W?   

   SECTION   3–4        Common-Emitter Amplifi ers  

   21.    Determine the dc voltages,  V  B ,  V  E , and  V  C , with respect to ground in  Figure   3–74   .    
   22.    Determine the voltage gain for the CE amplifi er in  Figure   3–74   .   

   23.    The amplifi er in  Figure   3–75    has a variable gain control, using a 100 � potentiometer for  R  E  
with the wiper ac grounded. As the potentiometer is adjusted, more or less of  R  E  is bypassed to 
ground, thus varying the gain. The total  R  E  remains constant to dc, keeping the bias fi xed. 
Determine the maximum and minimum gains for this amplifi er.    

   24.    If a load resistance of 600 � is placed on the output of the amplifi er in  Figure   3–75   , what is the 
maximum gain?   
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   SECTION   3–5        Common-Collector Amplifi ers  

   25.    For the CC amplifi er in  Figure   3–76   , compute the total ac input resistance and the current gain 
to the load. Assume b  ac   = 150.    

   26.    Draw the ac equivalent circuit for the CC amplifi er in  Figure   3–76   .   

   27.    Compute the ac saturation current ( I c   ( sat ) ) and ac cutoff voltage ( V ce   ( cutoff ) ) for the CC amplifi er 
in  Figure   3–76   .   

   28.    For the  pnp  CC amplifi er in  Figure   3–72   , show where the input and output signals should be 
connected.   
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   SECTION   3–8        Transistor Packages and Terminal Identifi cation  

   35.    Identify the leads on the transistors in  Figure   3–79   . Bottom views are shown.    
   36.    What is the most probable category of each transistor in  Figure   3–80   ?    

   SECTION   3–6        Common-Base Amplifi ers  

   29.    What is the main disadvantage of the CB amplifi er compared to the CE and the emitter-follower?   

   30.    For the CB amplifi er in  Figure   3–77   , compute the following:  V  B ,  V  E ,  V  C ,  V  CE ,  r �  e  ,  A v .     
   31.    For the CB amplifi er in  Figure   3–77   , compute the input resistance,  R in   ( tot ) .   

   32.    For the CB amplifi er in  Figure   3–77   , what is the purpose of  R  E1 ?   

   SECTION   3–7        The Bipolar Transistor as a Switch  

   33.    Determine  I  C(sat)  for  Q  1  and  Q  2  in  Figure   3–43   .   

   34.    The transistor in  Figure   3–78    has b DC  = 100. Determine the maximum value of  R  B  that will 
ensure saturation when  V  IN  is 5 V.    
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   SECTION   3–9        Troubleshooting  

   37.    In an out-of-circuit test of a good  npn  transistor, what should an analog ohmmeter indicate 
when its positive probe is touching the emitter and the negative probe is touching the base? 
When its positive probe is touching the base and the negative probe is touching the emitter?   
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   38.    What is the most likely problem, if any, in each circuit of  Figure   3–81   ? Assume b DC  = 75.    
   39.    What is the value of the dc beta of each transistor in  Figure   3–82   ?     
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 FIGURE 3–82        

  MULTISIM TROUBLESHOOTING 
PROBLEMS 
   40.    Open fi le P03-40 and determine the fault.   

   41.    Open fi le P03-41 and determine the fault.   

   42.    Open fi le P03-42 and determine the fault.   

   43.    Open fi le P03-43 and determine the fault.   

   44.    Open fi le P03-44 and determine the fault.   

   45.    Open fi le P03-45 and determine the fault.    

MULTISIM
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  ANSWERS TO SECTION CHECKUPS 
   SECTION   3–1     

   1.   Emitter, base, collector  

   2.   Saturation means there is maximum conduction and the voltage from collector to emitter is 
close to zero. Cutoff is essentially when there is no collector current and the power supply volt-
age appears between the collector and the emitter.  

   3.   The ratio of collector current to base current in a bipolar junction transistor  

   SECTION   3–2     

   1.   Base, collector-feedback, voltage-divider, and emitter  

   2.   The following steps are for an  npn  transistor with a positive supply voltage: 
   (a)   Compute the base voltage using the voltage-divider rule.  
  (b)   Subtract 0.7 V to obtain the emitter voltage.  
  (c)   Apply Ohm’s law to the emitter resistor to obtain the approximate collector current.  
  (d)   Using the collector current, fi nd the voltage across the collector resistor by Ohm’s law.  
  (e)   Subtract the drop across the collector resistor from the power supply to obtain the collector 

voltage.  
  (f)   Subtract the emitter voltage from the collector voltage to obtain  V  CE .    

   3.   Approximately +1 V. (This result assumes the base resistor is connected to ground and drops a 
few tenths of a volt.)  

   SECTION   3–3     

   1.   Increases  

   2.   b DC  increases with  I  C  to a certain value and then decreases.  

   3.   Multiply  I  C  by  V  CE .  

   4.   40 mA  

   5.   A coupling capacitor is in series with the signal and passes it to or from a transistor. A bypass 
capacitor is in parallel with the signal and provides an ac path around a resistor.  

   SECTION   3–4     

   1.   The input terminal is the base; the output terminal is the collector.  

   2.   High input resistance reduces the loading effect on a source.  

   3.   The ac collector resistance is divided by the ac emitter resistance.  

   SECTION   3–5     

   1.   Emitter-follower  

   2.   1.0  

   3.   Current gain, high input resistance, low output resistance

 4.  A Darlington series pass transistor has very high gain, which reduces the required bias current 
and produces a more stable zener reference voltage.  

   SECTION   3–6     

   1.   Yes  

   2.   Very low  

   3.   Improved linearity, gain stability, increased input impedance

 4. The CB amplifi er is not affected by internal capacitances as much as the CE amplifi er because 
the CB amplifi er does not invert the signal and the CE amplifi er does.  

   SECTION   3–7     

   1.   Saturation (on) and cutoff (off)  

   2.   At saturation  

   3.   At cutoff  

   4.   At cutoff  

   5.   Two different switching thresholds  
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   SECTION   3–8     

   1.   Three categories of BJT are small signal/general purpose, power, and RF.  

   2.   Going clockwise from tab: emitter, base, and collector (bottom view).  

   3.   The metal mounting tab or case in power transistors is connected to the collector terminal.  

   SECTION   3–9     

   1.   First, test it in-circuit.  

   2.   If  R  B  opens, the transistor is in cutoff.  

   3.   The base voltage is +3 V and the collector voltage is +9 V.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   3–1    I  B  = 0.241 mA,  I  C  = 21.7 mA,  I  E  = 21.9 mA,  V  CE  = 4.23 V,  V  CB  = 3.53 V  

   3–2   Along the  x -axis  

   3–3   221  

   3–4   When b DC  is 100,  V  CE  is 5.6 V; when b DC  is 300,  V  CE  is 3.0 V.  

   3–5    V  B  = 1.51 V,  V  E  = 0.81 V,  I  E  = 1.73 mA,  I  C  = 1.73 mA,  V  CE  = 6.51 V  

   3–6    V  B  = -1.78 V,  V  E  = -1.08 V,  I  E  = 0.90 mA,  I  C  = 0.90 mA,  V  CE  = -5.88 V  

   3–7    V  E  = -0.7 V  

   3–8    V  CC(max)  = 44.5 V;  V  CE(max)  is exceeded fi rst.  

   3–9   250 �  

  3–10   Gain is reduced to -3.65.  

  3–11   3.15 k�  

  3–12   No effect on Q-point but the ac load line is steeper;  I c   ( sat )  = 8.1 mA and  V ce   ( cutoff )  = 12.6 V.  

  3–13   The voltage gain is still 1.0. The current gain rises to 19.  

  3–14   2.4 V pp  

  3–15   -6.99 V  

  3–16   78.4 mA  

  3–17    R  B  is open (this can be due to a broken trace or pad at the contact).   

  ANSWERS TO SELF-TEST 
   1.   (b)     2.   (a)     3.   (c)     4.   (b)     5.   (b)     6.   (d)     7.   (a)  

   8.   (d)     9.   (c)     10.   (c)     11.   (b)     12.   (a)     13.   (a)     14.   (a)  

   15.   (a)     16.   (b)     17.   (a)     18.   (d)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   increase     2.   decrease     3.   decrease     4.   decrease  

   5.   increase     6.   decrease     7.   not change     8.   decrease  

   9.   increase     10.   not change     11.   not change      
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  OBJECTIVES 
  •   Describe the basic classifi cations for fi eld-effect 

transistors (FETs)  

  •   Describe the construction and operation of 
 junction fi eld-effect transistors (JFETs)  

  •   Describe three bias methods for JFETs and 
explain how each method works  

  •   Explain the operation of metal-oxide semiconductor 
fi eld-effect transistors (MOSFETs)  

  •   Discuss and analyze MOSFET bias circuits  

  •   Describe the operation of FET linear amplifi ers  

  •   Discuss MOSFET analog and digital switching 
circuits   

  KEY TERMS 
    Field-effect transistor 
(FET)   
   Source   

   Drain   
   Gate   
   Junction fi eld-effect 

  INTRODUCTION 
 This chapter introduces the fi eld-effect transistor (FET), 
a transistor that works on an entirely different principle 
than the bipolar junction transistor (BJT). Although the 
idea for the FET precedes the invention of the BJT by 
decades, it wasn’t until the 1960s that commercial pro-
duction of FETs was possible. For certain applications, 
the FET is superior to the BJT. In other applications, a 
mix of the two types produces a circuit with optimum 
characteristics. There are two basic types of FETs: the 
junction fi eld-effect transistor (JFET) and the metal-
oxide semiconductor FET (MOSFET). Even though the 
MOSFET is the more common device, we will begin our 
discussion with JFETs as their construction is simpler 
and they share many of the same basic characteristics as 
MOSFETs. 

 In this chapter, JFETs and MOSFETs are shown in 
different small systems. Each illustrates an application 
that takes advantage of the unique characteristics of 
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these transistors. In addition, each of the system examples 
illustrates a different application of fi eld-effect transistors, 
including both linear and switching circuit applications. 

The chapter ends with a section covering a solar tracking 
system using MOSFET switching transistors.     

      4–1  STRUCTURE OF FIELD-EFFECT 
TRANSISTORS (FETs) 

  Recall that the bipolar junction transistor (BJT) is a current-controlled device; that is, the base 
current controls the amount of collector current. The fi eld-effect transistor (FET) is a voltage-
controlled device in which the voltage at the gate terminal controls the amount of current 
through the device. Both the BJT and the FET can be used as an amplifi er and in switching 
applications.  

   After completing this section, you should be able to  

  •   Describe the basic classifi cations for fi eld-effect transistors (FETs) 

   •   Discuss principal differences between FETs and BJTs     

  The FET Family 
  Field-effect transistors (FETs)  are a class of semiconductors that operate on an entirely 
different principle than bipolar transistors. In a FET, a narrow conducting channel is con-
nected to two leads called the  source  and the  drain . This channel is made from either an 
 n -type or  p -type material. As the name  fi eld-effect  implies, conduction in the channel is 
controlled by an electric fi eld, established by a voltage applied to a third lead called the 
 gate . In a  junction  FET (or JFET), the gate forms a  pn  junction with the channel. The other 
type of FET, called the  MOSFET ( for  M etal  O xide  S emiconductor  FET ), uses an insulated 
gate to control conduction in the channel. (The terms  insulated gate  and  MOSFET  refer to 
the same type of device.) The insulation is an extremely thin layer (61 mm) of glass (typi-
cally SiO 2 ).  Figure   4–1    is an overview of the FET family, showing the various types avail-
able. All of these types are discussed in this chapter.  

 FETs were actually thought of long before bipolar junction transistors (BJTs). J. E. 
Lilienfeld applied for a patent for a FET in 1925 (granted in 1930), but it wasn’t until the 1960s 
that FETs became commercially available. Today, MOSFETs are used in most digital inte-
grated circuits (ICs) because of several important advantages they have over BJTs, particularly 
with respect to manufacturing of large-scale ICs. MOSFETs have become the dominant type of 
transistor for digital circuits for several reasons. They can be fabricated in much smaller areas 
than BJTs, they are relatively easy to manufacture on ICs, and they produce simpler circuits 
with no resistors or diodes. All microprocessors and computer memories use FET technology. 
A brief look at how FETs are used in certain ICs is included in  Section   4–7   . 

 Compared to the BJT, the FET family is more diverse. A characteristic that differs 
between various types of FETs is their dc behavior. For example, JFETs are biased differ-
ently than E-MOSFETs. For this reason, the dc bias characteristics for each type are dis-
cussed in this chapter separately. Fortunately, bias circuits are fairly easy to understand. 
Before proceeding to bias circuits, the characteristics of the transistors that make up the 
FET family will be discussed. 

 Common to all FETs is very high input resistance and low electrical noise. In addi-
tion, both JFETs and MOSFETs respond the same way to ac signals and have similar ac 
equivalent circuits. JFETs achieve their high input resistance because the input  pn  junction 
is always operated with reverse bias; MOSFETs achieve their high input resistance because 
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of the insulated gate. Although all FETs have high input resistance, they do not have the 
high gain of bipolar junction transistors. BJTs are also inherently more linear than FETs. 
For certain applications, FETs are superior; for other applications, BJTs are superior. 
Many designs take advantage of both types and include a mix of FETs and BJTs. You need 
to understand both types of transistors.    

Field-effect
transistors

n-channelp-channel

Depletion

Junction
(JFET)

Insulated-gate
(MOSFET)

n-channelp-channel

Depletion

n-channelp-channel

Enhancement

 FIGURE 4–1         Classifi cation of fi eld-effect transistors.   

  1.    What are the three terminals of a FET called?   

  2.    What is another name for an insulated-gate FET?   

  3.    Why are MOSFETs the dominant type of transistor used in ICs?   

  4.    What are some important differences between BJTs and FETs?   

   SECTION 4–1 CHECKUP* 

  *Answers are at the end of the chapter.  

   4–2  JFET CHARACTERISTICS 
  In this section, you will see how the JFET operates as a voltage-controlled, constant-current 
device and study the drain characteristic curve and the transconductance curve. You will also 
learn about cutoff and pinch-off as well as JFET input resistance and capacitance.   

  After completing this section, you should be able to  

  •   Describe the construction and operation of junction fi eld-effect transistors (JFETs) 

   •   Draw the symbol for an  n -channel or a  p -channel JFET  

  •   Interpret the drain characteristic curve for a JFET including the ohmic and constant-
current regions  

  •   Explain the parameters  g m , I  DSS ,  I  GSS ,  C iss , V  GS(off) , and  V  P   

  •   Describe the transconductance curve for a JFET and explain how it relates to the drain 
characteristic curve     
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  JFET Operation 
  Figure   4–2   (a) shows the basic structure of an  n -channel  junction fi eld-
effect transistor (JFET) . Wire leads are connected to each end of the  n  
channel; the drain is shown at the upper end, and the source is at the 
lower end. This channel is a conductor: for an  n -channel JFET, elec-
trons are the carrier; for a  p -channel JFET, holes are the carrier. With no 
external voltages, the channel can conduct current in either direction.  

 In an  n -channel device, a  p  material is diffused into the  n -channel 
to form a  pn  junction and is connected to the gate lead. The diagram in 
 Figure   4–2   (a) shows  p -material diffused into two regions that are nor-
mally connected internally by the manufacturer to form a single gate. 
(A special-purpose JFET, called a dual-gate JFET, has a separate lead 
to each of these regions.) In the structure diagrams, the interconnection 
of both  p  regions is omitted for simplicity, with a connection to only 
one shown. A  p -channel JFET is shown in  Figure   4–2   (b). 

 As previously stated, the channel in a JFET is a narrow conduction path between the gate 
and the source. The width of the channel, and therefore its ability to conduct current, is control-
led by the gate voltage. With no gate voltage, the channel conducts the maximum current. 
When reverse bias is applied to the gate, the channel width narrows, and the conductivity drops. 

 To illustrate this operation,  Figure   4–3   (a) shows normal operating voltages applied 
to an  n -channel device.  V  DD  provides a positive drain-to-source voltage, causing electrons 
to fl ow from the source to the drain. For an  n -channel JFET, reverse-biasing of the gate-
source junction is done with a negative gate voltage.  V  GG  sets the reverse-biased voltage 
between the gate and the source, as shown. Notice that there should  never  be any forward-
biased junctions in a FET; this is one of the principal differences between FETs and BJTs.  
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 FIGURE 4–2         Basic structure of the two types of 
JFET.   

IDVGS
– +

+

–
–

+

RD

VDDVGG

(c)

+

–
–

+

RD

VDDVGG

(a) JFET biased for conduction

+

–
–

+

RD

VDDVGG

(b)

p p p p

p p

Less VGG widens the channel (between the white areas) which
decreases the resistance of the channel and increases ID.

Greater VGG narrows the channel (between the white
areas) which increases the resistance of the channel
and decreases ID.

– + – +– +

– + – +

IDVGS

IDVGS

 FIGURE 4–3         Effects of V GG  on channel width, resistance, and drain current (V GG  � V GS ).   
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 The channel width, and thus the channel resistance, is controlled by varying the gate 
voltage, thereby controlling the amount of drain current,  I  D . This concept is illustrated in 
 Figure   4–3   (b) and (c). The white areas represent the depletion region created by the reverse 
bias. It is wider toward the drain end of the channel because the reverse-biased voltage 
between the gate and the drain is greater than that between the gate and the source.  

  JFET Symbols 
 The schematic symbols for both  n -channel and  p -channel JFETs 
are shown in  Figure   4–4   . Notice that the arrow on the gate points 
“in” for  n -channel and “out” for  p -channel.   

  Drain Characteristic Curve 
 The drain characteristic curve is a plot of the drain current,  I  D , versus 
the drain-to-source voltage,  V  DS , which corresponds to a BJT’s col-
lector current,  I  C , versus collector-to-emitter voltage,  V  CE . There are, however, some signifi -
cant differences between BJT characteristics and FET characteristics. Since the FET is a 
voltage-controlled device, the third variable on the FET characteristic ( V  GS ) has units of volt-
age instead of current ( I  B ) in the case of the BJT. The characteristics for  n -channel devices 
are introduced in this section.  P -channel devices operate in the same way but with opposite 
polarities. Generally,  n -channel JFETs have better specifi cations than their  p -channel coun-
terparts, so they are more popular. 

 Consider an  n -channel JFET where the gate-to-source voltage is zero ( V  GS  = 0 V). 
This zero voltage is produced by shorting the gate to the source, as in  Figure   4–5   (a) where 
both are grounded. As  V  DD  (and thus  V  DS ) is increased from 0 V,  I  D  will increase propor-
tionally, as shown in the graph of  Figure   4–5   (b) between points  A  and  B.  In this region, the 
channel resistance is essentially constant because the depletion region is not large enough 
to have a signifi cant effect. This region is called the  ohmic region  because  V  DS  and  I  D  are 
related by Ohm’s law. The value of the resistance can be changed by the gate voltage; thus, 
it is possible to use a JFET as a voltage-controlled resistor. An application will be shown 
later in Figure 10–11 (Wien bridge). Further applications are found in Experiments 14, 15, 
and 27 in the accompanying Laboratory Exercises Manual.  

 At point  B  in  Figure   4–5   (b), the curve levels off and  I  D  becomes essentially constant. 
As  V  DS  increases from point  B  to point  C,  the reverse-bias voltage from gate to drain ( V  GD ) 
produces a depletion region large enough to offset the increase in  V  DS , thus keeping  I  D  
relatively constant. This region is called the  constant-current region .  

(b) Drain characteristic
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 FIGURE 4–5         The drain characteristic curve of a JFET for V GS  � 0 V showing pinch-off.   
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 FIGURE 4–4         JFET schematic 
symbols.   
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  Pinch-Off Voltage 
 For  V  GS  = 0 V, the value of  V  DS  at which  I  D  becomes essentially constant (point  B  on the 
curve in  Figure   4–5    (b)) is the  pinch-off voltage ,  V  P . Notice that the pinch-off voltage is a 
positive value for an  n -channel JFET. For a given JFET,  V  P  has a fi xed value. As you can 
see, a continued increase in  V  DS  above the pinch-off voltage produces an almost constant 
drain current. This value of drain current is  I  DSS  ( D rain to  S ource current with gate  S horted) 
and is always specifi ed on JFET data sheets.   I  DSS   is the maximum drain current that a spe-
cifi c JFET can produce regardless of the external circuit, and it is always specifi ed for the 
condition,  V  GS  = 0 V. 

 Continuing along the graph in  Figure   4–5   (b), breakdown occurs at point  C  when  I  D  
begins to increase very rapidly with any further increase in  V  DS . Breakdown can result in 
irreversible damage to the device, so JFETs are always operated below breakdown and 
usually within the constant-current region (between points  B  and  C  on the graph). For this 
reason the constant-current region is also known as the active region.  

   V  GS  Controls  I  D  
 Let’s connect a bias voltage,  V  GG , from gate to source as shown in  Figure   4–6   (a). As  V  GS  is 
set to increasingly more negative values by adjusting  V  GG , a family of drain characteristic 
curves is produced as shown in  Figure   4–6   (b). Notice that  I  D  decreases as the magnitude of 
 V  GS  is increased to larger negative values because of the narrowing of the channel. Also 
notice that, for each increase in  V  GS , the JFET reaches pinch-off (where constant current 
begins) at values of  V  DS  less than  V  P . So the amount of drain current is controlled by  V  GS .   

(a) JFET biased at VGS = –1 V
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 FIGURE 4–6         Pinch-off occurs at a lower V DS  as V GS  is increased to more negative values.   

  Cutoff Voltage 
 The value of  V  GS  that makes  I  D  approximately zero is the cutoff voltage,   V  GS(off)  . The 
JFET must be operated between  V  GS  = 0 V and  V  GS(off) . For this range of gate-to-source 
voltages,  I  D  will vary from a maximum of  I  DSS  to a minimum of almost zero. 

 As you have seen, for an  n -channel JFET, the more negative  V  GS  is, the smaller  I  D  
becomes in the constant-current region. When  V  GS  has a suffi ciently large negative value, 
 I  D  is reduced to zero. This cutoff effect is caused by the widening of the depletion region 
to a point where it completely closes the channel as shown in  Figure   4–7   .   

  Comparison of Pinch-Off and Cutoff 
 The pinch-off voltage is measured on the drain characteristic. For an  n -channel device, it is 
the positive voltage at which the drain current becomes constant when  V  GS  = 0 V. Cutoff 
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 E X A M P L E  4 – 1 

 For the  n -channel JFET in  Figure   4–8   ,  V  GS(off)  = -4 V and  I  DSS  = 12 mA. 
Determine the  minimum  value of  V  DD  required to put the device in the constant-
current region of operation.  

  *Answers are at the end of the chapter.   

RD
560 �

VDD

+

–

 FIGURE 4–8        

  S O L U T I O N 

 Since  V  GS(off)  = -4 V,  V  P  = 4 V. The minimum value of  V  DS  for the JFET to be 
in its constant-current region is 

   VDS = VP = 4 V   

 In the constant-current region with  V  GS  = 0 V, 

   ID = IDSS = 12 mA   

 The drop across the drain resistor is 

   VRD
= (12 mA)(560 �) = 6.7 V   

 Applying Kirchhoff’s law around the drain circuit gives 

   VDD = VDS + VRD
= 4 V + 6.7 V = 10.7 V   

 This is the minimum value of  V  DD  to make  V  DS  =  V  P  and to put the device in the 
constant-current region.  

  P R A C T I C E  E X E R C I S E * 

 If  V  DD  is increased to 15 V, what is the drain current? 

VGS
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ID
– +

VGS(off) 0 A
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 FIGURE 4–7         JFET at cutoff.   

can also be measured on the drain characteristic and represents the negative gate-to-source 
voltage that reduces the drain current to zero. 

  V  GS(off)  and  V  P  are always equal in magnitude but opposite in sign. A data sheet usu-
ally will give either  V  GS(off)  or  V  P , but not both. However, when you know one, you have 
the other. For example, if  V  GS(off)  = -5 V, then  V  P  = +5 V.   
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  JFET Transconductance Curves 
 A useful way of looking at any circuit is to show the output for a given input, as done ear-
lier in  Section   1–4    for an amplifi er. This characteristic is called a  transfer curve.  

 Since the JFET is controlled by a negative voltage on the input (gate) and the out-
put is drain current, the transfer curve is a plot of  I  D , plotted on the  y -axis, as a function 
of  V  GS , plotted on the  x -axis. When the output unit (mA) is divided by the input unit (V), 
the result is the unit of conductance (mS). You can think of a voltage at the input being 
transferred to the output as a current; thus, the prefi x “trans” is added to the word  con-
ductance  to form the word  transconductance . The transconductance curve is a plot of 
the transfer characteristic ( I  D  versus  V  GS ) of a FET. Transconductance is listed in data 
sheets as  g m   or  y fs .  

 A representative curve for an  n -channel JFET is shown in  Figure   4–9   (a). Generally, 
all types of FETs have a transconductance curve with this same basic shape. The curves 
shown are typical for the MPF102  1  , a general-purpose  n -channel JFET.   

 1  Data sheet for MPF102 available at  www.onsemi.com  
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 FIGURE 4–9         Representative characteristic curves for an MPF102 n-channel JFET.   

 The transconductance characteristic is directly related to the drain characteristic 
as shown in  Figure   4–9   (b). Notice that both plots have the same vertical axis, repre-
senting  I  D . Transconductance is an ac parameter so its value is found at any point on 
the curve by dividing a small change in drain current by a small change in gate-to-
source voltage. 

   gm =
�ID

�VGS
   

 This equation can be written with ac notation as simply 

    gm =
Id

Vgs
  (4–1)    

 The transconductance curve is not a straight line, implying that the relation between 
the output current and the input voltage is nonlinear. This is an important point: FETs have 
a nonlinear transconductance curve. This means that they tend to add distortion to an input 
signal. Distortion is not always a bad thing; for example, in radio frequency mixers, JFETs 
have an advantage over BJTs because of this characteristic. However, some JFETs (such 
as the 2N4339) are designed with physical geometries that minimize distortion for audio 
applications. In addition, the designer can minimize distortion by keeping the signal level 
low (below about 100 mV). Other design techniques (such as the biasing method used in 
System Example 4–2) have been used to minimize distortion.   
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 E X A M P L E  4 – 2 

 For the curve in  Figure   4–10   , determine the transconductance at  I  D  = 1.0 mA.  

  S O L U T I O N 

 Select a small change in  I  D  and divide it by the corresponding change in  V  GS  at 
1.0 mA. The graphical method is shown in  Figure   4–10   . From the graph, the 
transconductance is 

   gm =
�ID

�VGS
=

1.25 mA - 0.75 mA

-1.1 V - (-1.8 V)
= 0.714 mS    

  P R A C T I C E  E X E R C I S E 

 Find the transconductance at  I  D  = 1.5 mA.  
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 FIGURE 4–10        

  JFET Input Resistance and Capacitance 
 As you know, a  pn  junction has a very high resistance when it is reverse-biased. A JFET 
operates with its gate-source junction reverse-biased; therefore, the input resistance at the 
gate is very high. This very high input resistance is a major advantage of the JFET over the 
bipolar junction transistor with its forward-biased base-emitter junction. 

 JFET data sheets often specify the input resistance by giving a value for the gate 
reverse current,   I  GSS   ,  at a certain gate-to-source voltage. The input resistance can then be 
determined using the following equation. The vertical lines indicate an absolute value (an 
unsigned value). 

    RIN = ` VGS

IGSS
`   (4–2)    

 For example, the 2N5457  2   data sheet lists a maximum  I  GSS  of -1 nA for  V  GS  = -15 V at 
25°C. Using these values, you fi nd that the input resistance is  

   RIN = ` VGS

IGSS
` =

15 V

1 nA
= 15 G�   

 As you can see from this result, the input resistance of this JFET is incredibly high. How-
ever,  R  IN  drops considerably as temperature increases (as shown in  Example   4–3   ). 

 2  Data sheet for 2N5457 available at  www.onsemi.com  
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 E X A M P L E  4 – 3 

 The data sheet for an  n -channel JFET shows a maximum  I  GSS  of -0.1 nA at 25°C 
for  V  GS  = -30 V and a maximum  I  GSS  of -100 nA at 150°C for  V  GS  = -30 V. 
Determine the minimum input resistance at 25°C. 

  S O L U T I O N 

   RIN = ` VGS

IGSS
` =

30 V

0.1 nA
= 300 G�    

  P R A C T I C E  E X E R C I S E 

 Determine the minimum input resistance for this JFET at a temperature of 150°C.  

 The reverse-biased  pn  junction at the input provides the high input resistance associated 
with a reverse-biased diode, but it also means that a JFET will generally have higher input 
capacitance than a bipolar junction transistor. Recall that a reverse-biased  pn  junction acts as 
a capacitor whose capacitance depends on the amount of reverse voltage (see  Section   2–8   ). 
The input capacitance,  C iss   ,  of a JFET is greater than that of a BJT because of this reverse-
biased  pn  junction. For example, the 2N5457 has a maximum  C iss   of 7 pF for  V  GS  = 0 V.  

  1.    What is another name for the transfer curve for a JFET?   

  2.    Does a  p -channel JFET require a positive or a negative 
 voltage for  V  GS ?   

  3.    How is the drain current controlled in a JFET?   

  4.    The drain-to-source voltage at the pinch-off point of a particular 
JFET is 7 V. If the gate-to-source voltage is zero, what is  V  P ?   

  5.    The  V  GS  of a certain  n -channel JFET is increased negatively. 
Does the drain current increase or decrease?   

  6.    What value must  V  GS  have to produce cutoff in a  p -channel 
JFET with a  V  P  = -3 V?      

    SECTION 4–2 CHECKUP 

  Using some of the JFET characteristics discussed in the previous section, we will now see how 
to dc bias JFETs. The purpose of biasing is to select a proper dc gate-to-source voltage to 
establish a desired value of drain current. Because the gate is reverse-biased, the methods for 
applying bias with a bipolar junction transistor do not work for JFETs.   

  After completing this section, you should be able to  

  •   Describe three bias methods for JFETs and explain how each method works 

   •   Use a transconductance curve to choose a reasonable value for a self-bias resistor  

  •   Explain how voltage-divider bias or current-source bias produces a more stable Q-point 
than self-bias     

   4–3  JFET BIASING 

  Self-Biasing a JFET 
 Biasing a FET is relatively easy. An  n -channel JFET is shown for the following examples. 
Keep in mind that a  p -channel JFET just reverses the polarities. To set up reverse bias 
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requires a negative  V  GS  for an  n -channel JFET. This can be achieved using the self-bias 
arrangement shown in  Figure   4–11   . Notice that the gate is biased at 0 V by resistor  R  G  con-
nected to ground. Although reverse leakage current,  I  GSS , does produce a very tiny voltage 
across  R  G , it is neglected in most cases; it can be assumed that  R  G  has no current and no volt-
age drop across it. The purpose of  R  G  is to tie the gate to a solid 0 V without affecting any ac 
signal that will be added later. Since the gate current is negligible,  R  G  can be large (typically 
1.0 M� or more), resulting in very high input resistance to low frequency ac signals.  3     

 If the gate is at zero volts, how do you obtain the required negative bias on the gate-
source junction? The answer is that you make the source  positive  with respect to the gate, 
producing the required reverse bias. For the  n -channel JFET in  Figure   4–11   ,  I  D  produces a 
voltage drop across  R  S  with the polarity shown, making the source terminal positive with 
respect to ground. Since  V  G  = 0 V, and  V  S  =  I  D  R  S , the gate-to-source voltage is 

   VGS = VG - VS = 0 - IDRS   

 Thus, 

   VGS = -IDRS   

 This result shows that the gate-to-source voltage is negative, producing the required 
reverse bias. In this analysis, an  n -channel JFET was used for illustration. Again, the 
 p -channel JFET also requires reverse bias, but the polarity of all voltages is opposite those 
of the  n -channel JFET. 

 The drain voltage with respect to ground is determined as follows: 

    VD = VDD - IDRD  (4–3)    

 Since  V  S  =  I  D  R  S , the drain-to-source voltage is 

   VDS = VD - VS   

    VDS = VDD - ID(RD + RS)  (4–4)    

 3  The capacitance effect at high frequencies can signifi cantly reduce the effective input impedance. 
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 FIGURE 4–11         Self-biased 
n-channel JFET.   
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+10 V  FIGURE 4–12        

  E X A M P L E  4 – 4 

 Find  V  DS  and  V  GS  in  Figure   4–12   . For the particular JFET in this circuit, the inter-
nal parameter values such as  g m , V  GS(off) , and  I  DSS  are such that a drain current 
( I  D ) of approximately 5.0 mA is produced. Another JFET, even of the same type, 
may not produce the same results when connected in this circuit due to variations 
in parameter values.  



188   CHAPTER 4  •   FIELD-EFFECT TRANSISTORS (FETs)

 Open fi le F04-12 found on 
the companion website. This 
simulation demonstrates the 
variations in circuit values that 
occur when one device is 
substituted for another in a 
self-bias circuit. 

MULTISIM

  Graphical Methods 
 Recall that the  IV  curve for a resistor,  R,  is a straight line with a slope of 1> R.  
To compare the plot of the self-bias resistor with the transconductance curve, 
both lines are plotted in the second quadrant; the resistance is plotted with a 
slope of -1> R . 

 The transconductance curve for the MPF3821 can be used to illustrate 
how a reasonable value of a self-bias resistor ( R  S ) is selected. Assume you 
have an MPF3821 with the transconductance curve shown in  Figure   4–13   . 
Draw a straight line from the origin to the point where  V  GS(off)  (-4 V) inter-
sects  I  DSS  (2.5 mA). The reciprocal of the slope of this line represents a rea-
sonable choice for  R  S . 

   RS =
� VGS(off) �

IDSS
=

4 V

2.5 mA
= 1.6 k�    

 The absolute (unsigned) value of  V  GS(off)  is used. The resulting 1.6 k� resistor is available 
as a standard 5% value. The point where the two lines cross represents the Q-point.  4   This 
Q-point represents  V  GS  and  I  D  for this particular case; it shows that  V  GS  = -1.5 V at 
 I  D  = 0.95 mA.  

 Self-bias produces a form of negative feedback to help compensate for different 
device characteristics between various JFETs. For instance, assume the transistor is replaced 
with one with a lower transconductance. As a result, the new drain current will be less, 
causing a smaller voltage drop across  R  S . This reduced voltage tends to turn the JFET on 
more, compensating for the lower transconductance of the new transistor. The effect of a 
range of transconductance curves is best illustrated by two examples. 

 4  This is a form of load line analysis. This type of load line is called the  bias load line.  
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 FIGURE 4–13         Graphical analysis of 
self-bias.   

  E X A M P L E  4 – 5 

 A 2N5457 general-purpose JFET has the following specifi cations:  I  DSS(min)  = 1 mA, 
 I  DSS(max)  = 5 mA,  V  GS(off)(min)  = -0.5 V,  V  GS(off)(max)  = -6 V. Select a self-
bias resistor for this JFET. 

  S O L U T I O N 

 Typical of small-signal JFETs, the range of  I  DSS  and  V  GS(off)  is very large. To 
select the best resistor, check the extremes of the specifi ed values  V  GS(off)  and 
 I  DSS . 

  S O L U T I O N 

    VS = IDRS = (5.0 mA)(220 �) = 1.10 V    

    VD = VDD - IDRD = 10 V - (5.0 mA)(1.0 k�) = 5.00 V   

 Therefore, 

    VDS = VD - VS = 5.00 V - 1.10 V = 3.90 V   

 and 

    VGS = VG - VS = 0 V - 1.10 V = �1.10 V    

  P R A C T I C E  E X E R C I S E 

 Determine  V  DS  and  V  GS  in  Figure   4–12    when  I  D  = 3.0 mA.       
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    RS =
� VGS(off)(min) �

IDSS(min)
=

0.5 V

1.0 mA
= 500 � 

  RS =
� VGS(off)(max) �

IDSS(max)
=

6 V

5.0 mA
= 1.2 k�   

 A good choice is  820 �,  a standard value between these extremes. To see 
what this looks like on the transconductance curve, sketch the curves with this resis-
tor and plot the maximum and minimum Q-points. This is done in  Figure   4–14   . 
Despite the extreme variation between the minimum and maximum specifi cation, 
the 820 � resistor represents a good choice for either.   
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 FIGURE 4–14         Effect of a wide range 
of transconductance curves on the 
Q-point.   

  P R A C T I C E  E X E R C I S E 

 Estimate the largest and smallest  I  D  expected for a 2N5457 that is self-biased 
with an 820 � resistor.   

  E X A M P L E  4 – 6 

 The JFET shown in the circuit of  Figure   4–15   (a) has the transconductance curve shown in  Figure   4–15   (b). From 
the transconductance curve, determine  V  S  and  I  D . Using this result, determine the value of  V  DS .  
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 FIGURE 4–15        
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  S O L U T I O N 

 Plot the line representing a 2.0 k� resistor by selecting the origin and any point on the resistor’s line. A conven-
ient point is  V  GS  = -4 V,  I  D  = 2 mA. The line between the origin and this point represents a 2.0 k� self-bias 
resistor as shown in  Figure   4–15   (c). 

 The intersection of the 2.0 k� resistor and the transconductance curve represents  V  GS  and  I  D  for this case. 
Reading the plot, you can see that  V  GS  = -1.75 V and  I  D  is  0.85 mA.  Since  V  G  = 0 V,  V  S  =  �1.75 V.  

 The voltage across the drain resistor is found by Ohm’s law. 

   VRD
= IDRD = (0.85 mA)(2.7 k�) = 2.3 V   

 To obtain the drain voltage, subtract the previous result from  V  DD . 

   VD = VDD - VRD
= 9.0 V - 2.3 V = 6.7 V   

   VDS = VD - VS = 6.7 V - 1.75 V = 4.95 V   

 Interestingly, this result can be obtained graphically by load line analysis. The load line for the circuit is 
superimposed on the drain curves (from  Figure   4–9   (b)) as shown in  Figure   4–16   .   
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 FIGURE 4–16        

  P R A C T I C E  E X E R C I S E 

 Confi rm that the load line, drawn in  Figure   4–16    represents the circuit in  Figure   4–15   (a).    

  Voltage-Divider Bias 
 Although self-bias is satisfactory for many applications, the operating point is dependent 
on the transconductance curve as you have seen. The bias can be made more stable with 
the addition of a voltage divider on the gate circuit, forcing the gate to a positive voltage. 
Since the JFET must still operate with a negative gate-source bias, a larger source resistor 
is used than in normal self-bias. The circuit is shown in  Figure   4–17   .  

 The gate voltage is found by applying the voltage-divider rule to  R  1  and  R  2 . 

    VG = a R2

R1 + R2
bVDD  (4–5)    

 Remember, if you are troubleshooting any JFET circuit, the source voltage has to be equal 
or larger than the gate voltage. The drain current is in both  R  D  and  R  S . Since  I  D  is depend-
ent on the transconductance of the JFET, the precise value of  V  D  and  V  S  cannot be deter-
mined from the circuit values alone because of the manufacturing spread of JFETs. In 
general, a JFET linear amplifi er should be designed such that  V  DS  is in the range from 
about 25% to 50% of  V  DD . Even without knowing the parameters for the transistor, you 
can verify that the bias is set up correctly by checking  V  DS . 

RD

RSR2

+VDD

R1

 FIGURE 4–17         
Voltage-divider bias   
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  E X A M P L E  4 – 7 

 Assume you are troubleshooting the JFET shown in  Figure   4–18   . You do not 
know the transconductance of the transistor, but you need to fi nd out if the circuit 
is working properly.  

   (a)   Estimate the expected  V  G  and  V  S .  

  (b)   Assume you measured the source voltage and found it was +5.4 V. Is the 
circuit functioning as expected? Based on this measurement, what is the 
drain voltage?  

  (c)   Assume you replace the transistor. The measured source voltage for the new 
transistor is +4.0 V. From this measurement, what is the expected drain voltage?   

  S O L U T I O N 

   (a)   Start with V G  because this value can be computed accurately and quickly 
with the voltage-divider rule. The gate voltage is about one-fourth of V DD  as 
shown in the following equation: 

   VG = a R2

R1 + R2
bVDD = a 330 k�

1.0 M� + 330 k�
b12 V = 2.98 V   

  You know immediately that if the circuit is operating properly, the source 
voltage must be more positive than this value. Your estimate of the source 
voltage should be about  �4 V.   

  (b)   The measured value of +5.4 V may indicate a problem. This is larger than the 
expected 4 V and is nearly half of  V  DD . Since  R  D  is even larger than  R  S , it 
should drop even more of the total voltage. A quick check of  V  DS  shows that 
it is 0 V! This confi rms a problem with the circuit; there is probably a drain-
to-source short in the transistor, causing  V  D  to also be  5.4 V.   

  (c)   The drain current for the new transistor can be found by applying Ohm’s law 
to the source resistor. 

   ID =
4.0 V

1.8 k�
= 2.2 mA   

  Subtracting  V R   D  from  V  DD  gives  V  D . 

   VD = VDD - IDRD = 12 V - (2.2 mA)(2.2 k�) = 7.16 V      

  P R A C T I C E  E X E R C I S E 

 Assume the drain resistor were open in the circuit of  Figure   4–18   . What voltage 
do you expect in this case for  V  G ,  V  S , and  V  D ?       
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2.2 k�
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+VDD
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1.0 M�

 FIGURE 4–18        

 Open fi le F04-18 found on the 
companion website. This 
simulation demonstrates the 
increased stability of voltage-
divider bias. 

MULTISIM
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  Current Sources 
 Before discussing current-source biasing, let’s review current sources. An ideal current 
source is a device that provides a fi xed current that is independent of any load connected to 
it. The  IV  curve for an ideal current source is shown with a horizontal line in  Figure   4–19   (a). 
Recall that the slope of an  IV  curve is inversely proportional to resistance. A horizontal line 
implies that the internal resistance of the ideal source is infi nite. A circuit model of an ideal 
current source is shown in  Figure   4–19   (b).  

Rint

(c) Practical circuit model

Ideal
current
source

(b) Ideal circuit model

Ideal
current
source

I (mA)

V (V)

Internal resistance
is infinite

(a) IV curve for an ideal
current source

 FIGURE 4–19         Current sources. The arrow in the current source symbol always points to the 
 positive side of the source.   

 As you have seen, both FETs and BJTs have a region called the constant-current region 
on their characteristic curves. This region is depicted with a nearly horizontal line, represent-
ing the internal resistance of the source, which is very high, indeed. For most applications, a 
FET or a BJT can be assumed to be an ideal current source. In those cases where the internal 
resistance is taken into account, the Norton model, discussed in  Section   1–3   , is used. The 
Norton model for a practical current source is shown in  Figure   4–19   (c) with the Norton 
resistance representing the internal resistance of the current source.  

  Current-Source Biasing 
 This form of bias is widely used in ICs but requires an extra transistor. One transistor acts 
as a current source to force  I  D  to stay constant, creating a very stable form of bias. Current-
source biasing also can improve the gain, as you will see later. 

 Two examples of current-source biasing are shown in  Figure   4–20   . In  Figure   4–20   (a), 
 Q  2  is a JFET constant-current source that provides a current to  Q  1 . The amount of current is 

Q2

+VDD
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–VSS

Q1

(a) FET (Q2) as a current
source

Q2

+VDD

RD

RE

–VEE

Q1

(b) BJT (Q2) as a current
source

 FIGURE 4–20         Current-source biasing.   
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determined by the  I  DSS  of  Q  2  and the value of  R  S . Since  I  DSS  varies between transistors, the 
amount of current depends on the particular transistor that is selected. The current source 
must  not  provide more current than the  I  DSS  of  Q  1  to ensure that the  V  GS  of  Q  1  is negative.  

 For consistency between transistors, the arrangement in  Figure   4–20   (b) is better. 
Here the current is provided by a BJT. Since the base is grounded, the emitter voltage will 
be -0.7 V due to the forward-biased base-emitter junction. This means there is a constant 
voltage across  R  E , thus, a constant current in the JFET. Again, it is important that this cur-
rent is less than the  I  DSS  of  Q  1 . 

  E X A M P L E  4 – 8 

  Figure   4–21    shows a current-source biasing circuit. What is  I  D ?  

  S O L U T I O N 

 You should recognize emitter bias for the bipolar junction transistor but with no 
base resistor. Since the base is connected directly to ground, the emitter voltage is 
-0.7 V due to the forward-biased base-emitter  pn  junction. This means that the 
voltage across  R  E  is 14.3 V and the current in  R  E  is constant. From Ohm’s law, 
fi nd the emitter current as 

   IE =
VRE

RE
=

14.3 V

15 k�
= 0.95 mA   

 This current is provided to the JFET. Therefore,  I  D  =  0.95 mA.   

  P R A C T I C E  E X E R C I S E 

 What is the minimum  I  DSS  for the JFET (for proper operation) in  Figure   4–21   ?      

–VEE
–15 V

Q2
2N3904

RD
2.2 k�
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15 k�

Q1
2N5458

+VDD
+15 V

 FIGURE 4–21        

  1.    What two parameters for a JFET could you use to choose a 
reasonable value of self-bias resistor?   

  2.    Why can’t the bias circuits for BJTs be used for JFETs?   

  3.    In a certain self-biased  n -channel JFET circuit,  I  D  = 8 mA and 
 R  S  = 1.0 k�. What is  V  GS ?   

  4.    For a JFET with current-source biasing, what parameter must 
not be exceeded by the current source?      

    SECTION 4–3 CHECKUP 

 Open fi le F04-21 found on 
the companion website. This 
simulation demonstrates 
current source bias. 

MULTISIM



  The metal-oxide semiconductor fi eld-effect transistor (MOSFET) is the other major category 
of fi eld-effect transistors. The MOSFET differs from the JFET in that it has no pn junction 
structure; instead, the gate of the MOSFET is insulated from the channel by a very thin silicon 
dioxide (SiO 2 ) layer. The two basic types of MOSFETs are depletion (D) and enhancement (E). 
Of the two types of MOSFETs, the E-MOSFET is more widely used. Because polycrystalline 
silicon is now used for the gate material instead of metal, MOSFETs are sometimes called 
IGFETs (insulated-gate FETs).   

  After completing this section, you should be able to  

  •   Explain the operation of metal-oxide semiconductor fi eld-effect transistors (MOSFETs) 

   •   Describe the differences in the construction of MOSFETs  

  •   Draw the symbol for an  n -channel or a  p -channel D-MOSFET or E-MOSFET  

  •   Explain how a MOSFET functions in the depletion and the enhancement modes  

  •   Interpret the drain characteristic curve for a MOSFET  

  •   Describe the transconductance curve for a MOSFET and explain how it relates to the 
drain characteristic curve  

  •   Discuss specifi c handling precautions for MOSFET devices     

   4–4  MOSFET CHARACTERISTICS 

  Depletion MOSFET (D-MOSFET) 
 One type of  MOSFET  is the depletion MOSFET (D-MOSFET) and  Figure   4–22    illustrates 
its basic structure. The drain and source are diffused into the substrate material and then 
connected by a narrow channel adjacent to the insulated gate. Both  n -channel and  p -channel 
devices are shown in the fi gure; however,  p -channel D-MOSFETs are not widely used. 
The basic operation is the same for both types, except the voltage polarities for the  p -channel 
device are opposite those of the  n -channel. For simplicity,  n -channel devices are described 
in this section.  

 The D-MOSFET can be operated in either of two modes—the depletion mode or the 
enhancement mode—and is sometimes called a  depletion-enhancement MOSFET.  Since 
the gate is insulated from the channel, either a positive or a negative gate voltage can be 
applied. The  n -channel D-MOSFET operates in the  depletion mode  when a negative gate-
to-source voltage is applied and in the  enhancement mode  when a positive gate-to-source 
voltage is applied. These devices are generally operated in the depletion mode. 

  DEPLETION MODE     Visualize the gate as one plate of a parallel-plate capacitor and 
the channel as the other plate. The silicon dioxide insulating layer is the dielectric. With a 
negative gate voltage, the negative charges on the gate repel conduction electrons from the 
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 FIGURE 4–22         Basic structure of D-MOSFETs.   
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channel, leaving positive ions in their place. Thereby, the  n -channel is depleted of some of 
its electrons, thus decreasing the channel conductivity. The greater the negative voltage on 
the gate, the greater the depletion of  n -channel electrons. At a suffi ciently negative gate-to-
source voltage,  V  GS(off) , the channel is totally depleted and the drain current is zero. This 
depletion mode is illustrated in  Figure   4–23   (a). Like the  n -channel JFET, the  n -channel 
D-MOSFET conducts drain current for gate-to-source voltages between  V  GS(off)  and 0 V. 
In addition, the D-MOSFET conducts for values of  V  GS  above 0 V.   
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 FIGURE 4–23         Operation of n-channel D-MOSFETs.   

  ENHANCEMENT MODE     With an  n -channel device and with a positive gate 
voltage, more conduction electrons are attracted into the channel, thus increasing 
(enhancing) the channel conductivity, as illustrated in  Figure   4–23   (b).  

  D-MOSFET SYMBOLS      Figure   4–24    shows the schematic symbols for both the 
 n -channel and the  p -channel D-MOSFETs. The substrate, indicated by the arrow, is 
normally (but not always) connected internally to the source. Sometimes the substrate 
is brought out as another lead. An inward substrate arrow is for  n -channel, and an out-
ward arrow is for  p -channel.  

n channel p channel

Drain Drain

Gate Gate

Source Source

 FIGURE 4–24         D-MOSFET schematic symbols.   

 Because the MOSFET is a fi eld-effect device like the JFET, you might expect it to 
have similar characteristics as the JFET. This is indeed the case. The transfer characteris-
tic ( I  D  versus  V  GS ) for an  n -channel D-MOSFET, is shown in  Figure   4–25   . It has the same 
shape as the one given earlier for the  n -channel JFET ( Figure   4–9   (a)), but note that both 
negative and positive values of  V  GS  are shown on the transfer characteristic representing 
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 For an  n -channel device, a positive gate voltage above a threshold value,  V  GS(th) , 
induces a channel by creating a thin layer of negative charges in the substrate region adja-
cent to the SiO 2  layer, as shown in  Figure   4–26   (b). The conductivity of the channel is 
enhanced by increasing the gate-to-source voltage, thus pulling more electrons into the 
channel. For any gate voltage below the threshold value, there is no channel. 

 The schematic symbols for the  n -channel and  p -channel E-MOSFETs are shown in 
 Figure   4–27   . The broken lines symbolize the absence of a physical channel.  
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 FIGURE 4–26         E-MOSFET construction and operation (n-channel).   
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 FIGURE 4–25         Transfer characteristic for a 
D-MOSFET.   

operation in the depletion region and the enhancement region, respectively. This particular 
curve indicates that  I  D  is approximately 4.0 mA when  V  GS  is 0 V. Since  V  GS  is 0 V, the 
point is  I  DSS . Notice that operation with currents higher than  I  DSS  is permissible with a 
D-MOSFET but not with a JFET.    

  Enhancement MOSFET (E-MOSFET) 
 This type of MOSFET operates only in the enhancement mode and has no depletion mode. 
It differs in construction from the D-MOSFET in that it has no physical channel. Notice in 
 Figure   4–26   (a) that the substrate extends completely to the SiO 2  layer.  
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 FIGURE 4–29         Dual-gate 
n-channel MOSFET symbols.   

  Dual-Gate MOSFETs 
 The dual-gate MOSFET can be either a depletion or an enhancement type. The only differ-
ence is that it has two gates, as shown in  Figure   4–29   . One drawback of a FET is its high 
input capacitance, which restricts its use at higher frequencies. By using a dual-gate device, 
the input capacitance is reduced, thus making the device more useful in high-frequency RF 
amplifi er applications. Another advantage of the dual-gate arrangement is that it allows for 
an automatic gain control (AGC) input in RF amplifi ers. Another application is demon-
strated in System Example 4–1 where the bias on the second gate is used to adjust the 
transconductance curve.   

 A Data Sheet
The partial datasheet for the BF998 D-MOSFET is shown in  Figure   4–30   . In this applica-
tion, the MOSFET is used as a dc amplifi er. Recall that a D-MOSFET can operate with 
both positive and negative gate voltages, making it ideal for this particular application 
where the input voltage can have either polarity. The graph in  Figure   4–30    shows that the 
transconductance curve depends on the value of the voltage on the second gate which, in 
this particular design, is set at 6 V by the  R  1 - R  2  voltage divider. The input from the sensor 
is applied to the fi rst gate.  

n channel p channel

Drain Drain

Gate Gate

Source Source

 FIGURE 4–27         E-MOSFET schematic symbols.   
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 FIGURE 4–28         Transfer characteristic for a 
typical E-MOSFET.   

 Because the channel is closed unless a voltage is applied to the gate, an E-MOSFET 
can be thought of as a normally-off device. Again the transfer characteristic has the same 
shape as the JFET and D-MOSFET, but now the gate of an  n -channel device must be made 
positive in order to cause conduction. This means that the  V  GS(off)  specifi cation will be a 
positive voltage for an  n -channel E-MOSFET. A typical characteristic is shown in  Figure 
  4–28   . Compare it to the D-MOSFET characteristic in  Figure   4–25   .   
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Absolute Maximum Ratings
Tamb = 25�C, unless otherwise specified

Tamb = 25�C, unless otherwise specified

Parameter Test Conditions Symbol Value Unit
Drain - source voltage VDS 12 V
Drain current ID 30 mA
Gate 1/Gate 2 - source peak current ±IG1/G2SM 10 mA
Gate 1/Gate 2 - source voltage ±VG1S/G2S 7 V
Total power dissipation Tamb ≤ 60 �C

�C
�C

Ptot 200 mW
Channel temperature TCh 150
Storage temperature range Tstg –65 to +150

Electrical DC Characteristics

Parameter Test Conditions Type Symbol Min Typ Max Unit
Drain - source
breakdown voltage

ID = 10 A,
–VG1S = –VG2S = 4 V

V(BR)DS 12 V

Gate 1 - source
breakdown voltage

±IG1S = 10 mA, 
VG2S = VDS = 0

±V(BR)G1SS 7 14 V

Gate 2 - source
breakdown voltage

±IG2S = 10 mA, 
VG1S = VDS = 0

±V(BR)G2SS 7 14 V

Gate 1 - source
leakage current

±VG1S = 5 V, 
VG2S = VDS = 0

±IG1SS 50 nA

Gate 2 - source
leakage current

±VG2S = 5 V, 
VG1S = VDS = 0

±IG2SS 50 nA

Drain current VDS = 8 V, VG1S = 0,
VG2S = 4 V

BF998/BF998R/
BF998RW

IDSS 4 18 mA
G2S

BF998A/BF998RA/
BF998RAW

IDSS 4 10.5 mA

BF998B/BF998RB/
BF998RBW

IDSS 9.5 18 mA

Gate 1 - source
cut-off voltage

VDS = 8 V, VG2S = 4 V, 
ID = 20 A

–VG1S(OFF) 1.0 2.0 V

Gate 2 - source
cut-off voltage

VDS = 8 V, VG1S = 0, 
ID = 20 A

–VG2S(OFF) 0.6 1.0 V

Electrical AC Characteristics
VDS = 8 V, ID = 10 mA, VG2S = 4 V, f = 1 MHz , Tamb = 25�C, unless otherwise specified

Parameter Test Conditions Symbol Min Typ Max Unit
Forward transadmittance ⏐y21s⏐ 21 24 mS
Gate 1 input capacitance Cissg1 2.1 2.5 pF
Gate 2 input capacitance VG1S = 0, VG2S = 4 V Cissg2 1.1 pF
Feedback capacitance Crss 25 fF
Output capacitance Coss 1.05 pF
Power gain GS = 2 mS, GL = 0.5 mS, f = 200 MHz Gps 28 dBg

GS = 3,3 mS, GL = 1 mS, f = 800 MHz Gps 16.5 20 dB
AGC range VG2S = 4 to –2 V, f = 800 MHz Gps 40 dB
Noise figure GS = 2 mS, GL = 0.5 mS, f = 200 MHz F 1.0 dBg

GS = 3,3 mS, GL = 1 mS, f = 800 MHz F 1.5 dB

 FIGURE 4–30         Partial data sheet for a BF998 MOSFET. Data sheet courtesy of Vishay 

Intertechnology, Inc.   
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 S Y S T E M  E X A M P L E  4 – 1 

 WASTEWATER NEUTRALIZATION SYSTEM 
 This system example involves electronic instrumentation in a waste water treatment facility. 
The BF998 dual-gate D-MOFET will be used as a dc voltage amplifi er in the pH sensor cir-
cuit. The system controls the amount of acid and base reagent added to waste water in order 
to neutralize it. The diagram of the waste water neutralization pH system is shown in  Figure 
  SE4–1   . Our focus is on the pH sensor circuits. The system measures and controls the pH of 
the water, which is a measure of the degree of acidity or alkalinity. The pH scale ranges from 
0 for the strongest acids through 7 for neutral solutions and up to 14 for the strongest bases 
(caustics). Typically, the pH for waste water ranges from greater than 2 and less than 11. The 
pH of the water is measured by sensor probes at the inlets and outlets of the tanks. The proc-
essor and controller unit uses the inputs from the pH sensor circuits to adjust the amount of 
acid or base introduced into the neutralization tank. The pH should be 7 at the outlet of the 
smoothing tank. 

Processor
and
controller

pH sensor
circuits

pH sensor probe

Water
out

DC power
supply

Acid

Waste
water in

Neutralization tank Smoothing tank

Base
(caustic)

 FIGURE SE4–1         Simplifi ed waste water pH neutralization system.   

 Generally, waste water treatment is done in three steps as follows: 

   •    Primary treatment  Collecting, screening, and initial storage  

  •    Secondary treatment  Removal of solids and the majority of contaminants using 
fi lters, coagulation, fl occulation, and membranes  

  •    Tertiary treatment  Polishing, pH adjustment, carbon treatment to remove taste and 
smells, disinfection, and temporary storage to allow the disinfecting agent to work   

 In this example, we are focusing on the process of pH adjustment in the tertiary stage 
of treatment. 



200   CHAPTER 4  •   FIELD-EFFECT TRANSISTORS (FETs)

R4
620 �

R3
100 �

VOUT

R1
100 k�

pH sensor

BF998
Rsensor

Vsensor

G1

G2

R2
100 k�

+12 V

D

S

 FIGURE SE4–3         pH sensor circuit.   

  The Sensor Circuit 
 There are three identical pH sensor circuits, one for each of the inlet/outlets indicated in  Figure 
  SE4–1   . The pH sensor produces a small voltage (mV) proportional to the pH of the water in 
which it is immersed. The pH sensor produces a negative voltage if the water is acidic, no 
voltage if it is neutral, and a positive voltage if it is basic. The sensor output goes to the gate of 
a MOSFET circuit, which amplifi es the sensor voltage for processing by the digital controller. 

  Figure   SE4–2    shows the pH sensor probe and a graph of output voltage versus pH. 
 Figure   SE4–3    is the sensor circuit using a BF998 dual-gate  n -channel MOSFET. A rheostat 
in the drain of the MOSFET is used to calibrate the circuit so that each of the three sensor 
circuits produce the same output voltage for a given value of pH. Notice that the voltage on 
G2, which controls the transconductance is set by the voltage divider consisting of R1 and R2.
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 FIGURE SE4–2         pH sensor and graph of pH vs. output voltage.   

Simulation
The PH sensor circuit is simulated  in Multisim and the results for a series of sensor input 
voltage are shown in Figure SE4–4. The sensor is modeled as a dc source in series with an 
internal resistance. The output of the circuit increase as the sensor input decreases. Rheo-
stat R3 is used to calibrate each of the three sensor circuit so that they have an identical 
output voltage for a given sensor input voltage. 
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  Handling Precautions 
 Because the gate of a MOSFET is insulated from the channel, the input resistance is extremely 
high (ideally infi nite). The gate leakage current,  I  GSS , for a typical MOSFET is in the pA range, 
whereas the gate reverse current for a typical JFET is in the nA range. The input capacitance, of 
course, results from the insulated gate structure. Excess static charge can accumulate because 
the input capacitance combines with the very high input resistance and can result in damage to 
the device as a result of electrostatic discharge (ESD). In fact, ESD is the single largest cause of 
failure with MOSFET devices. To avoid ESD and possible damage, the following precautions 
should be taken: 

    1.   Metal-oxide semiconductor (MOS) devices should be shipped and stored in conduc-
tive foam.  

   2.   All instruments and metal benches used in assembly or testing should be connected 
to earth ground (round prong of wall outlets).  

   3.   The assembler’s or handler’s wrist should be connected to earth ground with a length 
of wire and a high-value series resistor.  

   4.   Never remove a MOS device (or any other device, for that matter) from the circuit 
while the power is on.  

   5.   Do not apply signals to a MOS device while the dc power supply is off.   

  1.    Name two types of MOSFETs, and describe the major 
 difference in construction.   

  2.    If the gate-to-source voltage in a D-MOSFET is zero, is there 
current from drain to source?   

  3.    If the gate-to-source voltage in an E-MOSFET is zero, is 
there current from drain to source?   

  4.    Can a D-MOSFET have a higher current than  I  DSS  and 
remain within the specifi ed drain current?      

    SECTION 4–4 CHECKUP 

FIGURE SE4–4 
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  ZERO BIAS     The most basic bias method is to set  V  GS  = 0 V so that an ac signal at 
the gate varies the gate-to-source voltage above and below this bias point.  Figure   4–31    
shows the circuit. Because it is effective and simple, it is the preferred method for bias-
ing a D-MOSFET. The operating point is set between depletion and enhancement opera-
tion. Since  V  GS  = 0 V,  I  D  =  I  DSS , as indicated. The drain-to-source voltage is expressed 
as follows: 

   VDS = VDD - IDSSRD    

+VDD

RG

VG = 0 V

VGS = 0

RD

IDSS

–

+

–

+

 FIGURE 4–31         A zero-
biased D-MOSFET.   

  E X A M P L E  4 – 9 

 Determine the drain-to-source voltage in the circuit of  Figure   4–32   . The MOSFET 
data sheet gives  I  DSS  = 12 mA.  

  S O L U T I O N 

 Since  I  D  =  I  DSS  = 12 mA, the drain-to-source voltage is 

   VDS = VDD - IDSSRD = 18 V - (12 mA)(560 �) = 11.28 V    

  P R A C T I C E  E X E R C I S E 

 Find  V  DS  in  Figure   4–32    when  I  DSS  = 20 mA.    
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 FIGURE 4–32        

   4–5  MOSFET BIASING 
  As with BJTs and JFETs, bias establishes the appropriate dc operating conditions that 
provide a stable operating point for centering the ac signal. MOSFET biasing circuits are 
similar to those you have already seen for BJTs and JFETs. The particular bias circuit 
depends on whether one or two supplies are used and the type of MOSFET (depletion or 
enhancement).   

  After completing this section, you should be able to  

  •   Discuss and analyze MOSFET bias circuits 

   •   Explain why a D-MOSFET has more bias options than any other type of transistor  

  •   Explain zero bias  

  •   Discuss three methods for biasing an E-MOSFET     

  D-MOSFET Bias 
 As you know, D-MOSFETs can be operated with either positive or negative values of  V  GS . 
When  V  GS  is negative, operation is in the depletion mode; when it is positive, operation is 
in the enhancement mode. A D-MOSFET has the advantage of being able to operate in 
both modes; it is the only type of transistor that can do this. 
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 When positive and negative supplies are used, the source-bias arrangement in  Figure 
  4–33   (b) is frequently used. This is similar to emitter bias seen with BJTs. Ideally, the gate 
circuit looks like an open circuit, so you would expect the gate voltage to be at ground 
potential. 

 Current-source biasing is a form of bias that is common in operational amplifi ers and 
is shown with a BJT current source in  Figure   4–33   (c). Other current sources, including 
FETs can be used. The current source sets the value of the source and drain current. By 
analyzing the current source (as in  Example   4–8   ), the expected drop across the drain resis-
tor can be computed from Ohm’s law.   

  E-MOSFET Bias 
 E-MOSFETs must have a  V  GS  greater than the threshold value,  V  GS(th) . 
Any of the bias circuits developed for BJTs (except base bias) could be 
used with appropriate values for E-MOSFETs.  Figure   4–34    shows two 
common ways to bias an  n -channel E-MOSFET. (D-MOSFETs can also 
be biased using these methods.) In either the drain-feedback or the volt-
age-divider bias arrangement, the purpose is to make the gate voltage 
more positive than the source by an amount exceeding  V  GS(th) .  

 In the drain-feedback bias circuit in  Figure   4–34   (a), there is negli-
gible gate current and, therefore, no voltage drop across  R  G . As a result, 
 V  GS  =  V  DS . 

 The voltage-divider bias is a straight forward application of the 
voltage-divider rule you have already seen. Again, the voltage divider 
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 FIGURE 4–33         Other D-MOSFET bias circuits.   
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 FIGURE 4–34         E-MOSFET biasing arrangements.   

  OTHER BIAS ARRANGEMENTS     As you know, the D-MOSFET can operate in 
the depletion or enhancement mode. Because of this versatility, any of the bias circuits you 
have studied for the BJT and the JFET can also be applied to D-MOSFETs.  Figure   4–33    
illustrates three popular methods for biasing, but you may see other methods in practice.  

 The bias circuit in  Figure   4–33   (a) uses a combination of voltage divider and self-bias 
as seen earlier with JFETs. The voltage at the gate is computed by the voltage-divider for-
mula, which is quite accurate for any FET device because of the negligible loading effect. 
The gate voltage is the same as given for JFETs (see Equation (4–5): 

   VG = a R2

R1 + R2
bVDD   

 The resistors that form the voltage divider are usually quite large (in the megohm 
range) because of the high input resistance of the gate terminal. The voltages at the other 
terminals depend on specifi c device parameters. 
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  The IGBT 
 The IGBT ( insulated gate bipolar transistor ) is a device that has the input characteris-
tics of a MOSFET and the output characteristics of a BJT. Its schematic symbol is 
shown in  Figure   4–36   . Essentially, the IGBT can be viewed as a voltage-controlled 
BJT. Because it has an insulated gate instead of a base, there is no input current and it 
will not load down a driving circuit. IGBTs are superior to MOSFETs in some ways 
and superior to BJTs in others. They are used primarily in high-voltage high-current 
switching applications.        

Emitter

Collector

Gate

 FIGURE 4–36         IGBT 
schematic symbol.   

  E X A M P L E  4 – 1 0 

 Determine the amount of drain current in  Figure   4–35   . The E-MOSFET has a 
 V  GS(th)  of 3 V.  
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 FIGURE 4–35        

  S O L U T I O N 

 The meter indicates that  V  GS  = 8.5 V. Since this is a drain-feedback confi gura-
tion,  V  DS  =  V  GS  = 8.5 V. 

   ID =
VDD - VDS

RD
=

15 V - 8.5 V

4.7 k�
= 1.38 mA    

  P R A C T I C E  E X E R C I S E 

 Determine  I  D  if the meter in  Figure   4–35    reads 5 V.    

 Open fi le F04-35 found on 
the companion website. This 
simulation demonstrates drain-
feedback bias. 

MULTISIM

  1.    For a D-MOSFET biased at  V  GS  = 0 V, is the drain current 
equal to 0,  I  GSS , or  I  DSS ?   

  2.    Why can’t an E-MOSFET use zero bias?   

  3.    For an  n -channel E-MOSFET with  V  GS(th)  = 2 V,  V  GS  must 
be in excess of what value in order to conduct?   

  4.    What is a common application for IGBTs?                                         

    SECTION 4–5 CHECKUP 

 It is not an easy task to determine when a given system should use IGBTs or MOSFETs. The 
applications overlap in a variety of areas. Here are some general guidelines. 

 For voltages below 200 V, systems usually employ MOSFETs—above 1000 V expect 
IGBTs. For voltages between 200 V and 1000 V and frequencies below 20 kHz, IGBTs will be 
used more often. For voltages between 200 V and 1000 V, and frequencies from 20 kHz to 
200 kHz, either device may be used. For frequencies above 200 kHz and voltages below 1000 V, 
expect to fi nd MOSFETs used in the system. 

 S Y S T E M  N O T E 

appears to be unloaded because of the high input resistance, so you can compute the gate 
voltage accurately using Equation (4–5). 



  Transconductance of FETs 
 The transfer characteristic for a FET is the transconductance curve as was shown in  Figure 
  4–9   (a). FETs are fundamentally different than BJTs because they are voltage-controlled 
devices. The output drain  current  is controlled by the input gate  voltage.  As an ac param-
eter, transconductance was earlier defi ned as 

   gm =
Id

Vgs
   

 Considered in terms of output current ( I d  ) divided by input voltage ( V gs  ), transcon-
ductance is essentially the gain of the FET by itself. Unlike b  ac  , a pure number, transcon-
ductance ( g m  ) has units of the siemen (the reciprocal of resistance). Many data sheets 
continue to use the older unit, the mho (ohm spelled backwards). The transconductance of 
a particular FET can be measured directly as shown in  Figure   4–37   (a). Notice that the 
transconductance is the slope of the transfer curve and it is  not  a constant, but depends on 
the drain current.  

  Although MOSFETs are primarily used in switching applications, both JFETs and MOSFETs 
can be used as linear amplifi ers in any of three circuit confi gurations similar to the bipolar 
junction transistor’s CE, CC, and CB amplifi ers you studied earlier. The FET confi gurations 
are common-source (CS), common-drain (CD), and common-gate (CG). The CS and CD 
amplifi ers are characterized by high input impedance and low noise, making them excellent 
choices as the fi rst stage of an amplifi er. The common-gate amplifi er has few applications, so it 
is discussed only briefl y here.   

  After completing this section, you should be able to  

  •   Describe the operation of FET linear amplifi ers 

   •   Describe the three FET confi gurations for linear amplifi ers: common-source (CS), 
common-drain (CD), and common-gate (CG)  

  •   Given the transconductance, compute the gain for any FET amplifi er  

  •   Explain why a CD amplifi er with current-source biasing is signifi cantly better than a 
single-stage CD amplifi er     

   4–6  FET LINEAR AMPLIFIERS 
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 FIGURE 4–37         Comparison of the transfer curve for an n-channel FET with a BJT.   

  Figure   4–37   (b) shows an analogous situation for the input to a BJT. The base volt-
age, applied across the base-emitter  pn  junction, “sees” an ac resistance that depends on 
the dc emitter current. This small ac resistance plays an important role in determining the 
gain of a BJT amplifi er as you saw in  Section   3–4   . 
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 The  reciprocal  of  g m   is analogous to  r�e       for BJTs. Most ac models for a FET use  g m   
as one of the key parameters; however, to make the transition from BJT amplifi ers to 
FET amplifi ers, it is useful to defi ne a parameter representing the ac source resistance of 
the FET. 

    r�s =
1

gm
  (4–6)    

 The concept of  r�s       leads to voltage gain equations that are analogous to those 
developed in  Chapter   3    for BJTs. A mental picture of  r�s       for a JFET is shown in  Figure 
  4–38   . The gate is shown with a dotted line to remind you that, from the gate’s perspec-
tive, the input resistance is nearly infi nite (because of the input’s reverse-biased diode). 
Although the gate voltage controls the drain current, it does it with negligible current. 
Unfortunately,  r�s       for a FET is not as predictable as  r�e       is for a BJT and it is generally 
larger than   r�e     . Data sheets don’t show this parameter, but they do show a range of val-
ues for  g m   (also shown as  y fs  ), so you can obtain an approximate value of  r�s       by taking 
the reciprocal of the typical value of  g m .  For example, if  y fs   is shown as 2000 mS on a 
data sheet,  r�s       = 500 �.   

  Common-Source Amplifi ers 
  JFET      Figure   4–39    shows a  common-source (CS)  amplifi er with a self-biased  n -channel 
JFET. An ac source is capacitively coupled to the gate. The resistor,  R  G , serves two pur-
poses: (a) It keeps the gate at approximately 0 V dc (because  I  GSS  is extremely small), and 
(b) its large value (usually several megohms) prevents loading of the ac signal source. The 
bias voltage is created by the drop across  R  S . The bypass capacitor,  C  2 , keeps the source of 
the FET effectively at ac ground.  

G

S

D

1
 =gm

  ′rs

 FIGURE 4–38         The internal 
source resistance r�s    is analogous 
to r�e    for a BJT. The dotted line 
is a reminder that gate current 
is negligible because of 
extremely high input resistance.   

+VDD
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RS

Vin
RG

Vds

C2

C1

C3
Vgs

 FIGURE 4–39         JFET common-source amplifi er.   

 The signal voltage causes the gate-to-source voltage to swing 
above and below its Q-point value, causing a swing in drain current. As 
the drain current increases, the voltage drop across  R  D  also increases, 
causing the drain voltage (with respect to ground) to decrease. 

 The drain current swings above and below its Q-point value in 
phase with the gate-to-source voltage. The drain-to-source voltage 
swings above and below its Q-point value 180° out of phase with the 
gate-to-source voltage, as illustrated in  Figure   4–39   .  

  D-MOSFET      Figure   4–40    shows a zero-biased  n -channel D-MOS-
FET with an ac source capacitively coupled to the gate. The gate is at 
approximately 0 V dc and the source terminal is at ground, thus mak-
ing  V  GS  = 0 V.  

+VDD

RD

Vin RG

Vout

C1

C2

 FIGURE 4–40         Zero-biased D-MOSFET common-
source amplifi er.   
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 The signal voltage causes  V gs   to swing above and below its 
0 value, producing a swing in  I d .  The negative swing in  V gs   pro-
duces the depletion mode, and  I d   decreases. The positive swing in 
 V gs   produces the enhancement mode, and  I d   increases.  

  E-MOSFET      Figure   4–41    shows a voltage-divider biased, 
 n -channel E-MOSFET with an ac signal source capacitively cou-
pled to the gate. The gate is biased with a positive voltage such that 
 V  GS  �  V  GS(th) . As with the JFET and D-MOSFET, the signal volt-
age produces a swing in  V gs   above and below its Q-point value. This 
swing, in turn, causes a swing in  I d .  Operation is entirely in the 
enhancement mode.   

  VOLTAGE GAIN     Voltage gain,  A v ,  of an amplifi er always equals  V out  > V in .  In the 
case of the CS amplifi er,  V in   is equal to  V gs   (due to the bypass capacitor) and  V out   is equal 
to the signal voltage developed across  R d ,  the ac drain resistance. In a CS amplifi er with no 
load, the ac and dc drain resistances are equal:  R d   =  R  D . Thus,  V out   =  I d R d .  

   Av =
Vout

Vin
=

IdRd

Vgs
   

 Since  g m   =  I d  > V gs ,  the common-source voltage gain is 

    Av = -gmRd  (4–7)    

 This is the traditional voltage gain equation for the CS amplifi er. The negative sign is 
added to Equation (4–7) to indicate that it is an inverting amplifi er. The gain for the CS 
amplifi er can be expressed in a similar form to the common-emitter (CE) amplifi er as a 
ratio of ac resistances. By substituting 1>r�s        for  g m ,  the voltage gain can be written as 

    Av = -
Rd

r�s
  (4–8)    

 Compare this result with Equation (3–10) that gives the voltage gain for a CE ampli-
fi er:  A v   = - R c  > R e .  Both equations show voltage gain as a ratio of ac resistances.  

  INPUT RESISTANCE     Because the input to a CS amplifi er is at the gate, the input 
resistance to the transistor is extremely high. As you know, this extremely high resistance 
is produced by the reverse-biased  pn  junction in a JFET and by the insulated gate structure 
in a MOSFET. For practical work, the transistor’s input circuit looks open. 

 When the transistor’s internal resistance is ignored, the input resistance seen by the sig-
nal source is determined only by the bias resistor (or resistors). With self-bias, it is simply the 
gate resistor,  R  G , as shown in the equivalent ac circuit looking into the gate in  Figure   4–42   .  

+VDD

RD

RSR2

Vout

C2

C1

C3R1

Vin

 FIGURE 4–41         Common-source E-MOSFET amplifi er 
with voltage-divider bias.   

RD

RSRG

Looks open

(a) Self-bias (b) Voltage-divider bias

RS

RD

R1 R2

 FIGURE 4–42         Input resistance is determined by the bias 
resistors.   
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 With voltage-divider bias, the power supply is at ac ground and the gate again appears 
as an open. The two voltage-divider resistors are seen by the ac source in parallel. The 
input resistance is the parallel combination of  R  1  and  R  2 . 

   Rin � R1 }R2   

  E X A M P L E  4 – 1 1 

   (a)   What is the dc drain voltage and the ac output voltage of the amplifi er in 

 Figure   4–43   ? The  g m   is 1500 mS,  I  D  is 2.0 mA, and  V  GS(off)  is 3 V.   

  (b)   What is the input resistance seen by the signal source?   

+15 V

RD
3.3 k�

RS
680 �

Vin
100 mV

rms
RG
10 M�

Vout

C2
10 μF

C1

0.1 μF

C3

0.1 μF

 FIGURE 4–43        

  S O L U T I O N 

   (a)   First, fi nd the dc drain voltage. 

   VD = VDD - IDRD = 15 V - (2 mA)(3.3 k�) = 8.4 V   

  Next, fi nd the voltage gain. 

   Av = -gmRd = -(1500 mS)(3.3 k�) = -5.0   

  Alternatively, the voltage gain could be found by computing  r �  s   and using the 
ratio of ac drain resistance to ac source resistance. 

   r�s =
1

gm
=

1

1500 mS
= 667 �    

   Av = -
Rd

r�s
= -

3.3 k�

667 �
= -5.0   

  The ac output voltage is the gain times the input voltage. 

   Vout = AvVin = (-5.0)(100 mV) = �0.5 V rms   

  The negative sign indicates the output waveform is inverted.        

  (b)   The input resistance is 

   Rin � RG = 10 M�      

  P R A C T I C E  E X E R C I S E 

 What happens to the  g m   if the source resistor is made larger? Does this affect 
the gain?     
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  Common-Drain (CD) Amplifi er 
 A  common-drain (CD)  JFET amplifi er is shown in  Figure   4–44    with 
voltages indicated. Self-biasing is used in this circuit. The input signal 
is applied to the gate through a coupling capacitor, and the output is at 
the source terminal. There is no drain resistor. This circuit, of course, is 
analogous to the BJT emitter-follower and is sometimes called a  source-
follower.  It is a widely used FET circuit because of its very high input 
impedance.  

  VOLTAGE GAIN     As in all amplifiers, the voltage gain is 
 A v   =  V out  > V in .  Like the emitter-follower, the source-follower has an 
ideal voltage gain of 1, but in practice it is less (typically between 0.5 
and 1.0). To compute the voltage gain, the voltage-divider rule can be 
applied to the circuit shown in  Figure   4–45   (a). First, the circuit is simplifi ed to the ac 
equivalent shown in  Figure   4–45   (b). The gate resistor does not affect the ac, so it is not 
shown. The load and source resistors are in parallel and can be combined to form an equiv-
alent ac source resistance,  R s ,  that is in series with the internal resistance  r�s      (or 1> g m  ). The 
input is across both  R s   and  r�s      , but the output is taken across  R s   only. Therefore, the output 
voltage is 

   Vout = Vina Rs

r�s + Rs
b     

+VDD

RSRG

C1

C2

Vgs

Vout  = IdRS

Vin

 FIGURE 4–44         JFET common-drain amplifi er 
(source-follower).   

Rs = RS || RL

+VDD
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RG

Vout

RL

C1

C2

Vin
D

S

G

(b) Simplified ac circuit to compute gain

Vout

Vin

S

G

(a) A basic self-biased CD amplifier

  ′rs

 FIGURE 4–45        

 Dividing by  V in   results in the equation for voltage gain. 

    Av =
Rs

r�s + Rs
  (4–9)    

 Again, note that gain can be written as a ratio of ac resistances. This equation is easy 
to recall if you keep in mind that it is based on the voltage-divider rule. 

 An alternate voltage-gain equation, derived in  Appendix   A   , is as follows: 

    Av =
gmRs

1 + gmRs
  (4–10)    

 This formula yields the same result as Equation (4–9).  

  INPUT RESISTANCE     Because the input signal is applied to the gate, the input 
resistance seen by the input signal source is the same as the CS-amplifi er confi guration 
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discussed previously. For practical work, you can ignore the very high resistance of the 
transistor’s input. The input resistance is determined by the bias resistor or resistors as 
done with the CS amplifi er. For self-bias, the input resistance is equal to the gate resis-
tor  R  G . 

   Rin � RG   

 With voltage-divider bias, the voltage-divider resistors are seen by the source as a 
parallel path to ground. Thus for voltage-divider bias, the input resistance is 

   Rin � R1 }R2   

  E X A M P L E  4 – 1 2 

 Determine the minimum and maximum voltage gain of the amplifi er in  Figure   4–46   (a) based on the data sheet 
information in  Figure   4–46   (b).  

Electrical Characteristics (TA = 25˚C unless otherwise noted)

Characteristic Symbol Min Max Unit

OFF Characteristics

Gate-Source breakdown voltage
     (IG = 10 μA dc, VDS = 0)

Gate-Source cutoff voltage
     (VDS = –10 V dc, ID = 1.0 μA dc)

Gate-reverse current
     (VGS = 15 V dc, VDS = 0)
     (VGS = 15 V dc, VDS = 0, TA = 65°C)

V(BR)GSS

VGS(off)

IGSS

20

0.7

–
–

–

10

10
0.5

V  dc

V dc

nA  dc
μA dc

Small-Signal Characteristics

ON Characteristics

Zero-Gate voltage drain current*
     (VDS = –10 V dc, VGS = 0)

Gate-source voltage
     (VDS = –10 V dc, ID = 0.3 mA dc)

IDSS

VGS

3.0

0.4

30

9.0

mA  dc

V dc

Drain-Source "ON" resistance
     (VGS = 0, ID = 0, f = 1.0 kHz)

Forward-transadmittance*
     (VDS = –10 V dc, VGS = 0, f = 1.0 kHz)

Forward-transconductance
     (VDS = –10 V dc, VGS = 0, f = 1.0 MHz)

Output admittance
     (VDS = –10 V dc, VGS = 0, f = 1.0 kHz)

Input capacitance
     (VDS = –10 V dc, VGS = 0, f = 1.0 MHz)

Reverse transfer capacitance
     (VDS = –10 V dc, VGS = 0, f = 1.0 MHz)

Common-Source noise figure
     (VDS = –10 V dc, ID = 1.0 mA dc, RG = 1.0 Megohm, f = 100 Hz)

Equivalent short-circuit input noise voltage
     (VDS = –10 V dc, ID = 1.0 mA dc, f = 100 Hz, BW = 15 Hz)

rds(on)

y fs

Re(yfs)

yos

Ciss

Crss

NF

En

Ohms

μmhos

μmhos

μmhos

pF

pF

dB

–

2000

1500

–

–

–

–

–

700

8000

–

100

20

5.0

5.0

0.19

Vin

RG
10 M�

RS = RL
10 k�

–10 V

Vout

0.1 μF

C

(a)

μV/ Hz

*Pulse test: Pulse width ≤ 630 ms, Duty cycle ≤ 10%

(b)

 FIGURE 4–46        
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  CD AMPLIFIER WITH CURRENT-SOURCE BIASING     The CD amplifi er 
can be improved signifi cantly by the addition of a current source as shown in  Figure   4–47   . 
The current source not only provides bias (as described in  Section   4–3   ) but also acts as the 
load for the CD amplifi er. As you know, a current source looks like a very high resistance 
to the ac signal, so the voltage gain is very close to the ideal value of 1.0.  

 The current source load offers other signifi cant advantages including higher input 
resistance, lower distortion, and the ability to dc couple the signal at both the input and 
output (no coupling capacitors). The output voltage from a regular source-follower (such 
as given in the previous example) is riding on a dc level that is equal to the magnitude of 
 V  GS  (since the gate is at 0 V). For a  p -channel device, the dc offset is negative; for an 
 n -channel device, it is positive. Ideally, current-source biasing does not add  any  dc off-
set to the output. This is particularly useful in applications such as the preamp to an 
oscilloscope that must pass any dc component of the signal to the rest of the vertical 
amplifi er. 

 For optimum results, the two FETs and two resistors in  Figure   4–47    should match. 
This means that both transistors will have identical transfer and output characteristics. 
Both transistors will have the same  V  GS  (since they have the same drain current). This 
drain current drops the same voltage ( V  GS  again) across both resistors, compensating 
for the bias. This ensures that the output will be close to 0 V when the input is 0 V. One 
way to ensure matching transistors is to use a dual device (two matching transistors in 
one package). 

+VDD

RS1

Vout

RS2

Vin

–VSS

Q1

Q2

 FIGURE 4–47         CD amplifi er 
with current-source bias.   

  E X A M P L E  4 – 1 3 

 Determine the drain current,  I  D , and the source voltage,  V  S , of  Q  1  for the CD 
amplifier with current-source bias shown in  Figure   4–48   (a). Assume the 
FETs are matched and each has a transconductance curve as shown in  Figure 
  4–48   (b).  

  S O L U T I O N 

 On the data sheet,  g m   is shown as  y fs .  The range is 2000 mS to 8000 mS (shown as 2000 mmhos on the data sheet). 
The maximum value of  r�s       is 

   r�s =
1

gm
=

1

2000 mS
= 500 �   

 The ac source resistance,  R s ,  is simply the load resistor,  R L  , which is  R  S . Substituting into Equation (4–9), 
the minimum voltage gain is 

   Av(min) =
Rs

r�s + Rs
=

10 k�

500 � + 10 k�
= 0.95    

 The minimum value of  r �  s   is 

   r�s =
1

gm
=

1

8000 mS
= 125 �    

 The maximum voltage gain is then 

   Av(max) =
Rs

r�s + Rs
=

10 k�

125 � + 10 k�
= 0.99   

 Notice that the gain is slightly less than 1. When r�s        is small compared to the ac source resistance, then a good 
approximation is  A v   = 1. Since the output voltage is at the source, it is in phase with the gate (input) voltage.  

  P R A C T I C E  E X E R C I S E 

 Determine the approximate input resistance seen by the source for the amplifi er in  Figure   4–46   (a).    
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  S O L U T I O N 

 On the transconductance curve draw a line representing the 1.0 k� bias resistor 
for the current source ( Q  2 ). This is shown in  Figure   4–49   . The crossing point 
 indicates that  I  D  is approximately  1.8 mA  at  V  GS  of -1.8 V. This current in  R  S1  
causes the source of  Q  1  to be at  �1.8 V.    

  Common-Gate Amplifi er 
 As mentioned in the section introduction, the  common-gate (CG)  amplifi er has limited use 
by itself, but it is used in the second stage of a FET differential amplifi er (discussed in 
 Chapter   6   ). It also has application at high frequencies. Although it has a voltage gain com-
parable to the CD amplifi er, the input resistance is low, cancelling one of the major advan-
tages of FETs. A basic CG amplifi er is shown in  Figure   4–50   . The input signal is applied 
to the source terminal through  C  1  and taken from the drain terminal through  C  2 . The volt-
age gain is the same as that of a CS amplifi er but with no phase inversion. 

   Av =
Rd

r�s
    

  P R A C T I C E  E X E R C I S E 

 Determine  I  D  and  V  S( Q 1)  if both resistors are changed to 2.0 k�.     

RS2
1.0 k�

+VDD
+12 V

RS1
1.0 k�

Vout

Vin

–VSS
–12 V

Q1

Q2

ID (mA)

–6 –5 –4 –3 0
VGS (V)

5.0

4.0

3.0

2.0

6.0

–2 –1
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(a)

Vs

Circuit (b) Transconductance curve

 FIGURE 4–48        
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 FIGURE 4–49        
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C2

Vout

+VDD

RD

RS

C1

Vin

RL

 FIGURE 4–50         JFET common-gate amplifi er.   

 An alternate gain formula is 

   Av = gmRd   

 The principal advantage of FETs for linear applications is their high input resist-
ance. Looking into the CG amplifi er, you see the source resistor in parallel with  r�s      . 
Usually the source resistor is large enough to ignore; therefore, the input resistance is 
approximately 

   Rin � r�s   

 Alternatively, the input resistance is approximately 

   Rin �
1

gm
   

 This result shows why the CG amplifi er has low input resistance. 
 One application for the common-gate confi guration is the  cascode amplifi er . A cas-

code amplifi er is one in which a common-source and a common-gate amplifi er are con-
nected in series. A JFET cascode amplifi er is shown in  Figure   4–51   (a). A low-voltage 
cascode amplifi er using two matched D-MOSFETs is shown in  Figure   4–51   (b). Cascode 
amplifi ers are used primarily in RF (radio frequency) applications.   
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Vin
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R1
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Common-source amplifier

(a) A JFET cascode amplifier
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 FIGURE 4–51            
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(b) A MOSFET cascode amplifier
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 A TEMPERATURE MEASURING SYSTEM 
 The block diagram for a typical RTD instrumentation system is shown in Figure SE4–5. 
The input is from the RTD and is a very small voltage; the output of the system is a current 
representing the temperature.  The preamplifi er (in yellow) is our focus. The functions of 
other blocks will be covered in later chapters. A preamp is an electronic amplifi er designed 
to amplify a small signal before the main part of a system. Preamps are used in many dif-
ferent types of systems and are normally positioned as closely as possible to the signal 
source to increase the signal before it is contaminated by any noise. Although it is common 
to think of a preamp as a part of a higher end stereo system, they are also used in instru-
mentation systems for amplifying the output from a sensitive device like a thermocouple 
or resistance temperature detector (RTD). 

 S Y S T E M  E X A M P L E  4 – 2 

  JFET Preamp 
 The circuit shown in  Figure   SE4–6    is a high-input resistance, low-noise dc coupled pream-
plifi er that is used in the system. It uses both FETs and BJTs to take advantage of the best 
characteristics of both. It is designed to boost input signals of 1 mV or lower from a low 
level source such as an RTD that requires a dc output. The input signal is applied to a 
common-source JFET amplifi er with current-source biasing as described in  Section   4–6   . 
These two transistors should be matched so that the dc voltage at the base of Q 3  is 0 V. This 

Current
source

Local display
and data entry

ADC
RTD

Processor DAC
Isolation
amplifier

4-20
mA

OutputPreamp

FIGURE SE4–5 A temperature measuring system
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 FIGURE SE4–6         Low-noise 
preamplifi er.   
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  1.    How is the gain computed for a CS amplifi er?   

  2.    What are the principal advantages of a CD amplifi er with 
 current-source biasing over a single-stage CD amplifi er?   

  3.    Which of the three confi gurations (CS, CD, or CG) do not 
invert the input signal?   

  4.    What is the principal disadvantage of a CG amplifi er?   

  5.    Which characteristics of FETs make them excellent choices 
for the fi rst stage of an amplifi er?                         

    SECTION 4–6 CHECKUP 

means that no coupling capacitor is required. There are also no bias resistors or coupling 
capacitor between the collector of Q 3  and the base of Q 4 . The entire circuit is direct coupled. 
The dc voltage at the base of Q 4  is set by the emitter current of Q 3  and can be adjusted using 
R 5 . The purpose of the Q 3  common-emitter stage is to provide additional gain and to move 
the output dc level back to 0 V.   

R1

36 k� R2
5.8 k� 

R3
110 k� 

RS
100 � 

R4 Q1
IRF510

RD
1.0 k� 

C1
470 �F 

100 �F 

C3

1.0 �F 
50%

Input

Volume control

To amplifier

C4

D1
100 � 

VDD
60 V 

 FIGURE SN4–1         A simple one-channel MOSFET preamplifi er.   

MOSFET Preamp 

  Figure   SN4–1    shows a single channel MOSFET preamp for a higher level signal 
input such as from a tuner, CD, or DVD player. It is ac coupled so is not a good 
choice for a dc source such as a temperature transducer. Figure SE4–6 is one channel 
of a high-voltage high-biased stereo audio preamp. It is a very simple design, with 
only one E-MOSFET stage. Although designed primarily for switching applications, 
the IRF510 works quite well as a linear amplifi er. R 1 , R 2 , and R 3  set the gate voltage 
to about 8 V. V GS  is close to 4 V and I D  is just over 40 mA. The gate input resistor R 4  
is included to suppress oscillations. The zener diode D 1  prevents the gate-to-source 
rating of the MOSFET from being exceeded.   

  S Y S T E M  N O T E



   4–7  MOSFET SWITCHING CIRCUITS 
  Although both BJTs and JFETs can be used in switching circuits, the MOSFET is now the 
device of choice for most switching applications. MOSFETs make excellent switching devices 
because they have very low on-resistance, very high off-resistance, and fast switching times. 
There are two basic types of MOSFET switching circuits: analog and digital. In this section we 
will examine both analog and digital MOSFET switching circuits.   

  After completing this section, you should be able to  

  •   Describe how MOSFETs are used in both analog and digital switching applications 

   •   Explain how a MOSFET acts like a switch  

  •   Describe a MOSFET analog switch  

  •   Discuss analog switch applications  

  •   Describe a switched capacitor circuit  

  •   Describe how MOSFETs are used in digital switching applications  

  •   Discuss complementary MOS (CMOS) logic  

  •   Explain the operation of several CMOS digital gates  

  •   Discuss several power MOSFET structures     

  MOSFET Switching Operation 
 E-MOSFETs are generally used for switching applications because of their threshold char-
acteristic,  V  GS(th) . When the gate-to-source voltage is less than the threshold value, the 
MOSFET is  off.  When the gate-to-source voltage is greater than the threshold value, the 
MOSFET is  on.  When  V  GS  is varied between  V  GS(th)  and  V  GS(on) , the MOSFET is being 
operated as a switch, as illustrated in  Figure   4–52   . In the  off  state, when  V  GS  6  V  GS(th) , the 
device is operating at the lower end of the load line and acts like an open switch (very high 
 R  DS ). When  V  GS  is suffi cently greater than  V  GS(th) , the device is operating at the upper end 
of the load line in the ohmic region and acts like a closed switch (very low  R  DS ). 

ID

VDS(on)

ID(on)

VDS(off)

VGS(th)
VDS

VGS(on)

In ohmic
region, RDS is
very low and the
MOSFET is like
a closed switch.

Load line

At or below VGS(th),
RDS is very high
and the MOSFET
is like an open
switch.

 FIGURE 4–52         Switching operation on the load line.   

  THE IDEAL SWITCH     Refer to  Figure   4–53   (a). When the gate voltage of the 
 n -channel MOSFET is + V , the gate is more positive than the source by an amount exceed-
ing  V  GS(th) . The MOSFET is  on  and appears as a closed switch between the drain and 
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source. When the gate voltage is zero, the gate-to-source voltage is 0 V. The MOSFET is 
 off  and appears as an open switch between the drain and source. 

 Refer to  Figure   4–53   (b). When the gate voltage of the  p -channel MOSFET is 0 V, the 
gate is less positive than the source by an amount exceeding  V  GS(th) . The MOSFET is  on  
and appears as a closed switch between the drain and source. When the gate voltage is + V , 
the gate-to-source voltage is 0 V. The MOSFET is  off  and appears as an open switch 
between the drain and source.     
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+V

D

ON

(a) n-channel MOSFET and switch equivalent

S

+V +V
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OFF
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+V +V

0 V0 V

S

ON

(b) p-channel MOSFET and switch equivalent
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+V +V

+V

S

OFF

D
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 FIGURE 4–53         The MOSFET as a switch.   

  The Analog Switch 
 MOSFETs are commonly used for switching analog signals. Basically, a signal applied to 
the drain can be switched through to the source by a voltage on the gate. A major restric-
tion is that the signal level at the source must not cause the gate-to-source voltage to drop 
below  V  GS(th) . 

 A basic  n -channel MOSFET analog switch is shown in  Figure   4–54   . The signal at the 
drain is connected to the source when the MOSFET is turned on by a positive  V  GS  and is 
disconnected when  V  GS  is 0, as indicated.  

0 V

0 V

(a)

OFF

+VG

(b)

ON

 FIGURE 4–54         Operation of an  n -channel MOSFET analog switch.   

 When the analog switch is  on,  as illustrated in  Figure   4–55   , the minimum gate-to-
source voltage occurs at the negative peak of the signal. The difference in  V  G  and - V   p ( out )  
is the gate-to-source voltage at the instant of the negative peak and must be equal to or 
greater than  V  GS(th)  to keep the MOSFET in conduction. 

   VGS = VG - Vp(out) Ú VGS(th)    

+VG

Vp(out)

VGS(th)

ON
0

Input Output  FIGURE 4–55         Signal ampli-
tude is limited by  V  GS(th) .   
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  E X A M P L E  4 – 1 4 

 A certain analog switch similar to the one shown in  Figure   4–55    uses an  n -channel 
MOSFET with  V  GS(th)  = 2 V. A voltage of +5 V is applied at the gate to turn the 
switch  on.  Determine the maximum peak-to-peak input signal that can be applied, 
assuming no voltage drop across the switch. 

  S O L U T I O N 

 The difference between the gate voltage and the negative peak of the signal volt-
age must equal or exceed the threshold voltage. For maximum  V   p ( out ) , 

    VG - Vp(out) = VGS(th)    

    Vp(out) = VG - VGS(th) = 5 V - 2 V = 3 V   

    Vpp(in) = 2Vp(out) = 2(3 V) = 6 V     

  P R A C T I C E  E X E R C I S E 

 What would happen if  V   p  (  in  ) exceeded the maximum value?    

  Analog Switch Applications 
  SAMPLING CIRCUIT     One application of analog switches is in analog-to-digital 
conversion. The analog switch is used in a  sample-and-hold  circuit to sample the input 
signal at a certain rate. Each sampled signal value is then temporarily stored on a capacitor 
until it can be converted to a digital code by an analog-to-digital converter (ADC). To 
accomplish this, the MOSFET is turned  on  for short intervals during one cycle of the input 
signal by pulses applied to the gate. The basic operation, showing only a few samples for 
clarity, is illustrated in  Figure   4–56   .  

(a) Circuit action

Input signal

Gate pulses

Sampled output
signal

(b) Waveform diagram

Switch off

Switch on

 FIGURE 4–56         The analog switch operating as a sampling circuit.   

 The minimum rate at which a signal can be sampled and reconstructed from the sam-
ples must be more than twice the maximum frequency contained in the signal. The mini-
mum sampling frequency is called the  Nyquist frequency.  

   fsample (min) 7 2fsignal (max)   

 When a gate pulse is at its high level, the switch is turned  on  and the small portion of the 
input waveform occurring during that pulse appears on the output. When the pulse wave-
form is at its 0 V level, the switch is turned  off  and the output is also at 0 V.  
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  SWITCHED-CAPACITOR CIRCUIT     Another application of MOSFETs is in 
 switched-capacitor circuits  commonly used in integrated circuit programmable analog 
devices known as  analog signal processors.  Because capacitors can be implemented in 
ICs more easily than a resistor, they are used to emulate resistors. Capacitors also take up 
less space on a chip than an IC resistor and dissipate no power. Many types of analog cir-
cuits use resistors to determine voltage gain and other characteristics and by using switched 
capacitors to emulate resistors, dynamic programming of analog circuits can be achieved. 

 For example, in a certain type of IC amplifi er circuit that you will study later, two 
external resistors are required as shown in  Figure   4–58   . The values of these resistors estab-
lish the voltage gain of the amplifi er as Av = R2>R1.  

Vin VoutAv

R2

R1

V1

 FIGURE 4–58         A type of IC amplifi er.   

A

B

A

B

 FIGURE 4–57         The analog multiplexer is alternately sampling two signals and 
 interleaving them on a single output line.   

  ANALOG MULTIPLEXER     Analog multiplexers are used where two or more sig-
nals are to be routed to the same destination. For example, a two-channel analog sampling 
multiplexer is shown in  Figure   4–57   . The MOSFETs are alternately turned  on  and  off  so 
that fi rst one signal sample is connected to the output and then the other. The pulses are 
applied to the gate of switch A, and the inverted pulses are applied to the gate of switch B. 
A digital circuit known as an  inverter  is used for this. When the pulses are high, switch A 
is  on  and switch B is  off.  When the pulses are low, switch B is  on  and switch A is  off.  This 
is called  time-division multiplexing  because signal A appears on the output during time 
intervals when the pulse is high and signal B appears during the time intervals when the 
pulse is low. That is, they are interleaved on a time basis for transmission on a single line.   

 A switched-capacitor can be used to emulate a resistor as shown in  Figure   4–59    using 
a mechanical switch analogy (MOSFETs are actually used as the switches). Switch 1 and 
switch 2 are alternately turned  on  and  off at  a certain frequency to charge or discharge  C,  
depending on the values of the voltage sources. In the case of  R1  in  Figure   4–58   ,  V in   and  V  1  
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C

R

SW1 SW2

VA VB VA VB

 FIGURE 4–59         A switched capacitor emulates a resistance.   

are represented by  V  A  and  V  B , respectively. For  R  2 ,  V  1  and  V out   are represented by  V  A  and 
 V  B , respectively.  

 It can be shown that the capacitor emulates a resistance with a value that depends on 
the frequency at which the switches are turned  on  and  off  and the capacitance value. 

   R �
1

fC
   

 By changing the frequency, the effective resistance value can be altered. 
 Complementary E-MOSFETs and capacitors can be used to replace the resistors in 

the amplifi er, as shown in  Figure   4–60   . When  Q  1  is  on, Q  2  is  off , and vice versa. The fre-
quency  f  1  and  C  1  are selected to provide the required value of  R  1 . Likewise,  f  2  and  C  2  
provide the required value of  R  2 . To reprogram the amplifi er for a different gain, the fre-
quencies are changed.    

Vin VoutAv

f2

f1
C2

C1

R2 = 1/f2C2R1 = 1/f1C1

 FIGURE 4–60         The IC amplifi er in  Figure   4–57    with switched-capacitor 
circuits replacing the resistors.   

  CMOS: A Digital Switching Application 
  CMOS  combines  n -channel and  p -channel E-MOSFETs in a series arrangement as shown 
in  Figure   4–61   (a). The input voltage at the gates is either 0 V or  V  DD . Notice that  V  DD  and 
ground are both connected to the source terminals of the transistors. To avoid confusion, 
the term  V  DD  is used for the positive voltage, which is on the  p -channel device’s source 
terminal. When  V   in   = 0 V,  Q  1  is  on  and  Q  2  is  off , as shown in part (b). Because  Q  1  is act-
ing as a closed switch, the output is approximately  V  DD . When  V in   =  V  DD ,  Q  2  is  on  and  Q  1  
is  off , as shown in part (c). Because  Q  2  is acting as a closed switch, the output is essentially 
connected to ground (0 V).  

 A major advantage of CMOS is that it consumes very little dc power. Because the 
MOSFETs are in series and one of them is always  off,  there is essentially no current from 
the dc supply in the quiescent state. When the MOSFETs are switching, there is current for 
a very short time because both transistors are  on  during this very short transition from one 
state to the other. 
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  INVERTER     Notice that the circuit in  Figure   4–61    actually inverts the input because 
when the input is 0 V or low, the output is  V  DD  or high. When the input is  V  DD  or high, the 
output is 0 V or low. For this reason, this circuit is called an  inverter  in digital electronics.  

  NAND GATE     In  Figure   4–62   (a), two additional MOSFETs and a second input are 
added to the CMOS pair to create a digital circuit known as a NAND gate.  Q 4   is connected 
in parallel with  Q  1  and  Q  3  is connected in series with  Q  2 . When both inputs,  V  A  and  V  B , are 0, 
 Q  1  and  Q  4  are  on  while  Q  2  and  Q  3  are  off,  making  V  out  =  V  DD . When both inputs are equal 
to  V  DD ,  Q  1  and  Q  4  are  off  while  Q  2  and  Q  3  are  on,  making  V  out  = 0. You can verify that 
when the inputs are different, one at  V  DD  and the other at 0, the output is equal to  V  DD . The 
operation is summarized in the table of Figure 4–62(b) and can be stated: 

   When  V  A   AND   V  B  are high, the output is low; otherwise, the output is high.     

Q2

Q3

Vout

VB

Q1

VDD

VA

(a)

Q4

(b)

VA VoutVB

0

0
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VDD
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0

VDD
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VDD

0

Q1 Q2 Q3 Q4
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off
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off
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off
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off
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 FIGURE 4–62         CMOS NAND gate operation.   
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 FIGURE 4–61         CMOS inverter operation.   

  NOR GATE     In  Figure   4–63   (a), two additional MOSFETs and a second input are 
added to the CMOS pair to create a digital circuit known as a NOR gate.  Q  4  is con-
nected in parallel with  Q  2 , and  Q  3  is connected in series with  Q  1 . When both inputs,  V  A  
and  V  B , are 0,  Q  1  and  Q  3  are  on  while  Q  2  and  Q  4  are  off,  making  V out   =  V  DD . When 



222   CHAPTER 4  •   FIELD-EFFECT TRANSISTORS (FETs)

both inputs are equal to  V  DD ,  Q  1  and  Q  3  are  off  while  Q  2  and  Q  4  are  on , making 
 V out   = 0. You can verify that when the inputs are different, one at  V  DD  and the other at 
0, the output is equal to 0. The operation is summarized in the table of  Figure   4–63   (b) 
and can be stated:    

    When  V  A   OR   V  B   OR  both are high, the output is low; otherwise, the output is 
high.     

  MOSFETs in Power Switching Applications 
 The power MOSFET has largely replaced the BJT in most high-power switching applica-
tions for a variety of reasons. MOSFETs turn off faster, require no drive current, have 
lower on-resistance (dissipate less power), and have a positive temperature coeffi cient— 
as they get hotter their resistance increases. This means they are less subject to thermal 
runaway compared to BJTs, which have a negative temperature coeffi cient. Power MOS-
FETs are used in motor control, dc-to-ac and dc-to-dc conversion, load switching, or any 
application that requires high power and precise digital control. For example, the 2SK4124 
has a drain-to-source voltage (V DSS ) rating of 500 V, a drain current rating of 20 A con-
tinuous and 60 A pulsed. It can dissipate up to 170 W if properly installed on a heat sink.  

  Power MOSFET Structures 
 The conventional enhancement MOSFETs have a long thin lateral channel as shown in the 
structural view in  Figure   4–64   . The red arrow in the fi gure shows the movement of major-
ity carriers from source to drain. This results in a relatively high drain-to-source resistance 
and limits the E-MOSFET to low power applications. When the gate is positive, the chan-
nel is formed close to the gate between the source and the drain, as shown.  
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 FIGURE 4–63         CMOS NOR gate operation.   

 Open fi le F04-63 found on 
the companion website. This 
simulation demonstrates the 
operation of a CMOS NOR gate. 

MULTISIM

Gate

Substrate

Source Drain

Channelp

SiO2
n n

 FIGURE 4–64         Cross section 
of conventional E-MOSFET 
structure. Channel is shown as 
white area.   
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  VMOSFET     The V-groove MOSFET is another example of an E-MOSFET designed 
to achieve higher power capability by creating a shorter and wider channel with less resist-
ance between the drain and source using a vertical channel structure. The shorter, wider 
channels allow for higher currents and, thus, greater power dissipation. Frequency response 
is also improved. 

 The VMOSFET has two source connections, a gate connection on top, and a drain 
connection on the bottom, as shown in  Figure   4–66   . The channel is induced vertically 
along both sides of the V-shaped groove between the drain ( n  +  substrate where  n  +  means a 
higher doping level than  n  - ) and the source connections. The channel length is set by the 
thickness of the layers, which is controlled by doping densities and diffusion time.   

  TMOSFET     The vertical channel structure of the TMOSFET is illustrated in  Figure 
  4–67   . The gate structure is embedded in a silicon dioxide layer, and the source contact 
is continuous over the entire surface area. The drain is on the bottom. TMOSFET 
achieves greater packing density than VMOSFET, while retaining the short vertical 
channel advantage.  

  LATERALLY DIFFUSED MOSFET (LDMOSFET)     The LDMOS-
FET has a lateral channel structure and is a type of enhancement MOSFET 
designed for power applications. This device has a shorter channel between 
drain and source than the conventional E-MOSFET. The shorter channel results 
in lower resistance, which allows higher current and voltage.            

  Figure   4–65    shows the basic structure of an LDMOSFET. When the gate 
is positive, a very short  n  channel is induced in the  p  layer between the lightly 
doped source and the  n  -  region. Majority carriers travel from source to drain 
through the  n  regions and the induced channel as indicated.   

n+
np n+

n–

DrainGateSource

SiO2

Channel

 FIGURE 4–65         Cross section of 
 LDMOSFET lateral channel structure.   

Source

Gate Gate

Drain “Fin”

 FIGURE SN4–2         FinFET construction.   

 S Y S T E M  N O T E 

 There is a constant push to make transistors smaller, to reduce the physical size of systems. The 
FinFET is a three-dimensional transistor that moves the conducting channel into a 3-D ridge (or 
fi n) and drapes the gate over it. A simplifi ed illustration of FinFet construction is shown in  Figure 
  SN4–2   . This reduces the size of the transistor to 22 nm. There is one other very important advan-
tage aside from denser integration. As 2-D transistors got smaller they ran into a voltage limit of 
0.9 V in order to turn the transistor off. The FinFET promises to operate at lower voltages with 
less leakage current. This translates into higher effi ciency. 

 But now there is another player on the fi eld. The ultra-thin body silicon-on-insulator, or 
UTB SOI, may be a competitor to the FinFET. The channel of a UTB is very thin (5 nm, or only 
15 silicon atoms) and fl at. UTB devices need less development work, but they do not have the 
current capacity of FinFETs. Both devices are currently in development. 
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 FIGURE 4–67         Cross section of 
TMOSFET vertical channel structure.   
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 FIGURE 4–66         Cross section of VMOSFET vertical 
channel structure.   

  1.    What is the difference between an analog and a digital switch?   

  2.    What are the attributes of an ideal analog switch?   

  3.    What advantage do MOSFETs have for digital switches?   

  4.    How does a CMOS inverter work?   

  5.    Name several types of high-power MOSFETs.                                                                  

    SECTION 4–7 CHECKUP 

  4–8 A SYSTEM
MOSFETS are often used in stand-alone control systems. Motor control circuits are an impor-
tant control circuit for many systems. In this application, the tracking circuit for a solar panel 
is the focus, but keep in mind that the idea can be applied to other similar systems.

After completing this section, you should be able to

• Show how MOSFET transistors are used in a small system

• Describe the operation of an H-bridge for motor control

• Explain the purpose of each block in a solar tracking system

In this example we will examine a solar tracking system that includes photodiode sensors 
and a MOSFET-based motor controller. We will begin with a discussion of solar tracking. 

Solar tracking is the process of moving the solar panel to track the daily movement of 
the sun and the seasonal changes in elevation of the sun in the southern sky. The purpose 
of a solar tracker is to increase the amount of solar energy that can be collected by the sys-
tem. For fl at-panel collectors, an increase of 30% to 50% in collected energy can be real-
ized with sun tracking compared to fi xed solar panels.

Before looking at methods for tracking, let’s review how the sun moves across the 
sky. The daily motion of the sun follows the arc of a circle from east to west that has its 
axis pointed north near the location of the North Star. As the seasons change from the win-
ter solstice to the summer solstice, the sun rises a little further to the north each day. 
Between the summer solstice and the winter solstice, the sun moves further south each 
day. The amount of the north-south motion depends on your distance from the equator.
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Single-Axis Solar Tracking
For fl at-panel solar collectors, the most economical and generally most practical solu-
tion to tracking is to follow the daily east-west motion, and not the annual north-south 
motion. The daily east-to-west motion can be followed with a single-axis tracking sys-
tem. There are two basic single-axis systems: polar and azimuth. In a polar system, the 
main axis is pointed to the polar north (North Star), as shown in Figure 4–68(a). (In tel-
escope terminology, this is called an equatorial mounting.) The advantage is that the 
solar panel is kept at an angle facing the sun at all times because it tracks the sun from 
east to west and is angled toward the southern sky. In an azimuth tracking system, the 
motor drives the solar panel and frequently multiple panels. The panels can be oriented 
horizontally but still track the east-to-west motion of the sun. Although this does not 
intercept as much of the sunlight during the seasons, it has less wind loading and is more 
feasible for long rows of solar panels. Figure 4–68(b) shows a solar array that is oriented 
horizontally with the axis pointing to true north and uses azimuth tracking (east to west). 
As you can see, sunlight will strike the polar-aligned panel more directly during the sea-
sonal movement of the sun than it will with the horizontal orientation of the azimuth 
tracker.

(a) A single-axis polar-aligned tracker

EastWest

(North Star)

Polar North

East

(b) Single-axis azimuth tracker

West

Electric
motor
turns the
panels True North

 FIGURE 4–68         Types of single-axis solar tracking.   

Relative output voltage

Time of day

Panel’s rated current

6 7 8 9 10 11 12 1 2 3 4 5 6 7

Tracking

Nontracking

 FIGURE 4–69         Graphs of voltages in tracking and nontracking (fi xed) 
solar panels.   

Some solar tracking systems combine both the azimuth and the elevation tracking, 
which is known as dual-axis tracking. Ideally, the solar panel should always face directly 
toward the sun so that the sun light rays are perpendicular to the panel. With dual-axis 
tracking, the annual north-south motion of the sun can be followed in addition to the daily 
east-to-west movement. This is particularly important with concentrating collectors that 
need to be oriented correctly to focus the sun on the active region.

Figure 4–69 is an example showing the improvement in energy collection of a typical 
tracking panel versus a nontracking panel for a fl at solar collector. As you can see, tracking 
extends the time that a given output can be maintained.
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Photodiodes

(a) Outputs of the photodiodes are unequal if solar panel is not
     directly facing the sun.

(b) Outputs of the photodiodes are equal when solar
      panel orientation is optimum.

Solar panel

SUN

Lower output Higher output

Output to motor control inputs

Position control
circuits

SUN

 FIGURE 4–70         Simplifi ed illustration of a light-sensing control for a solar-tracking system. 
Relative sizes are exaggerated to demonstrate the concept.   

Sensor-Controlled Solar Tracking
This type of tracking control uses photosensitive devices such as photodiodes. Typically, 
there are two light sensors for the azimuth control and two for the elevation control. Each 
pair senses the direction of light from the sun and activates the motor control to move the 
solar panel to align perpendicular to the sun’s rays.

Figure 4–70 shows the basic idea of a sensor-controlled tracker. Two photodiodes with 
a light-blocking partition between them are mounted on the same plane as the solar panel.

If the solar panel is not facing directly toward the sun, the light strikes the panel and 
the photodiode assembly at an angle so that one of the diodes is shaded or partially shaded 
by the partition and receives less light than the other, as illustrated in Figure 4–70(a). As a 
result, the photodiode with the most light produces a higher current than the partially-
shaded device. The difference in currents from the two diodes is processed by the position-
control circuit, which sends control signals to the motor control. The motor rotates the 
solar panel until both photodiodes produce the same current and then is stopped by the 
control circuit, as illustrated in Figure 4–70(b). The light-blocking partition between the 
diodes is oriented vertically for azimuth tracking and horizontally for elevation tracking. 
The  photodiode assemblies must face in the same direction as the solar panel, so they are 
mounted on the solar panel frame.

DUAL-AXIS SOLAR TRACKING As mentioned, a dual-axis system tracks the 
sun in both azimuth and elevation. It requires two photo-sensing elements and two motors, 
as shown in Figure 4–71. The outputs from the two pairs of sensors go to the position-con-
trol circuits. A circuit detects the differential between the two azimuth sensor outputs and, if 
the differential is suffi cient, the azimuth motor is advanced westward until a balance occurs 
between the two sensors. Similarly, another circuit detects the differential between the two 
elevation sensor outputs and, correspondingly, advances the elevation motor to rotate the 
solar panel either up or down until a balance occurs between the two sensors. When night 
falls and the solar panel is at its western most position, the position-control circuits detect 
no output from the azimuth sensors and send a reset command to the azimuth motor to 
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 FIGURE 4–72         H-bridge motor control circuit. The motor connection shown is to the armature 
or fi eld but not both.   

cause it to turn the soar panel back to its eastmost position to await sunrise the next day. The 
system must be sensitive enough to detect very small differences in photodiode output 
because the more closely the sun is tracked, the better the energy collection effi ciency.

H-bridge Motor Control Circuit
One possible circuit for controlling an axis tracking motor is the MOSFET-based H-bridge 
circuit shown in Figure 4–72. The motor is controlled by two pairs of n- and p-channel 
MOSFETs, one pair on either side of the bridge. The bridge is connected to either the 

Solar panel

Charge converter

Batteries

Inverter

Elevation
motor

Motor advance

Motor reset
Azimuth

motor

Azimuth
sensors

Elevation
sensors

Position-control
circuits

 FIGURE 4–71         Block  diagram 
of a dual-axis sensor-controlled 
tracking solar power system.   
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armature or the fi eld coil, but not both. Reversing the polarity of the applied voltage to 
both would not result in a change of direction. Control inputs to the bridge are supplied by 
the position control circuit, which processes the data from the photodiodes.

If Input 1 is high and Input 2 is low, then Q1 and Q4 are biased ON and Q2 and Q3 are 
biased OFF. Current passes through the motor causing it to turn in one direction. If Input 1 
is low and Input 2 is high, then Q1 and Q4 are biased OFF and Q2 and Q3 are biased ON. 
Current passes through and it turns in the opposite direction. If both Inputs 1 and 2 are 
either high or low, the motor brake is set and it is held in position. A high signal on Input 3 
turns off Q8, disables the bridge, and the motor is off. These relationships are summarized 
in the Table 4–1.

To ensure precise motor control resolution, transistor characteristics should be 
matched as closely as possible. One method is to use a MOSFET transistor array IC rather 
than discrete components. The layout of a four-device array IC is shown in Figure 4–73. 
This is referred to as a full-bridge confi guration. You can also get half-bridge confi gura-
tion arrays that contain one pair of MOSFETs. Array devices have much closer device-to-
device consistency than discrete transistors.

 TABLE 4–1 •   Inputs from Position Control Circuit 

 INPUT 1  INPUT 2  INPUT 3  RESULT 

 0  0  0  N Channel Brake 

 1  1  0  P Channel Brake 

 1  0  0  Forward 

 0  1  0  Reverse 

 X  X  1  Motor Off 
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D2

S1

S2

G1

G2

NC

N

P

P

N

D4

D3

S4

S3

G4

G3

NC

Dual-in-line

Top view

 FIGURE 4–73         Enhancement-mode  MOSFET 
transistor array.   

     SUMMARY 
   •   FETs can be broadly classifi ed into JFETs and MOSFETs. JFETs have a reverse-biased gate-

source  pn  junction at the input; MOSFETs have an insulated-gate input.  

  •   MOSFETs are classifi ed as either depletion mode or enhancement mode. The D-MOSFET has a 
physical channel between the drain and the source; the E-MOSFET does not.  

  •   All FETs are either  n -channel or  p -channel.  

  •   The three terminals on a FET are the source, drain, and gate that correspond to the emitter, collec-
tor, and base of a BJT.  

  •   JFETs have very high input resistance due to the reverse-biased gate-source  pn  junction. 
 MOSFETs have a very high input resistance due to the insulated gate input.  

  •   JFETs are normally on devices. Drain current is controlled by the amount of reverse bias on the 
gate-source  pn  junction.  

1. What is the difference between an equatorial tracker and an 
altitude-azimuth tracker?

2. What is the advantage of an H bridge for motor tracking?

3. What is the advantage of using MOSFET transistors for 
the H bridge?  
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  •   D-MOSFETs are normally on devices. Drain current is controlled by the amount of bias on the 
gate-source  pn  junction. A D-MOSFET can have either forward bias or reverse bias on the gate-
source  pn  junction.  

  •   E-MOSFETs are normally off devices. Drain current is controlled by the amount of forward bias 
on the gate-source  pn  junction.  

  •   The drain characteristic curve for FETs is divided between an ohmic region and a constant-current region.  

  •   The transconductance curve is a plot of drain current versus gate-source voltage.  

  •   MOSFET devices need special handling procedures to avoid destructive static electricity.  

  •   JFETs can be biased by self-bias, a combination of self-bias and voltage-divider bias, or current-
source bias.  

  •   A D-MOSFET can operate with a positive, negative, or zero gate-to-source voltage so it can be 
biased by several different methods.  

  •   An E-MOSFET can be biased by the same methods as a BJT (except base bias).  

  •   A common-source (CS) amplifi er has high voltage gain and high input resistance.  

  •   A common-drain (CD) amplifi er has unity (or less) voltage gain and high input resistance.  

  •   A CD amplifi er can be improved signifi cantly with current-source biasing.  

  •   A common-gate (CG) amplifi er has high voltage gain but low input resistance.  

  •   The voltage gain of various amplifi ers can be computed by a ratio of resistances (including internal 
resistance).  

  •   Analog switches pass or block a signal.  

  •   Digital switches turn on or off a device.  

  •   Digital switches are designed to operate in either saturation or cutoff.  

  •   MOSFETs have important advantages as digital switches, particularly for high-current applications.    

  KEY TERMS 
 Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary. 

  Common-drain (CD)      A FET amplifi er confi guration in which the drain is the grounded terminal.   

  Common-gate (CG)      A FET amplifi er confi guration in which the gate is the grounded terminal.   

  Common-source (CS)      A FET amplifi er confi guration in which the source is the grounded terminal.   

  Constant-current region      The region on the drain characteristic of a FET in which the drain cur-
rent is independent of the drain-to-source voltage.   

  Depletion mode      A class of FETs that is on with zero-gate voltage and is turned off by gate volt-
age. All JFETs and some MOSFETs are depletion-mode devices.   

  Drain      One of the three terminals of a fi eld-effect transistor; it is one end of the channel.   

  Enhancement mode      A MOSFET in which the channel is formed (or enhanced) by the application 
of a gate voltage.   

  Field-effect transistor (FET)      A voltage-controlled device in which the voltage at the gate termi-
nal controls the amount of current through the device.   

  Gate      One of the three terminals of a fi eld-effect transistor. A voltage applied to the gate controls 
drain current.   

  Junction fi eld-effect transistor (JFET)      A type of FET that operates with a reverse-biased  pn  
junction to control current in a channel. It is a depletion-mode device.   

  MOSFET      Metal-oxide semiconductor fi eld-effect transistor; one of two major types of FET. It 
uses a SiO 2  layer to insulate the gate lead from the channel. MOSFETs can be either depletion mode 
or enhancement mode.   

  Ohmic region      The region on the drain characteristic of a FET with low values of  V  DS  in which the 
channel resistance can be changed by the gate voltage; in this region the FET can be operated as a 
voltage-controlled resistor.   

  Pinch-off voltage      The value of the drain-to-source voltage of a FET at which the drain current 
becomes constant when the gate-to-source voltage is zero.   

  Source      One of the three terminals of a fi eld-effect transistor; it is one end of the channel.   

  Transconductance      The gain of a FET; it is determined by a small change in drain current divided 
by a corresponding change in gate-to-source voltage. It is measured in siemens or mhos.    
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  KEY FORMULAS 
    (4–1)  gm �

Id

Vgs
     Transconductance of a FET 

    (4–2)  RIN � ` VGS

IGSS
`       Input resistance. It is the gate-source voltage divided

  

by the gate-reverse current. 

    (4–3)  VD � VDD � IDRD     DC drain voltage for a FET 

    (4–4)  VDS � VDD � ID(RD � RS)     DC drain-to-source voltage for a FET 

    (4–5)  VG � a R2

R1 � R2
bVDD     Gate voltage with voltage-divider bias 

    (4–6)  r�s �
1

gm
    

  Equivalent internal ac source resistance for computing 
  voltage gain 

    (4–7)  Av � �gmRd     Voltage gain for a CS amplifi er 

    (4–8)  Av � �
Rd

r�s
     Alternate voltage gain for a CS amplifi er 

    (4–9)  Av �
Rs

r�s � Rs
     Voltage gain for a CD amplifi er 

    (4–10)  Av �
gmRs

1 � gmRs
      Alternate voltage gain for a CD amplifi er 

    (4–11)  rDS(on) � �
VGS(off)

2IDSS
     Channel resistance  

  SELF-TEST 
 Answers are at the end of the chapter. 

   1.    A type of transistor that is normally on when the gate-to-source voltage is zero is  

   (a)   JFET     (b)   D-MOSFET     (c)   E-MOSFET  
  (d)   answers (a) and (b)     (e)   answers (a) and (c)    

   2.    A bias method that can be used for D-MOSFETs is  

   (a)   voltage divider     (b)   drain feedback     (c)   current source  
  (d)   self     (e)   either (a), (b), (c), or (d)    

   3.    In normal operation, the gate-source  pn  junction for a JFET is  

   (a)   reverse-biased      (b)   forward-biased   
  (c)   either (a) or (b)      (d)   neither (a) nor (b)    

   4.    When the voltage between the gate and source of a JFET is zero, the drain current will be  

   (a)   zero      (b)    I  DSS   
   (c)    I  GSS       (d)   none of these answers    

   5.    One reason an  n -channel D-MOSFET can have zero bias is it  

   (a)   can operate in either depletion mode or enhancement mode  
  (b)   does not have an insulated gate  
  (c)   does not have a channel  
  (d)   will not have drain current when operated with zero bias    

   6.    A feature of FETs that is superior to BJTs is their  

   (a)   high gain      (b)   low distortion   
  (c)   high input resistance     (d)   all of these answers    

   7.    An amplifi er with high voltage gain and high input resistance is a common-  

   (a)   gate     (b)   source     (c)   drain  
  (d)   answers (a), (b), and (c)     (e)   neither (a), (b), nor (c)    



   8.    An amplifi er that inverts the signal between input and output is a common-  

   (a)   gate     (b)   source     (c)   drain  
  (d)   answers (a), (b), and (c)     (e)   neither (a), (b), nor (c)    

   9.    A transistor that has a closed channel unless a voltage is applied to the gate is  

   (a)   a JFET     (b)   a D-MOSFET     (c)   an E-MOSFET  
  (d)   all of these answers     (e)   none of these answers    

   10.    The value of the drain-to-source voltage of a FET at which the drain current becomes constant 
when the gate-to-source voltage is zero is called the  

   (a)   bias voltage      (b)   pinch-off voltage      (c)   saturation voltage      (d)   cutoff voltage    

   11.    The voltage gain of a common-drain amplifi er cannot exceed  

   (a)   1.0      (b)   2.0      (c)   10      (d)   100    

   12.    A type of electronic switching circuit which can be used to connect a given signal to the input 
of an analog-to-digital converter (ADC) is a(n)  

   (a)   analog switch     (b)   digital switch  
  (c)   logic switch     (d)   bipolar switch    

   13.    Refer to  Figure   4–74   . The schematic symbol for a  p -channel E-MOSFET is   
   (a)   a      (b)   b      (c)   c      (d)   d      (e)   e      (f)   f    

(a) (b) (c) (d) (e) (f)

 FIGURE 4–74        

   14.    Refer to  Figure   4–74   . The schematic symbol for an  n -channel D-MOSFET is  

   (a)   a      (b)   b      (c)   c      (d)   d      (e)   e      (f)   f    

   15.    The type of device used in a CMOS switching circuit is  

   (a)    n -channel D-MOSFET     (b)    p -channel D-MOSFET  
  (c)   both (a) and (b)     (d)   neither (a) nor (b)     

  TROUBLESHOOTER’S QUIZ 
  Answers are at the end of the chapter.  

  Refer to  Figure   4–78   (a).    

  • If  R  G  is 1.0 M� instead of 10 M�,   

   1.    The gate voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.    The drain current will  

   (a)   increase      (b)   decrease      (c)   not change    

   3.    The input resistance will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   4–79   .    

  • If the positive power supply falls to +9.0 V, but the negative supply voltage is unchanged,   

   4.    The drain current will  

   (a)   increase      (b)   decrease      (c)   not change    

   5.    The voltage across  R  D  will  

   (a)   increase      (b)   decrease      (c)   not change    
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  Refer to  Figure   4–86   .    

  • If capacitor  C  2  is open,   

   6.    The dc voltage at the source terminal of the MOSFET will  

   (a)   increase      (b)   decrease      (c)   not change    

   7.    The ac voltage at the source terminal of the MOSFET will  

   (a)   increase      (b)   decrease      (c)   not change    

   8.    The gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   • If resistor  R  2  is open,   

   9.    The dc gate voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   10.    The drain current will  

   (a)   increase      (b)   decrease      (c)   not change     
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  PROBLEMS 
 Answers to odd-numbered problems are at the end of the book. 

   SECTION   4–1        Structure of Field-Effect Transistors  

   1.    What type of transistor conducts with a reverse-biased  pn  junction at the input?   

   2.    What type of transistor has an insulated gate?   

   SECTION   4–2        JFET Characteristics  

   3.    The  V  GS  of a  p -channel JFET is increased from +1 V to +3 V. 
   (a)   Does the depletion region narrow or widen?  
  (b)   Does the resistance of the channel increase or decrease?  
  (c)   Does the transistor conduct more current or less?     

   4.    Why must the gate-to-source voltage of an  n -channel JFET always be either zero or negative?   

   5.    A JFET has a specifi ed pinch-off voltage of -5 V. When  V  GS  = 0, what is  V  DS  at the point 
where  I  D  becomes constant?   

   6.    An  n -channel JFET is biased such that  V  GS  = -2 V using self-bias. The gate resistor is con-
nected to ground. 
   (a)   What is  V  S ?  
  (b)   What is the value of  V  GS(off)  if  V  P  is specifi ed to be 6 V?     

   7.    A certain JFET data sheet gives  V  GS(off)  = -8 V,  I  DSS  = 10 mA, and  I  GSS  = 1.0 nA at 25°C. 
   (a)   When  V  GS  = 0, what is  I  D  for values of  V  DS  above pinch-off?  
  (b)   When  V  GS  = -4 V, what is  R  IN  at 25°C?  
  (c)   What happens to  R  IN  if the temperature increases?     

   8.    A certain  p -channel JFET has a  V  GS(off)  = +6 V. What is  I  D  when  V  GS  = +8 V?   

   9.    The JFET in  Figure   4–75    has a  V  GS(off)  = -4 V and an  I  DSS  = 2.5 mA. Assume that you 
increase the supply voltage,  V  DD , beginning at 0 until the ammeter reaches a steady value. At 
this point, 
   (a)   What does the voltmeter read?  
  (b)   What does the ammeter read?  
  (c)   What is  V  DD ?      

   10.    Assume a JFET has the transconductance curve shown in  Figure   4–76   . 
   (a)   What is  I  DSS ?  
  (b)   What is  V  GS(off) ?  
  (c)   What is the transconductance at a drain current of 2.0 mA?      



VDD

+

–

RD

4.7 k�

+– A

+

–
V

 FIGURE 4–75        

ID (mA)

–6 –5 –4 –3 0
VGS (V)

5.0

4.0

3.0

2.0

6.0

–2 –1

1.0

7.0

 FIGURE 4–76        

   SECTION   4–3        JFET Biasing  

   11.    Assume the JFET with the transconductance curve shown in  Figure   4–76    is connected in the 
circuit shown in  Figure   4–77   . 
   (a)   What is  V  S ?  
  (b)   What is  I  D ?  
  (c)   What is  V  DS ?      
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   12.    Assume the JFET in  Figure   4–77    is replaced with one with a lower transconductance. 
   (a)   What will happen to  V  GS ?  
  (b)   What will happen to  V  DS ?     

   13.    For each circuit in  Figure   4–78   , determine  V  DS  and  V  GS .    
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   14.    Assume the circuit shown in  Example   4–6    has  R  S  = 1.0 k� and  R  D  = 3.7 k�. (The load line 
does not change as a result of these changes, but the Q-point moves). Find the new  I  D  and  V  GS .   

   15.    Find  I  D  and  V  D  for the current-source biased JFET in  Figure   4–79   .    

   SECTION   4–4        MOSFET Characteristics  

   16.    Sketch the schematic symbols for  n -channel and  p -channel D-MOSFETs and E-MOSFETs. 
Label the terminals.   

   17.    Explain why MOSFETs have an extremely high input resistance at the gate.   

   18.    An  n -channel D-MOSFET with a positive  V  GS  is operating in what mode?   

   19.    A certain E-MOSFET has a  V  GS(th)  = 3 V. What is the minimum  V  GS  for the device to turn on?   

   SECTION   4–5        MOSFET Biasing  

   20.    Determine in which mode (depletion or enhancement) each D-MOSFET in  Figure   4–80    is 
biased.    
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   21.    Each E-MOSFET in  Figure   4–81    has a  V  GS(th)  of +5 V or -5 V, depending on whether it is an 
 n -channel or a  p -channel device. Determine whether each MOSFET is on or off.    

   22.    The drain current for the E-MOSFET shown in  Figure   4–82    is 3.0 mA. 
   (a)   What type of bias is this?  
  (b)   Can a JFET use this type of bias?  
  (c)   Compute the value of  V  D .  
  (d)   Compute the value of  V  G .      

   23.    Sketch the load line for the circuit of  Figure   4–82    and indicate the Q-point ( I  D  = 3.0 mA).   
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   SECTION   4–6        FET Linear Amplifi ers  

   24.      (a)   Assume  V  GS =  -2.0 V for the circuit in  Figure   4–83   . Determine  V  G ,  V  S , and  V  D .   
  (b)   If  g m   = 3000 mmho, what is the voltage gain?  
  (c)   What is  V out  ?     
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   25.    Determine the gain of the amplifi er in  Figure   4–83    when a 27 k� load is connected from the 
output to ground ( g m =   3000 mmhos).   

   26.    For the circuit in  Figure   4–83   , what effect would an open  R  1  have on 
   (a)    V  G          (b)    A v           (c)    I  D      

   27.    The minimum specifi ed value of  g m   for a 2N5457 is 1000 mmhos and the maximum specifi ed 
value is 5000 mmhos. From these values, fi nd the minimum and maximum gain for the CD 
amplifi er in  Figure   4–84   .    

   28.    Assume the  g m   of  Q  1  is 1500 mmhos for the amplifi er in  Figure   4–85   .  
   (a)   Compute  I  D .  
  (b)   If  g m =   1500 mmho, what is the voltage gain?  
  (c)   What is  V out  ?  
  (d)   What is the purpose of  C  2 ? What happens if it is open?     
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   29.    Assume the amplifi er in  Figure   4–85    has no output voltage. A check of the dc conditions reveals 
that the drain voltage is 15 V. Name at least three failures that can account for this.   

   30.    Refer to  Figure   4–85   . Assume the dc voltages and the ac input voltage are correct, but  V out   is 
very small. What failure can account for this?   

   31.    Refer to  Figure   4–85   . What is the minimum value of  I  DSS  that  Q  1  can have before the gate-
source  pn  junction is forward-biased?   

   32.    Assume the source voltage for the D-MOSFET in  Figure   4–86    is measured and found to be 1.6 V. 
   (a)   Compute  I  D  and  V  DS .  
  (b)   If  g m   = 2000 mmho, what is the voltage gain?  
  (c)   Compute the input resistance of the amplifi er.  
  (d)   Is the D-MOSFET operating in the depletion or the enhancement mode?      

   33.    Repeat Problem 32(a) and (b) if a 5.1 k� load is connected between  V out   and ground.   

   34.    Assume  Q  1  and  Q  2  in  Figure   4–87    have matching characteristics and  I  DSS  is 1.5 mA. 
   (a)   What is  I  D ?  
  (b)   What is the approximate gain?  
  (c)   If  Q  2  is replaced with a transistor with an  I  DSS  of 1.0 mA, what problem will occur?      
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   SECTION   4–7        MOSFET Switching Circuits  

   35.    Explain why   r  DS(on)   is one of the most important specifi cations for an analog switch.   

   36.    The MOSFET used in an analog switch has a VGS(th) rating of 1.3 V; 3.8 V is applied to the gate 
to turn the switch on. What is the maximum peak-to-peak input signal that can be applied to the 
source of the switch?   

   37.    Explain why a CMOS digital switch dissipates very little power.   

   38.    Explain why a MOSFET power switch is less susceptible to thermal runaway than a BJT power 
switch.    

  MULTISIM TROUBLESHOOTING 
PROBLEMS 
   39.    Open fi le P04-39 and determine the fault.   

   40.    Open fi le P04-40 and determine the fault.   

   41.    Open fi le P04-41 and determine the fault.   

   42.    Open fi le P04-42 and determine the fault.   

   43.    Open fi le P04-43 and determine the fault.    

MULTISIM
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  ANSWERS TO SECTION CHECKUPS 
   SECTION   4–1     

   1.   Drain, source, and gate  

   2.   MOSFET  

   3.   They require smaller areas than BJTs, are easy to manufacture in ICs, and produce simpler circuits.  

   4.   BJTs are controlled by a current, FETs are controlled by a voltage. BJT circuits have higher 
gain but lower input resistance.  

   SECTION   4–2     

   1.   Transconductance curve  

   2.   Positive  

   3.   By the gate-to-source voltage  

   4.   7 V  

   5.   Decrease  

   6.   +3 V  

   SECTION   4–3     

   1.    V  GS(off)  and  I  DSS .  

   2.   The base-emitter  pn  junction in a BJT is forward biased; the gate-source  pn  junction in a JFET 
is reverse biased.  

   3.   -8 V  

   4.    I  DSS   

   SECTION   4–4     

   1.   Depletion MOSFET and enhancement-only MOSFET. The D-MOSFET has a physical chan-
nel; the E-MOSFET does not.  

   2.   Yes; the current is  I  DSS .  

   3.   No  

   4.   Yes  

   SECTION   4–5     

   1.    I  DSS   

   2.   It is a normally off device. It must have forward bias to turn it on.  

   3.   +2 V  

   4.   High-voltage high-current switching circuits.  

   SECTION   4–6     

   1.   It is the transconductance  (g m )  times the ac drain resistance  (R d ) or  the ratio of the ac drain 
resistance  (R d )  to the internal ac source resistance ( r ¿  s  ).  

   2.   A CD amplifi er with current-source biasing has higher input resistance, no bias resistors, and 
can be dc coupled with 0 V dc output.  

   3.   CD and CG  

   4.   Low input resistance  

   5.   High input resistance and low noise  

   SECTION   4–7     

   1.   An analog switch passes or blocks an ac signal; a digital switch turns on or off a device.  

   2.   When closed, it has no resistance to the signal; when open, it is an infi nite resistance.  

   3.   They are voltage controlled and draw no drive current. They can control a large current to a 
device and they are immune to thermal runaway.  

   4.    N -channel and  p -channel E-MOSFETs are connected with common gates and drains, and 
the output is connected to the drains. The  n -channel source is connected to ground and the 
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 p -channel source is connected to a positive supply voltage. When the input is greater than one-
half the power supply voltage, the  n -channel device is on, causing the output to be near ground; 
when the input is less than one-half the power supply voltage, the  p -channel MOSFET is on 
causing the output to be near the power supply voltage.  

   5.   The LDMOSFET, the VMOSFET, and the TMOSFET.

SECTION 4–8

 1. An equatorial tracker is aligned to the north-south axis of the earth and for solar tracking 
requires only one axis to follow the sun's daily east-west motion. (Seasonal variations require a 
north-south adjustment). An altitude-azimuth is aligned to the earth's surface and requires dual 
tracking motors to follow the sun's daily and seasonal motions. 

 2. The H bridge confi guration enables reversing or stopping the motor with simple control signals.

 3. MOSFETS have low on-resistance and are simple to control with no drive current. They are 
available for high power switching.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   4–1    I  D  remains at approximately 12 mA.  

   4–2   L 1.0 mS  

   4–3   300 M�  

   4–4    V  DS  = 6.34 V,  V  GS  = -0.66 V  

   4–5    I  D(min)  _ 0.3 mA;  I  D(max)  _ 2.3 mA  

   4–6    The dc cutoff is +9 V; the dc saturation current is 1.91 mA. These represent the end points on 
the  x -axis and the  y -axis for the load line.  

   4–7    The open on the drain leaves the gate forward-biased through the voltage divider on the base. 
About 11 mA is in the path that includes the source resistor and the 1.0 M� bias resistor. The 
source voltage is therefore approximately 20 mV: the drain voltage is the same as the source 
voltage because of the common channel, and the gate voltage is about 500 mV since the gate 
source  pn  junction has only a very small forward current.  

   4–8    I  DSS  cannot be less than 0.95 mA.  

   4–9   6.8 V  

  4–10   2.13 mA  

  4–11    A larger source resistor reduces (slightly) the transconductance. As a result, the gain will be 
reduced.  

  4–12   10 M�  

  4–13    I  D  is approximately 1.1 mA;  V  S( Q 1)  is approximately 2.2 V.  

  4–14   The transistor will turn off, clipping the bottom of the output waveform.   

  ANSWERS TO SELF-TEST 
   1.   (a)     2.   (e)     3.   (a)     4.   (b)     5.   (a)     6.   (c)     7.   (b)     8.   (b)
     9.   (c)     10.   (b)     11.   (a)     12.   (a)     13.   (d)     14.   (a)     15.   (d)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   not change     2.   not change     3.   decrease     4.   not change  

   5.   decrease     6.   not change     7.   increase     8.   decrease  

   9.   increase     10.   increase     
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  OBJECTIVES 
  •   Determine the ac parameters for a capacitively 

coupled multistage amplifi er  

  •   Describe the characteristics of high-frequency 
amplifi ers and give practical considerations for 
implementing high-frequency circuits  

  •   Describe the characteristics of transformer- 
coupled amplifi ers, tuned amplifi ers, and mixers  

  •   Determine basic dc and ac parameters for direct-
coupled amplifi ers and describe how negative 
feedback can stabilize the gain of an amplifi er  

  •   Compute key ac and dc parameters for class A 
power amplifi ers and discuss operation along the 
ac load line  

  •   Compute key ac and dc parameters for class B 
power amplifi ers including bipolar and FET types  

  •   Describe the characteristics of class C and class D 
power amplifi ers  

  KEY TERMS 
    Quality factor ( Q )   
   Intermediate frequency   
   Mixer   
   Open-loop voltage gain   
   Closed-loop voltage gain   
   Class A   
   Power gain   
   Effi ciency   

   Class B   
   Push-pull   
   Class AB   
   Current mirror   
   Class C   
   Class D   
   Pulse-width modulation 
(PWM)     

  VISIT THE WEBSITE 
  Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd    

  INTRODUCTION 
 The previous two chapters have introduced single-stage 
amplifi ers whose primary function was to increase the 
voltage of a signal. You should be familiar with the bias-
ing and ac parameters for both BJTs and FETs. 

 When very small signals must be amplifi ed, such as 
from an antenna, variations about the Q-point are relatively 
small. Amplifi ers designed to amplify these signals are 
called small-signal amplifi ers. They may also be designed 
specifi cally for high frequencies. Frequently, it is useful to 
have additional stages of gain; this is  particularly true in 

  •   Give principal features and describe applications 
for IC power amplifi ers

• Show systems using components and circuits dis-
cussed in this chapter   

http://pearsonhighered.com/floyd
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high-frequency communication systems, where the fre-
quencies of interest are restricted to a certain bandwidth. 

  In this chapter, you will study various types of 
multistage amplifi ers, with particular emphasis on high-
frequency considerations including noise, cabling, and 

eliminating unwanted oscillations. Then, the emphasis 
shifts to the important requirement of delivering power 
to a load. For these applications, power amplifi ers are 
needed. The chapter ends with an introduction to inte-
grated circuit (IC) power amplifi ers.  

      5–1  CAPACITIVELY COUPLED AMPLIFIERS 
  Two or more transistors can be connected together to form an amplifi er called a multistage 
amplifi er. In  Section   1–4   , a simplifi ed amplifi er model was introduced. You are now ready to 
apply this simplifi ed model to actual amplifi er circuits to determine their overall performance. 
In this section, you will learn about capacitively coupled amplifi ers, also called RC coupled 
amplifi ers. Capacitive coupling is the most widely used method for passing the ac signal to the 
next stage.  

  After completing this section, you should be able to 

  •   Determine the ac parameters for a capacitively coupled multistage amplifi er 

   •   Compute the overall gain, the input resistance, and the output resistance of a two-stage 
capacitively coupled amplifi er  

  •   Discuss how oscillation and noise problems can be alleviated in multistage amplifi ers     

+10 V

βDC = βac = 150, for Q1 and Q2
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Vout
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100 μF

C2
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 FIGURE 5–1         A two-stage CE amplifi er.   

 Two or more transistors can be connected together to enhance the performance of an 
amplifi er. Each transistor that amplifi es the signal is considered a  stage . Frequently, the 
fi rst stage of an amplifi er must have very high input resistance to avoid loading the source. 
In addition, the fi rst stage needs to be designed for low noise operation because the very 
small signal voltage can easily be obscured by noise. Succeeding stages are designed to 
increase the amplitude of the signal without adding distortion. 

 Probably the simplest way to add gain to an amplifi er is to capacitively couple two 
stages together as shown in  Figure   5–1   . In this case, both stages are identical CE ampli-
fi ers with the output of the fi rst connected to the input of the second stage. Capacitive 
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coupling prevents the dc bias of one stage from affecting the dc bias of another stage 
because capacitors block dc. Although the dc path is open, the coupling capacitor provides 
almost no opposition to the ac signal and the signal passes to the next stage.   

 The analysis of the circuit starts with the dc conditions, as explained in  Section   3–2   . 
To compute the base voltage of either stage, use the voltage-divider rule. 

   VB � a R2

R1 + R2
bVCC = a 10 k�

47 k� + 10 k�
b10 V = 1.7 V   

 This estimate is slightly high because it is made for an unloaded voltage divider. After 
subtracting 0.7 V for the base-emitter diode, the emitter voltage is 1.0 V, which results in 
an emitter current of 

   IE =
VE

RE
=

1.0 V

1.0 k�
= 1.0 mA   

 The emitter current is also approximately equal to the collector current. 

  Loading Effects 
 Recall from  Section   1–4    that amplifi ers were shown as a block diagram with essential 
parameters only. The ac model is simply a dependent voltage source with a series resist-
ance (a Thevenin circuit). To compute the overall gain of the amplifi er, each transistor 
stage in  Figure   5–2    can be modeled in a similar manner. Only three parameters need to be 
known: the unloaded (No-Load) voltage gain ( A   v (NL) ), the total input resistance ( R   in ( tot ) ), 
and the output resistance ( R out  ). Notice that the unloaded output voltage is the input volt-
age times the unloaded gain.  

(a)

Rout

VinAv(NL)Vin Rin(tot) Vout

Amplifier stage

One-stage amplifier model (b)

Rout

Vin(–188)Vin
Rin(tot)

2.58 k�
Vout

Amplifier stage

Values for one stage of the amplifier in Figure 5–1

4.7 k�

  FIGURE 5–2        

 Start by fi nding the unloaded gain of one stage. Because the two stages are identical, 
the unloaded gain is the same for both. The input resistance of the second stage acts as a 
load on the fi rst stage. Thus, the loaded gain of the fi rst stage can be found by assuming it 
has a load resistor equal to  R   in ( tot )  of stage 2. This lowers the gain of the fi rst stage but can 
be considered separately from the unloaded gain calculation. An illustration of this idea 
should clarify how the basic amplifi er model can simplify determining the overall gain. 

 As you know, the unloaded gain of a CE amplifi er is the ratio of the ac collector 
resistance to the ac emitter resistance. This unloaded gain is dependent on   r�e    , which in turn 
depends on  I  E , so the calculation should be considered approximate. 

 Since the unloaded gain is being computed, the ac collector resistance,  R c  , is the 
same as the actual collector resistor,  R  C , which is 4.7 k�. The ac emitter resistance is 
approximately 

   r�e �
25 mV

IE
=

25 mV

1.0 mA
= 25 �   

 The unloaded gain,  A   v (NL) , is approximately 

   Av(NL) = -
Rc

Re
= -

RC

r�e
= -

4.7 k�

25 �
= -188   
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 The input resistance of the CE amplifi er was discussed in  Section   3–4   . The equation 
for input resistance with voltage-divider bias and no swamping resistor is 

   Rin(tot) = R1 }R2 } (bacr�e)   

 By substitution, the input resistance of the amplifi er, assuming a b  ac   of 150, in  Figure   5–1    is 

   Rin(tot) � 47 k� }10 k� } [150(25 �)] � 2.58 k�   

 The output resistance is the resistance looking back to the collector circuit and is 
simply the collector resistor. 

   Rout = RC = 4.7 k�   

 These values can be entered onto the model as shown in  Figure   5–2   (b). 
 The two stages that comprise the amplifi er are now connected in  Figure   5–3   . In this 

drawing, the unloaded gain for each stage is shown below the Thevenin source, and the 
model is used to fi nd the overall gain. The overall gain is the product of three terms:  

    1.   The unloaded voltage gain of the fi rst stage  

   2.   The gain of the voltage divider consisting of the input resistance of the second stage 
with the output resistance of the fi rst stage  

   3.   The unloaded gain of the second stage   

 If a load resistor is added to the output, it can be included as another voltage-divider term. 
(This will be shown in  Example   5–1   .) 

Rout2

Rin(tot)2
2.58 k�

Vout2

Stage 2

4.7 k�

Rout1

Vin1Av1Vin1
Rin(tot)1

2.58 k�

Stage 1

4.7 k�

Av1 = –188

Vin2Av2

Av2 = –188

Amplifier

 FIGURE 5–3         AC model of the complete two-stage amplifi er.   

 The unloaded gain of each stage is -188, as previously calculated. The voltage 
divider between the stages accounts for loading effects. It consists of  R   in   ( tot )2  for stage 2 
and  R   out   1  for stage 1. The gain (attenuation) of this voltage divider is 

   Av(divider) =
Rin(tot)2

Rout1 + Rin(tot)2
=

2.58 k�

4.7 k� + 2.58 k�
= 0.35   

 The overall voltage gain is the product of the three gains. 

   Av(tot) = Av1Av(divider)Av2 = (-188)(0.35)(-188) � 12,400   

 This product indicates the voltage gain is fairly large. If an input signal of 100 mV, for 
example, is applied to the fi rst stage and the attenuation of the input base circuit is 
neglected, an output from the second stage of (100 mV)(12,400) = 1.24 V will result. 
Again, a factor that must be kept in mind is that this answer is approximate because the 
gain is very dependent on the value of  r �  e   and the specifi c transistors used. At the price of 
reduced gain, greater stability can be achieved by adding a swamping resistor in the emit-
ter circuit. This will tend to make the circuit produce consistent gain that is independent of 
the specifi c transistor. 

 The gain for amplifi ers is frequently expressed as a decibel voltage gain. For the 
amplifi er just considered, the unloaded decibel voltage gain of each stage is 

   A�v = 20 loghAvh = 20 log(188) = 45.5 dB   
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 The gain (attenuation) of the voltage divider between the stages is 

   A�v(divider) = 20 log(0.35) = -9.1 dB   

 The overall decibel voltage gain is the sum of the individual decibel voltage gains. 

   A�v(tot) = A�v1 + A�v(divider) + A�v2 = 45.5 dB - 9.1 dB + 45.5 dB = 81.9 dB   

  E X A M P L E  5 – 1 

 Draw the simplifi ed ac model and compute the overall gain for the two-stage preamplifi er in  Figure   5–4   . Assume 
the  g m   of  Q  1  is 1500 mmhos (typical for a 2N5458) and the b  ac   is 150 (typical of the 2N3904). The fi rst stage 
provides a very high input resistance circuit with low noise. The second stage provides voltage gain.  

  S O L U T I O N 

 Start with the dc parameters. The input stage shown in  Figure   5–4    is composed of a FET ( Q  1 ) that uses current-
source biasing from  Q  2 . The drain of  Q  2  should be approximately 0 V. The second stage is composed of the BJT, 
 Q  3 , with emitter biasing. Because of emitter biasing, the emitter voltage will be close to −1 V. Applying Ohm’s 
law, the emitter current is approximately 

   IE =
VE - (-VEE)

RE1 + RE2
=

-1 V - (-15 V)

100 � + 22 k�
= 0.63 mA   

 The collector dc voltage is 

   VC = VCC - IERC = 15 V - (0.63 mA)(15 k�) = 5.6 V   

 Now determine the ac parameters. The input resistance of the fi rst stage,  R in   ( tot )1  ,  is that of a reverse-biased 
 pn  junction. It is very high; a precise value depends on  I  GSS . It is suffi cient to estimate it as 71 M�. The output 
resistance of the fi rst stage is the 560 � source resistor in series with  r�s     . Therefore, 

   Rout1 = R1 + r�s = 560 � +
1

gm
= 560 � +

1

1500 mmhos
= 1.23 k�   

 The value of  r�e      is 

   r�e =
25 mV

IE
�

25 mV

0.63 mA
� 40 �   

 Open fi le F05-04 found on the 
companion website. This 
simulation will be used to 
determine if the dc and ac 
calculations in  Example   5–1    
are accurate. 
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 FIGURE 5–4        
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 The unloaded voltage gain of the fi rst stage is 1.0 (because of the current-source biasing). The unloaded voltage 
gain of the second stage is 

   Av2 = -
Rc

Re
= -

RC

r�e + RE1
� -

15 k�

40 � + 100 �
� -107   

 The input resistance of the second stage acts as a load on the fi rst stage. To fi nd the input resistance, note that the 
emitter-bias resistor and the ac resistance of the base form a parallel combination given by 

   Rin(tot)2 = R3 } [bac(r�e + RE1)]   

 Assuming a b  ac   of 150, 

   Rin(tot)2 � 100 k� } [150(40 � + 100 �)] � 17.3 k�   

 The output resistance is just the collector resistor,  R  C . 

   Rout2 = RC = 15 k�   

 These values are shown on the simplifi ed circuit in  Figure   5–5   ; the unloaded gain values are also shown. 
The output resistance and the load resistor form a voltage divider that reduces the gain of the last stage. Thus, the 
overall voltage gain is  

    Av(tot) = (Av1)a Rin(tot)2

Rout1 + Rin(tot)2
b (Av2)a RL

Rout2 + RL
b

 = (1)a 17.3 k�

1.23 k� + 17.3 k�
b (-107)a 10 k�

15 k� + 10 k�
b = �40    
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 FIGURE 5–5        

  P R A C T I C E  E X E R C I S E * 

   (a)   If the input voltage in  Figure   5–4    is 10 mV, what is the output voltage?  

  (b)   What is the voltage gain of the amplifi er in  Figure   5–4    if the load resistor is removed?     
  *Answers are at the end of the chapter.      

An Active FM Antenna
High-frequency communication systems are often characterized by very small signals that 
are in the presence of noise. When these signals are transmitted on a coax or other type of 
transmission line some distance to the main receiver, they tend to be attenuated (reduced in 
amplitude) and are subject to interference, further degrading the signal. This is a case 
where the addition of an active antenna is useful. Typically the active antenna is located 
close to the antenna and it may be followed by a low-output impedance buffer amplifi er as 

S Y S T E M  E X A M P L E  5 – 1
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FIGURE SE5–1 An active antenna driving a receiver or buffer 
amplifi er.
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FIGURE SE5–2 An active antenna.

An active antenna is designed to be a low noise preamp; that is, it amplifi es the high- 
frequency signal and introduces only a minimal amount of noise. JFETs are suited to this 
application because they have low-noise and high input impedance. They can run on very 
low power, so it is supplied by a battery, which has the advantage of isolating the sensitive 
circuits from noise conducted in the power supply lines. It also enables the amplifi er to be 
placed physically close to the antenna itself to provide gain before the transmission line 
(usually coax). The added signal strength at the output is suffi cient to enable the rest of the 
receiver system process the signal for the fi nal application. 

Figure SE5–2 shows the basic active antenna circuit. It uses two low-noise, high-
frequency JFETs in a cascode arrangement. L1 serves as a peaking coil that will optimize 
the frequency response curve for the desired band. The gain of this circuit is about 25 from 
88 MHz to 108 MHz with a slightly higher peak at the center of the band, which makes it 
suitable for an FM radio active antenna.

  Unwanted Oscillation and Noise 
 Multistage amplifi ers require careful design to avoid unwanted oscillations. When large 
signals are present in the same circuit as small signals, the large signal can have an adverse 
effect on the small signal due to unwanted feedback paths. This problem is compounded in 
high-frequency amplifi ers because feedback paths tend to have lower reactance, causing 
more unwanted feedback. For example, protoboards have stray capacitances between rows 
that can lead to feedback and noise problems when constructing multistage amplifi ers on 
them. It is usually helpful to isolate the various stages by connecting a capacitor between 

shown in the block diagram in Figure SE5–1. This arrangement allows it to amplify a weak 
signal before it is further degraded by the receiver.

MULTISIM

 Open fi le SE05-02 found on 
the companion website. You 
can view the frequency 
response with the Bode plotter. 
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 V  CC  and ground at each stage; this technique is seen frequently in commercial printed cir-
cuit (PC) boards. Capacitors should be connected very close to the point that  V  CC  is applied 
to a stage and should have short lead lengths. 

 In addition to unwanted oscillations, noise voltages (unwanted electrical distur-
bances) can be a problem for multistage amplifi ers. The ratio of signal to noise determines 
if the noise is suffi cient to disrupt the signal. When the signal is small, a little noise voltage 
has a greater effect than when the signal is large. This means the fi rst stage of an amplifi er 
is the most important stage because of the very small signal level. FETs have the advan-
tage for high-impedance sources; but when the source impedance is lower (61 M�), bipo-
lar transistors can provide excellent low-noise performance. 

 Much has been written on the subject of noise in circuits. The “cure” for noise prob-
lems depends on the source of the noise, the path into the circuit, the type of noise, and 
other details. Many times, there is no  one  solution to a noise problem. Noise can enter a 
circuit from sources external to the circuit (such as fl uorescent lighting) by capacitive or 
inductive coupling, through the power supply, or from within the circuit (thermal noise). 
The following are suggestions for avoiding noise problems: 

    1.   Keep wiring short to avoid “antennas” in circuits (particularly low-level input lines) 
and make signal return loops as small as possible.  

   2.   Use capacitors between power supply and ground at each stage and make sure the 
power supply is properly fi ltered.  

   3.   Reduce noise sources, if possible, and separate or shield the noise source and the 
circuit. Use shielded wiring, twisted pair, or shielded twisted pair wiring for low-
level signals.  

   4.   Ground circuits at a single point, and isolate grounds that have high currents from 
those with low currents by running separate ground lines back to the single point. 
Ground current from a high current ground can generate noise in another part of a 
circuit because of  IR  drops in the conductive paths.  

   5.   Keep the bandwidth of amplifi ers no larger than necessary to amplify only the desired 
signal, not extra noise.   

An ECG Sensor and Preamp

Electrocardiography (ECG) is a diagnostic method to monitor proper heart function. An ECG system is discussed in Section 12-1; 
in this system note our focus is the electrode connections to the body that pick up the signal for the rest of the system. 

Traditionally, conductive electrodes have been directly attached to the skin using contact gel to provide a resistive connec-
tion. Unfortunately, this type of electrode has certain disadvantages due to direct body contact, such as degradation of the sensor 
surface due to drying of the gel over long-term use. Also, metal allergies can cause skin irritations, especially in infants. 

An alternative method of picking up the signal is with dry non-contact electrodes that are capacitively coupled to a preamp that 
can amplify the ECG signal even through clothing without making a conductive contact to the body. Figure SN5-1 shows one chan-
nel of the input portion of a capacitively-coupled ECG system. Notice that the body serves as the source of the heart signal and one 
plate of the capacitor and a conductive electrode forms the second plate. The patient’s clothing can form the insulating dielectric; in 
the case illustrated, it is the shirt. The ECG signal is connected to a small preamplifi er to amplify the signal before it is contaminated 
by noise. A JFET is ideally suited as a fi rst stage to the preamp, because it has very high input resistance and very low noise.

S Y S T E M  N O T E

Preamp To ECG

R

C

FIGURE SN5–1 A capacitively 
coupled signal from an ECG 
sensor. 
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  1.    What three parameters are needed for each stage of a multi-
stage amplifi er to determine the gain?   

  2.    What is the decibel gain of the amplifi er in  Example   5–1   ?   

  3.    What advantages do FETs have as the input stage to a multi-
stage amplifi er?   

  4.    Why is the fi rst stage of a multistage amplifi er the most 
important for reducing noise?   

    SECTION 5–1 CHECKUP* 

  * Answers are at the end of the chapter.     

  Transmission Lines 
 When high-frequency signals or fast-rising digital signals are transferred from one point to 
another, the wiring can have adverse effects such as attenuation of the signal, a decrease in 
high-frequency response, and noise pickup. These effects are important for signal path 
lengths of a few inches when the frequency is above approximately 100 MHz or the rise 
time of a digital signal is less than approximately 4 ns. 

 Consider two wires that form a transmission line to send a high-frequency signal 
form one point to another. The wires have an inductance,  L,  that appears to be in series 
along the wires and a capacitance,  C,  that appears to be in parallel between the conductors. 
(Two conductors separated by an insulator form a capacitor.) At high frequencies, the 
reactance of the series inductance increases and the reactance of the parallel capacitance 
decreases. The  L  and  C  of the wiring is not “lumped” in one place but is distributed over 
the entire length of the line. 

  Figure   5–6   (a) illustrates an equivalent circuit for a very short section of transmission 
line in which the inductance and capacitance are drawn as discrete components, but keep 
in mind they are distributed evenly throughout the wire. The inductance is shown as four 
inductors, each with an inductance of  L /4. The capacitance of the short section is shown as 

   5–2  RF AMPLIFIERS 
  In general, radio frequencies (RF) are those frequencies that are useful for radio transmis-
sion—from a practical low frequency of about 10 kHz to above 300 GHz. Above approximately 
100 kHz, amplifi ers often use tuned resonant circuits at the input, output, or load, so many 
people prefer to consider amplifi ers that use frequencies above 100 kHz as RF amplifi ers. At 
these higher frequencies, amplifi ers are designed to provide gain only for those frequencies 
within a certain band. In this section, practical considerations for high-frequency amplifi ers 
are given. In the next section, you will see how   high-frequency signals can be coupled with 
transformers from one stage to another.  

  After completing this section, you should be able to 

  •   Describe the characteristics of high-frequency amplifi ers and give practical considera-
tions for implementing high-frequency circuits 

   •   Explain the need for transmission lines when working with high frequencies  

  •   Find the characteristic impedance of a cable, given the inductance and capacitance per 
unit length  

  •   Explain the proper way to terminate a cable to avoid refl ections  

  •   Describe important ac considerations for RF amplifi ers  

  •   Explain what is meant by neutralization  

  •   Explain how AGC works     
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(a) Equivalent circuit of a short
section of transmission line

(b) Three equivalent sections in series

 FIGURE 5–6         Equivalent circuit for a transmission line at high frequencies.   

 C.  Resistance is also present but forms a minor part of the impedance at high frequencies, 
so it can be ignored.  

 To help you understand a transmission line, the equivalent circuit for a very short 
section is extended into a series of short sections of discrete inductors and capacitors 
 connected together as shown in  Figure   5–6   (b). If additional sections are added to the 
equivalent circuit, you would observe an interesting effect; after about ten sections, the 
impedance of the line hardly changes as more and more sections are added.  The impedance 
does not depend on the length of the line!  The constant value of impedance is known as the 
 characteristic impedance  of the line. At high frequencies, the value of the characteristic 
impedance of a line is given by the following equation: 

    Z0 =
A

L

C
  (5–1)    

   where  Z  0  = characteristic impedance of the line, in ohms (�)  

    L  = inductance per unit length of line, in henries (H)  

    C  = capacitance per unit length of line, in farads (F)   

 Note that  L  and  C  have to be measured for the same length of line. Since the equation uses 
a ratio, the length used does not matter, only that the lengths used are the same. The impedance 
of a cable is a function of its geometry and the type of dielectric that is used to construct the 
cable. There are various types of cables for high-frequency applications. They should all have a 
relatively high bandwidth and have a constant impedance independent of the length. 

 One common type of high-frequency transmission line is called  coax . With coax, a 
center conductor is surrounded by a tubular conducting shield. At high frequencies, this 
outer conductor acts as a shield and helps avoid radiating signals from the cable or adding 
unwanted external interference noise to the signal. Various types of coax are available 
with a range of characteristics, including power handling, high-frequency characteristics, 
and the characteristic impedance. 

 It is important to install the type of cable that was designed for use in a given system. 
For example, video systems are standardized on 75 � coaxial cable. Depending on the 
type of line, transmission lines have characteristic impedances that are typically between 
50 � and 100 � for coax cable and up to several hundred ohms for parallel conductors. 

 Because of its high bandwidth, coax is applied to some communication systems 
where many different voice channels can be put on the same cable. Frequency separation 
fi lters allow transmission in both directions at the same time. 

  E X A M P L E  5 – 2 

 Determine the characteristic impedance of RG58C coaxial cable, which has a 
capacitance of 28.5 pF per foot and an inductance of 7.12 mH per 100 feet. (RG 
means  R adio  G rade.) 

  S O L U T I O N 

 To determine the characteristic impedance, the capacitance and inductance must 
be specifi ed for the same length of cable. To convert the capacitance to pF per 
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  Terminating Transmission Lines 
 At high frequencies, even a short transmission line may be long compared to the wavelength 
of the signal. When the signal from the source (the incident wave) reaches the end of the line, 
it can be refl ected back toward the source (the refl ected wave). The incident and refl ected 
waves interact along the length of the line, creating a standing wave on the line. A  standing 
wave  is a stationary wave formed by the interaction of an incident and refl ected wave. 

 Standing waves create undesired effects such as “ghosts” in a television signal and 
increased noise. To prevent standing waves, transmission lines are terminated with a resis-
tive load equal to the characteristic impedance of the line. The entire transmission line 
looks resistive to the source when it is terminated in this manner. When properly termi-
nated, all of the signal power is dissipated in the terminating resistor. Improper termination 
can result in refl ections and the wrong signal level.     

100 feet, multiply the capacitance per foot by 100. Therefore,  C  is 2850 pF per 
100 feet. Substituting into Equation (5–1), 

   Z0 =
A

L

C
=
A

7.12 mH

2850 pF
= 50 �    

  P R A C T I C E  E X E R C I S E 

 Compute the characteristic impedance of RG59B coaxial cable, which has a 
capacitance of 21.0 pF per foot and and inductance of 11.8 mH per 100 feet.    

 If a transmission line is damaged or broken, the change in characteristic impedance results in 
signal refl ections. A piece of test equipment called a time-domain refl ectometer (TDR) can be 
used to fi nd the location where the cable is damaged. The TDR applies a voltage pulse to the 
cable and times the arrival of any refl ected signal. If the cable is undamaged and properly ter-
minated, there should be little if any refl ected signal measured. If the cable is damaged or 
broken, then there will be a refl ection of the applied pulse from the point at which the cable is 
damaged. Since the propagation speed of a given cable is a constant, by measuring the time it 
takes for the signal to refl ect back to the source, the location of the damage can be determined. 

 TDR is used in a wide variety of applications such as long coaxial cable runs and fi ber 
optic systems (optical TDR). It can also be used in surveillance security to fi nd wire taps. The 
tap causes a slight change in cable impedance that a sensitive TDR system can detect. TDR 
can even be used to fi nd faults in high-frequency circuit boards where the traces are designed 
to act like transmission lines. 

 S Y S T E M  N O T E 

  High-Frequency Considerations 
  INDUCTIVE EFFECTS     At high frequencies (above approximately 10 MHz), wire 
is no longer a simple conductive path but becomes an effective inductor. This happens 
because of an effect known as  skin effect , which causes current to move to the outside 
surface of conductors. The addition of inductance in a signal path is generally undesirable 
because it increases the reactance in the signal line and can increase noise in the circuit. To 
avoid adverse inductive effects, wiring in high-frequency circuits should be kept as short 
as possible.  

  CAPACITANCE EFFECTS     At high frequencies, transistor amplifi ers are less 
effective because of the increased effect of capacitance. All active devices have internal 
capacitances between their terminals. These internal capacitances appear as a low-impedance 
path for high-frequency analog signals, reducing the effectiveness of the device. In digital 
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circuits, internal capacitances limit the speed at which a pulse can change from one level to 
another. Transistors for high frequencies are specially designed to minimize the internal 
capacitances. 

 The adverse effects of capacitance are magnifi ed by inverting amplifi ers (such as a 
common-source or common-emitter amplifi er) due to a form of positive feedback called the 
 Miller effect.  As a rule, it is best to try to minimize capacitance in high-frequency circuits by 
keeping wiring as short as possible and by avoiding high-gain inverting type amplifi ers. 

 Another effect of capacitance is that undesired oscillations can be produced in high-
frequency amplifi ers. Oscillations are eliminated by a technique called  neutralization,  dis-
cussed later in this section.   

  Tuned Amplifi ers 
 Amplifi ers with resonant circuits are common in communication applications because 
communication systems use high frequencies. Frequencies greater than 100 kHz are com-
monly referred to as RF for  R adio  F requency. Amplifi ers that are designed for these high 
frequencies are called RF amplifi ers. The techniques you learned for fi nding dc bias 
 conditions with low-frequency amplifi ers are the same for RF amplifi ers but need to be 
modifi ed for ac considerations. Low-frequency amplifi ers are untuned; they are designed 
to amplify a wide band of frequencies. 

 Tuned amplifi ers are different; they are designed to amplify a specifi c band of fre-
quencies while eliminating any signals outside the band. They use a parallel  LC  resonant 
circuit for a load to provide a high impedance to the ac signal and thus produce a high gain 
at the resonant frequency. The center frequency (assuming  Q  is large) of the tuned circuit 
can be computed from the basic resonant frequency equation: 

    fr =
1

2�1LC
  (5–2)    

 The bandwidth of a tuned amplifi er is determined by the  Q  (quality factor) of the 
resonant circuit. The  quality factor ( Q )  is a dimensionless number that is the ratio of the 
maximum energy stored in a cycle to the energy lost in a cycle. From a practical view, the 
inductor almost always determines the  Q ; consequently  Q  is often expressed as the ratio of 
the inductive reactance,  X L ,  to the resistance,  R.  It is also the ratio of the center (resonant) 
frequency,  f r ,  to the bandwidth,  BW.  

    Q =
XL

R
=

fr
BW

  (5–3)    

 The response of a parallel resonant circuit depends on the  Q  of the circuit, as illus-
trated in  Figure   5–7   . The  Q  for an RF circuit depends on the type of inductor; it can range 
from 50 to 250 for ferrite-core inductors and even higher for air-core inductors.  

 A basic tuned RF amplifi er, using a JFET, is shown in  Figure   5–8   . The gate and 
drain circuits each have a parallel resonant circuit using a transformer coil and a 
capacitor to form the resonant circuit. (Transformer coupling is discussed in  Section 
  5–3   .) The dashed-line capacitor between the drain and gate represents an internal 
capacitance of the transistor, a capacitance of only a few pF. The drain circuit presents 
a high impedance to the ac signal but easily passes the dc quiescent current through 
the transformer’s primary coil, which looks like a small resistance to dc.  

 Despite the fact that the internal capacitance between the drain and gate is very 
small, at high frequencies it may produce suffi cient positive feedback (in phase) from 
the output back to the input to cause the amplifi er to break into undesired oscillation. 
To prevent this, a neutralization circuit is sometimes necessary, particularly for high-
impedance circuits. 

  Neutralization  is the process of adding the same amount of negative feedback 
(out of phase) to just cancel the positive (in phase) feedback due to the internal capac-
itances of an amplifi er.  Figure   5–9    shows a popular neutralization circuit called 

Z

f

f r

BW

High Q

Low Q

 FIGURE 5–7         Impedance of a par-
allel resonant circuit as a function of 
frequency.   
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 Hazeltine neutralization.  The neutralization is accom-
plished by sending a negative feedback signal from the 
output back to the input through a small neutralization 
capacitor,  C n ,  which is adjusted to just cancel the unde-
sired positive-feedback signal. Notice that the drain 
power supply is now connected through a center-tapped 
transformer.  

  Figure   5–10    shows another popular circuit for an 
RF amplifier that uses a dual-gate D-MOSFET to 
amplify antenna signals. The dual-gate confi guration 
simplifi es adding  automatic gain control (AGC)  to the 
circuit because the signals are combined within the 
MOSFET. The AGC reduces the gain when a larger 
signal is received and increases the gain for smaller sig-
nals. The RF signal is connected to the lower gate while 
the upper gate is used to control the gain. The AGC sig-
nal is a negative dc voltage (for an  n -channel device) 
that is developed from a later stage in the amplifi er. The 
AGC voltage is proportional to the input signal strength. 
A large input signal produces a larger AGC voltage, tend-
ing to pinch off the channel and thus reducing the gain.  

+VDD

Vin

VoutInternal
capacitance

 FIGURE 5–8         A tuned RF amplifi er.   

+VDD

Vin

VoutCn

Internal
capacitance

 FIGURE 5–9         Hazeltine neutralization. C n  cancels the internal 
capacitance.   
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 FIGURE 5–10         RF amplifi er using a dual-gate depletion-mode MOSFET.   
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  1.    What are the advantages of coax cable for passing an RF 
 signal?   

  2.    What is meant by neutralization?   

  3.    What is AGC?   

  4.    What is the defi nition of  Q?       

    SECTION 5–2 CHECKUP 

   5–3  TRANSFORMER-COUPLED 
AMPLIFIERS 

  Transformers can be used to couple a signal from one stage to another. Although principally used 
in high-frequency designs, they are also found in low-frequency power amplifi ers. When the signal 
frequency is in the RF range ( +  100 kHz), stages within an amplifi er are frequently coupled with 
tuned transformers, which form a resonant circuit. In this section, you will see examples of trans-
former-coupled amplifi ers—  both low-frequency and high-frequency tuned amplifi ers.  

  After completing this section, you should be able to 

  •   Describe the characteristics of transformer-coupled amplifi ers, tuned amplifi ers, and mixers 

   •   Describe in general how a transformer-coupled amplifi er operates  

  •   Determine the ac and dc load line for a transformer-coupled amplifi er  

  •   Explain how a high frequency is converted to a lower frequency with a mixer  

  •   Give advantages for using an IF amplifi er in a high-frequency application     

  Low-Frequency Applications 
 Most amplifi ers require that the dc signal be isolated from the ac signal. In  Section   5–1   , 
you learned how a capacitor could be used to pass the ac signal while blocking the dc sig-
nal. Transformers also block dc (because they provide no direct path) and pass ac. 

 In addition, transformers provide a useful means of matching the impedance of one part 
of a circuit to another. From basic dc/ac circuits courses, recall that a load on the secondary 
side of a transformer is changed by the transformer when looking from the primary side. A 
step-down transformer causes the load to look larger on the primary side as expressed by 

    R�L = a Npri

Msec
b2

RL  (5–4)    

   where     R�L   = refl ected resistance on the primary side  

    N pri >N sec   = ratio of primary turns to secondary turns  

    R L   = load resistance on the secondary side   

 Transformers can be used at the input, the output, or between stages to couple the ac 
signal from one part of a circuit to another. By matching impedances in a power trans-
former, maximum power can be transferred (discussed in  Section   5–4   ). Transformers can 
also be used for matching the impedance of a source to a line. Line-matching transformers 
are used primarily for low-impedance circuits (�200 �). For voltage amplifi ers, a trans-
former can also step up the voltage to the next stage (but never the power). 

  Figure   5–11    shows examples of transformer coupling in a two-stage amplifi er. Small 
low-frequency transformers are occasionally used in certain microphones or other trans-
ducers to couple a signal to an amplifi er.  
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 Although transformer coupling can give higher effi ciency than  RC  coupling, trans-
former coupling is not widely applied to low-frequency designs because of two major 
drawbacks. First, transformers are more expensive and are much bulkier than capacitors. 
Second, they tend to have poorer response at high frequencies due to the reactance of the 
coils. For these reasons, low-frequency transformer coupling is not commonly used except 
in certain class A power amplifi ers. 

Q2
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T3 Vout

R1

R2
R3

T2

Q1
T1

+VCC

R5
C2

R4

RL

C4

C1
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 FIGURE 5–11         A basic transformer-coupled amplifi er showing input, coupling, and output  
transformers.   

  E X A M P L E  5 – 3 

 Assume the component values for the second stage of  Figure   5–11    are as follows: 
 R  4  = 5.1 k�,  R  5  = 2.7 k�,  R  6  =  R  E  = 680 �, and  R L   = 50 �; transformer 
 T  3  is a 5:1 step-down transformer and  V  CC  = 12 V. Draw the dc and ac load lines 
for the stage. 

  S O L U T I O N 

 Start with the dc conditions. Find the base voltage by applying the voltage-divider 
rule to the bias resistors. 

   VB = a R5

R4 + R5
bVCC = a 2.7 k�

5.1 k� + 2.7 k�
b12 V = 4.2 V   

 Next, calculate the emitter voltage and current. 

    VE = VB - VBE = 4.2 V - 0.7 V = 3.5 V

 IE =
VE

RE
=

3.5 V

680 �
= 5.15 mA    

 The emitter current is approximately equal to the collector current and represents 
the current at the Q-point,  I  CQ . The dc resistance of the transformer primary is small 
and can be ignored. With this assumption, the transformer has no effect on the dc 
load line.  V  CE  is the difference between  V  CC  and the drop across the emitter resistor. 

   VCEQ � VCC - VE = 12 V - 3.5 V = 8.5 V   

 You can now draw the dc load line because you know two of the points on the 
line (the Q-point and  V  CE(cutoff) ). As confi rmation, determine the dc saturation 
current by fi nding the current if the transistor’s collector is shorted to the emitter. 

   IC(sat) =
VCC

RE
=

12 V

680 �
= 17.6 mA   
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 FIGURE 5–12        

  P R A C T I C E  E X E R C I S E 

 If you replaced the transformer in this example with one with a turns ratio of 6:1, 
what, if anything, happens to the Q-point? What happens to the ac load line?   

 Now proceed to fi nd the ac load line by starting with the ac resistance in the 
collector circuit. To fi nd the equivalent refl ected resistance of the load resistor on 
the primary side, apply equation (5–4). 

   R�L = aNpri

Nsec
b2

RL = a 5

1
b2

50 � = 1.25 k�   

 This represents the entire ac resistance (ignoring   r�e     ) for the collector-emitter cir-
cuit as the emitter resistor is bypassed by  C  4 . Recall from  Section   3–4    that the ac 
saturation current is found from 

   Ic(sat) = ICQ +
VCEQ

Rac
   

 Substituting the values of  I  E  and   R�L     for  I  CQ  and  R ac ,  the ac saturation current is 

   Ic(sat) = 5.15 mA +
8.5 V

1.25 k�
= 11.95 mA   

 From the two points found (the Q-point and  I c   ( sat ) ), you can construct the ac 
load line. As confi rmation, determine the ac cutoff voltage,  V ce   ( cutoff  )  .  

   Vce(cutoff) = VCEQ + ICQRac = 8.5 V + (5.15 mA)(1.25 k�) = 14.9 V   

 The result is shown in  Figure   5–12   .   

  Example   5–3    illustrates an important point about transformer-coupled amplifi ers. 
Unlike previous examples that showed capacitively coupled amplifi ers, the ac load line is 
not as steep as the dc load line. The ac saturation current is  lower  than the dc saturation 
current and the ac cutoff voltage is  larger  than the dc cutoff voltage ( V  CC ).  

  High-Frequency Applications 
 At higher frequencies, transformers are much smaller, are less expensive, and offer impor-
tant advantages for coupling signals over a limited bandwidth. As you saw in the last sec-
tion, at high frequencies a transformer primary can be connected with a parallel capacitor 
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to form a high- Q  resonant circuit. Frequently, the secondary winding, with an appropriate 
capacitor across it, is also connected as a resonant circuit. 

 From basic dc/ac courses, you learned that a parallel resonant circuit is an  LC  combi-
nation that has an impedance maximum at the resonant frequency. This high impedance at 
the resonant frequency means that the gain of the amplifi er can be very high at frequencies 
near the resonant frequency while offering little opposition to dc. This forms a very effi -
cient narrow bandwidth amplifi er (typically 10 kHz) with gains as high as 1000 or so. 
Furthermore, the amplifi er is tailored to amplify a very narrow band of frequencies con-
taining the signal of interest and not amplify other frequencies. 

 During signal processing, a radio frequency is usually converted to a lower frequency 
by mixing the RF with an oscillator. The new lower frequency that is produced is called an 
  I ntermediate  F requency  or IF. Tuned transformer coupling is important in both RF and IF 
amplifi ers. 

 The principal advantage to using IF is that it is a fi xed frequency and requires no 
changes in the tuned circuit for any given RF signal (within design limits). This is accom-
plished by causing the oscillator to “track” the RF. Since the IF is fi xed, it is easy to 
amplify with a fi xed-resonant circuit, without need for the user to adjust any controls. This 
idea, fi rst developed by Major Edwin Armstrong during World War I, is found in most 
communication equipment and is also used in the spectrum analyzer, an important piece of 
high-frequency test equipment. 

  Figure   5–13    shows an example of a two-stage tuned amplifi er that uses resonant cir-
cuits at both the input to the fi rst stage and the output from the second stage. Transformer 
coupling is used between the stages. A circuit similar to this is part of most communication 
equipment and consists of an RF amplifi er and a mixer. The RF amplifi er tunes and ampli-
fi es the high-frequency signal from a station. The  mixer  is a nonlinear circuit that com-
bines this signal with a sine wave generated from an oscillator.  

 The oscillator’s frequency is set to a fi xed difference from the RF. When the RF and 
oscillator signals are mixed in a nonlinear circuit, they produce two new frequencies: the 
sum of the input signals and the difference of the input signals. The second resonant circuit 
is tuned to the difference frequency, while rejecting all other frequencies. This difference 
frequency is the IF signal that is amplifi ed further by the IF amplifi er section. The advan-
tage of an IF section is that it is specifi cally designed to process a single frequency. 

 Let’s examine the circuit in  Figure   5–13   (a) further. The fi rst tuned circuit consists of 
the primary of  T  1 , which resonates with  C  1  to tune a station. Stations not at the resonant 
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 FIGURE 5–13         A tuned amplifi er consisting of an RF stage and a mixer.   
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frequency are rejected by the resonant circuit. Notice that  Q  1  is biased with stable voltage-
divider bias. There is no collector resistor, but instead, the ac signal “sees” the primary of 
transformer  T  2  as a load. The gain for this stage is determined by the reactance in the col-
lector circuit divided by the ac emitter resistance consisting of  R  3  and   r�e     . 

 The RF signal is passed to the gate of  Q  2  by transformer  T  2  where it is combined with the 
signal from the oscillator (not shown). Note that  Q  2  is a CS amplifi er for the RF signal, but a 
CG amplifi er for the oscillator signal. The resonant circuit in the output of  Q  2  is tuned to the 
desired difference frequency. Thus, the output of  Q  2  is the intermediate frequency (IF), which 
is sent to the next stage for further amplifi cation. In order to generate the  intermediate fre-
quency ,  Q  2  must operate as a nonlinear amplifi er. FETs fulfi ll this role nicely. Often, the mixer 
is combined with the RF amplifi er using a two-gate MOSFET such as introduced earlier. 

 Notice in  Figure   5–13   (a) that a resistor,  R  6 , is in series with the voltage from the 
power supply. This resistor and  C  5  form a low-pass fi lter called a  decoupling network  that 
helps isolate the circuit from other amplifi ers and helps prevent unwanted oscillations. The 
resistor is a small value (typically 100 �) and the capacitor is selected to have a reactance 
that is �10% of this value at the operating frequency. (For example, a 100 � resistor can 
be bypassed with a capacitor that has a reactance of approximately 10 �.) 

  Figure   5–14    illustrates a MOSFET alternative to the JFET mixer circuit in  Figure 
  5–13   . This mixer is built around a dual-gate MOSFET as discussed in Section 4–5. The 
output from the RF amplifi er is applied to one gate, and the signal from the oscillator is 
applied to the other gate. Like the JFET, the MOSFET functions as a nonlinear device 
producing the intermediate frequency.  

From oscillator

From RF amplifier
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IFoutC6 C7

VCC

C8

 FIGURE 5–14         A dual-gate MOSFET mixer.   

 An IF amplifi er is shown in  Figure   5–15   . The IF transformer is designed for the spe-
cifi c intermediate frequency selected. The IF amplifi er is in all respects an RF amplifi er; 
the only difference between an IF and an RF amplifi er is the function it serves in a given 
circuit. An IF amplifi er uses a tuned input circuit and tuned output circuit to selectively 
amplify the intermediate frequency. The capacitor that forms the primary resonant circuit 
and the transformer are inside a metal enclosure that provides shielding. The exact inter-
mediate frequency is adjusted with a tuning slug that is moved in and out of the core. 
Again, a decoupling network is included ( R  3  and  C  3 ). When tuning the IF circuit, it is impor-
tant to use a high-impedance, low-capacitance test instrument to avoid changing the circuit 
response due to instrument loading.     
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 FIGURE 5–15         An IF amplifi er.   

 The dc parameters for the circuit in  Figure   5–14    are found the same way as in any CE 
amplifi er. However, the tuned circuit affects the ac parameters differently than a circuit 
with just a collector resistor. With the parallel resonant circuit in the collector, the voltage 
gain of the amplifi er is the ratio of the impedance of the resonant circuit to the ac resistance 
of the emitter circuit. 

   Av =
Zc

Re
   

   where  Z c   = impedance of the collector circuit  

    R e   = ac resistance of the emitter circuit   

 The impedance of the resonant circuit depends on the frequency and the  Q  of the 
resonant circuit. You can fi nd the impedance,  Z c ,  at the resonance if you know  X L   and  Q.  

   Zc = QXL   

 Because of transformer action, the load resistor is part of the equivalent primary cir-
cuit and affects the frequency response of the tuned circuit; a smaller load resistor pro-
duces a lower  Q  and a broader response.  Example   5–4    illustrates these ideas. 

 If you are using an oscilloscope to tune an RF amplifi er in a system, you should use an active 
scope probe. An active probe has a specially designed IC amplifi er in the probe tip. Active 
probes have very high input resistance, but more important, they have very low input capaci-
tance. Modern active probes can have C in  values of less than 0.8 pF. The higher the signal 
frequency that you are trying to measure, the more effect that probe capacitance has (X C  
decreases as  f  increases). Active probes are more expensive than passive probes, but they 
decrease instrument loading dramatically. Probe capacitance will change the resonant fre-
quency of the tank circuit. This means that the resonant frequency of the circuit you have just 
tuned will change as soon as you remove your probe. The lower the probe capacitance, the less 
effect it will have on the circuit. 

 S Y S T E M  N O T E 

  E X A M P L E  5 – 4 

 Assume the IF amplifi er in  Figure   5–16    has an IF transformer tuned to 455 kHz 
(a standard intermediate frequency). The primary has an inductance of 99.5 mH 



258   CHAPTER 5  •   MULTISTAGE, RF,  AND POWER AMPLIFIERS

+VCC
+9 V

C3
0.033 μF

R1
15 k�

RE1
100 �

R2
4.7 k�

Q
2N3904

C1

C2
0.1 μF

RE2
510 �

0.1 μF

Vin

T1 = 455 kHz IF
Vout

R3

100 �

 FIGURE 5–16        

  S O L U T I O N 

   (a)   Compute the dc parameters fi rst. The dc drop across R 3  is very small and can 
be ignored. 

    VB = a R2

R1 + R2
bVCC = a 4.7 k�

15 k� + 4.7 k�
b9 V = 2.15 V

 VE = VB - VBE = 2.15 V - 0.7 V = 1.45 V

 IE =
VE

RE1 + RE2
=

1.45 V

100 � + 510 �
= 2.38 mA    

  The ac parameters are 

    r�e �
25 mV

IE
=

25 mV

2.38 mA
= 10.5 �

 XL = 2pfL = 2p(455 kHz)(99.5 mH) = 284 �

 Q =
XL

R
=

284 �

5.6 �
= 50.7

 Zc � QXL = (50.7)(284 �) = 14.4 k�

 Av(NL) =
Zc

Re
=

Zc

r�e + RE1
=

14.4 k�

10.5 � + 100 �
= 130

 BW =
fr
Q

=
455 kHZ

50.7
= 9.0 kHz     

  (b)   The addition of a load has no effect on the dc parameters,   r�e    , or  X L .  The 
refl ected resistance of the secondary reduces the  Q  and therefore the imped-
ance of the resonant circuit. The new impedance of the resonant circuit is 

   Zc = QXL = (20)(284 �) = 5.68 k�   

and a resistance of 5.6 �. Internally, there is a 1250 pF capacitor connected in 
parallel with the primary.  

   (a)   Find the  Q  of the resonant circuit, the unloaded voltage gain,  A   v (NL) , and the 
bandwidth,  BW.   

  (b)   Find the voltage gain and new bandwidth if a 1.0 k� load resistor is connected 
across the secondary, causing the  Q  of the resonant circuit to be reduced to 20.   
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  1.    What is the difference between an RF and an IF signal?   

  2.    What is the function of a mixer?   

  3.    What are the two signals mixed in a mixer?   

  4.    What effect does a load resistor on the secondary of a tuned 
transformer have on the  Q  of the tuned circuit?   

  5.    Why should a high-impedance, low-capacitance instrument be 
used to test an IF stage?      

    SECTION 5–3 CHECKUP 

Cable TV Systems

The concept of frequency shifting that was the key idea for the original superheterodyne radio 
is applied to many types of systems today, including satellite and microwave systems. One 
common application of frequency shifting is in cable TV transmission, in which a signal is up- 
converted to a new higher frequency. A single coaxial cable channel may carry hundreds of 
television channels, each with its own frequency. The cable provider converts each channel to 
a unique higher frequency using the principle of heterodyning, where the television signal 
frequency is added to a local oscillator frequency, creating the new sum frequency. At the 
receiver, the cable box converts a selected high frequency signal back to the original (or base-
band) frequency by combining the incoming signal with the same local oscillator frequency. 
The restored signal is sent on to the television receiver.

S Y S T E M  N O T E

  The voltage gain and bandwidth are 

    Av =
Zc

Re
=

Zc

r�e + RE1
=

5.68 k�

10.5 � + 100 �
= 51

 BW =
fr
Q

=
455 kHz

20
= 23 kHz       

  P R A C T I C E  E X E R C I S E 

 What effect, if any, would an open  C  2  have on the voltage gain? On the band-
width?   

  Another important method for coupling signals is called direct coupling. With direct coupling, 
there are no coupling capacitors or transformers between stages. Depending on how the input 
and output signals are coupled, some amplifi ers can operate with frequencies all the way down 
to dc. In this section, a direct-coupled amplifi er is introduced, then negative feedback is added 
to stabilize the bias and the gain. Direct coupling will be applied again in  Section   5–5    to power 
amplifi ers.  

  After completing this section, you should be able to 

  •   Determine basic dc and ac parameters for direct-coupled amplifi ers and describe how 
negative feedback can stabilize the gain of an amplifi er 

   •   Describe how direct-coupled stages obtain bias  

  •   Compute dc and ac parameters for a direct-coupled amplifi er  

  •   Explain how negative feedback can stabilize bias and gain     

   5–4  DIRECT-COUPLED AMPLIFIERS 



260   CHAPTER 5  •   MULTISTAGE, RF,  AND POWER AMPLIFIERS

 Bias for  Q  2  is supplied through  R  C1 , the collector resistor for  Q  1 . Transistor  Q  1  is 
relatively independent of b because it has voltage-divider bias, but  Q  2  uses base bias, a 
method not desired in linear amplifi ers because of the variation in b. In addition, thermal 
changes will cause the circuit to drift. Although this particular amplifi er has fewer compo-
nents than comparable capacitively coupled amplifi ers, the drawbacks mentioned may out-
weigh the advantages. A relatively simple change—the addition of negative feedback—can 
cure the problem of b dependency and drift. 

  Negative Feedback for Bias Stability 
 The circuit in  Figure   5–18    is a modifi cation that greatly improves the bias stability of the 
amplifi er in  Figure   5–17    with an added bonus of reducing the parts count. Again, the input 
and output signals are capacitively coupled to avoid disturbing the bias voltages. Because 
there are two transistors, the feedback network, shown in red, takes advantage of the extra 

  Figure   5–17    shows a direct-coupled amplifi er. Direct coupling is from the collector of  Q  1  
to the base of  Q  2 . Since the stages are direct coupled, bias current for  Q  2  is supplied by  Q  1 , 
eliminating the need for any bias resistors for  Q  2  and eliminating a coupling capacitor 
between the stages. Although the stages are direct coupled, it is necessary in this particular 
amplifi er to ac couple the input and output signals (through capacitors) to prevent the 
external signal source and the load from disturbing the dc voltages.  

RC1

C2RE1

Q1

R2

R1

Vin

C1
Vout

C4

RC2

C3RE2

Q2

+VCC

 FIGURE 5–17         A direct-coupled amplifi er without feedback.   
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 FIGURE 5–18         A direct coupled amplifi er with negative feedback 
that produces bias stability.   
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gain over a single transistor and produces excellent stability for variations in b and for 
variations in temperature. This is similar to the negative feedback introduced in  Section 
  3–2    for collector-feedback bias.  

 Let’s look at how the feedback works in  Figure   5–17   . Start with  Q  2  and note that its 
base is forward-biased by  R  C1 , causing a collector current in  Q  2  or  I  C( Q 2) . This current 
causes the emitter voltage of  Q  2  to rise, turning on  Q  1 . As  Q  1  conducts more, its collector 
voltage drops, reducing the bias on  Q  2 . This action reduces the bias on  Q  2  to a stable point 
determined by the particular design values. 

 The collector current for  Q  1  can be computed by writing Kirchhoff’s voltage law 
(KVL) around the path that includes  V  CC ,  R  C1 ,  V  BE( Q 2),   R  F ,  V  BE( Q 1) , and  R  E1 . From this, the 
collector current in  Q  1  is approximately 

   IC(Q1) =
VCC - 2VBE

RC1 +
RF

b
+ RE1

   

 The circuit is designed such that  R  C1  is much larger than  R  F >b or  R  E1 . Thus,  I  C( Q 1)  is 
almost completely independent of the value of b, producing a stable value of collector 
voltage in  Q  1  and a stable base voltage in  Q  2 . Thus, the b dependency problem associated 
with base bias is no longer a factor. 

 The collector current in  Q  1  causes the collector voltage of  Q  1  to be 

   VC(Q1) = VCC - IC(Q1)RC1   

 which is also the base voltage of  Q  2 . The emitter voltage of  Q  2  is  V  C( Q 1)  - 0.7 V and the 
emitter current is found from Ohm’s law. 

   IE(Q2) =
VC(Q1) - 0.7 V

RE2
   

 The feedback resistor,  R  F , is not included in the calculation of  I  E( Q 2)  because it is 
much larger than  R  E2 . The approximation that  I  C _  I  E  enables you to fi nd the collector 
current in  Q  2 . Subtracting the voltage drop across  R  C2  from  V  CC  allows you to fi nd  V  C( Q 2) . 
The following example illustrates a typical set of parameters for this circuit. 

  E X A M P L E  5 – 5 

   (a)   For the circuit in  Figure   5–19(a)   , fi nd the dc parameters,  I  C( Q 1) ,  V  C( Q 1) ,  I  E( Q 2) , and  V  C( Q 2)  if the b of each 
transistor is 200.   

  (b)   Compute the voltage gain and the output voltage if a 5 mV input signal is applied to the amplifi er.   

RF
100 k�

RE1
100 �

+VCC
+12 V

RC1
47 k�

Q1
2N3904

Vin

C1
Vout

C2

Q2
2N3904

1.0 μF

RC2
2.0 k�

RE2
270 �

1.0 μF

 FIGURE 5–19(a)        

MULTISIM

 Open fi le F05-18 found on the 
companion website. This 
simulation demonstrates the 
use of negative feedback for 
bias stability. 
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  S O L U T I O N 

   (a)   Begin with the dc parameters. The collector current in  Q  1  is approximately 

   IC(Q1) =
VCC - 2VBE

RC1 +
RF

b
+ RE1

=
12 V - 2(0.7 V)

47 k� +
100 k�

200
+ 100 �

= 0.223 mA   

  This current is in  R  C1  (plus the small base current of  Q  2  that is not included). Find  V  C( Q 1)  as follows: 

   VC(Q1) = VCC - IC(Q1)RC1 = 12 V - (0.223 mA)(47 k�) = 1.52 V   

  The emitter current in  Q  2  is 

   IE(Q2) =
VC(Q1) - 0.7 V

RE2
=

1.52 V - 0.7 V

270 �
= 3.03 mA   

  Since  I  C( Q 2) _  I  E( Q 2) , this implies that the collector voltage of  Q  2  is 

   VC(Q2) = VCC - IC(Q2)RC2 = 12 V - (3.03 mA)(2.0 k�) = 5.94 V   

  Although this is a very stable arrangement, the calculation is sensitive to the exact collector current in  Q  1  and 
the  V  BE  drop across  Q  2 . Measured dc parameters will vary somewhat from the computed values depending 
on the particular transistors used.  

  (b)   To compute the voltage gain, it is fi rst necessary to fi nd   r�e     for each transistor. Assume  I  E  =  I  C . 

    r�e(Q1) =
25 mV

IE(Q1)
=

25 mV

0.223 mA
= 112 �

 r�e(Q2) =
25 mV

IE(Q2)
=

25 mV

3.03 mA
= 9 �    

  Then the unloaded voltage gain for each amplifi er can be computed. 

    Av1(NL) = -
Rc

Re
= -

RC1

RE1 + r�e(Q1)
= -

47 k�

100 � + 112 �
= -222

 Av2(NL) = -
Rc

Re
= -

RC2

RE2 + r�e(Q2)
= -

2.0 k�

270 � + 9 �
= -7.2    

  Next, compute the input and output resistance for each amplifi er stage. Notice that the input resistance shows 
b dependency. 

    Rin(tot)1 = [bac(RE1 + r�e(Q1))] L RF = [200(100 � + 112 �)] L 100 k� = 29.8 k�

 Rout1 = RC1 = 47 k�

 Rin(tot)2 = bac(RE2 + r�e(Q2)) = 200(270 � + 9 �) = 55.8 k�

 Rout2 = RC2 = 2.0 k�    

  You can now compute the overall gain. Use the model of a multistage amplifi er, introduced in  Chapter   1    and 
shown in  Figure   5–19(b)   . The overall voltage gain is  

    Av(overall) = (Av1(NL))a Rin(tot)2

Rout1 + Rin(tot)2
b (Av2(NL)

 = (-222)a 55.8 k�

47 k� + 55.8 k�
b (-7.2) = 867   

  Although this is a relatively high gain, measured values are likely to vary somewhat due to simplifying 
assumptions and b dependency. The variation is mainly due to the second term, which is dependent on b. 
  With the gain calculation completed, the output voltage can be found. 

   Vout = Av(overall)Vin = (867)(5 mV) = 4.34 V      
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  Negative Feedback for Gain Stability 
 The amplifi er illustrated in  Example   5–5    has high gain but the gain is somewhat dependent 
on the b. Negative feedback provided excellent bias stability that was not dependent on a 
particular b. It’s also possible to provide excellent gain stability that is independent of b by 
using negative feedback with the ac signal. As you will see, negative feedback produces a 
self-correcting action that stabilizes the voltage gain. The modifi cation in  Figure   5–20    
shows how this is achieved.  

  P R A C T I C E  E X E R C I S E 

 Determine the overall voltage gain of the amplifi er if the b is 100 for each transistor.       

Rout2

Rin(tot)2
55.8 k�

Vout2

Stage 2

2.0 k�

Rout1

Vin1Av1Vin1
Rin(tot)1

29.8 k�

Stage 1

47 k�

Av1 = –222

Vin2Av2

Av2 = –7.2

Amplifier

 FIGURE 5–19(b)        
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270 �
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 FIGURE 5–20         Modifi cation of the circuit in  Example   5–5    to improve gain stability.   

 First, a bypass capacitor,  C  2 , is connected in parallel with  R  E2  in order to boost the 
voltage gain even higher; this will produce greater gain stability when feedback is added. 
The gain without feedback is called  open-loop voltage gain , which will be described fur-
ther when you study operational amplifi ers in  Chapter   6   . For the amplifi er in  Figure   5–20   , 
the addition of the emitter capacitor boosts the open-loop voltage gain by a factor of 
approximately two.  1   Then a new path is added, consisting of  C  3  and  R  F2 , to return a frac-
tion of the output ac signal back to  Q  1 . The fraction that is returned is determined by the 

 1  The gain would be even higher except for the adverse loading effect on  Q  1  due to lower input resistance of  Q  2 . 

MULTISIM

 Open fi le F05-20 found on 
the companion website. This 
simulation demonstrates the 
use of negative feedback for 
gain stability. 
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voltage divider consisting of  R  F2  and  R  E1 . For the amplifi er in  Figure   5–20   , the feedback 
voltage,  V f  , is equal to the output voltage multiplied by the feedback fraction.     

   Vf = a RE1

RE1 + RF2
bVout   

 This feedback voltage tends to cancel the original input signal. The signal that is 
amplifi ed by the open-loop voltage gain is the small  difference  in the input and negative 
feedback signals. As a result, the net voltage gain of the amplifi er is controlled by the 
amount of feedback. This net gain with feedback is called the  closed-loop voltage gain . As 
mentioned, the closed-loop voltage gain is determined by the amount of output signal that 
is returned. 

 An implication of a very large open-loop voltage gain is that the difference between 
the feedback and input signals is very small at the input to  Q  1 . For the amplifi er in  Figure 
  5–20   , the ac signal on the base and emitter of  Q  1  will have nearly the same amplitude. 

 Here’s how the negative feedback works to achieve gain stability. Suppose the volt-
age gain increases due to heating (causing   r�e     to be smaller). The increased open-loop gain 
causes the output voltage to increase and, in turn, increases the negative feedback voltage. 
This reduces the difference voltage at  Q  1 . Thus, the original change in gain is almost com-
pletely canceled by the self-correcting action of negative feedback. 

 Now assume a technician replaces one of the transistors with one with a lower b than 
in the original circuit. This causes a decrease in the open-loop gain of the amplifi er. Now 
there will be a smaller feedback voltage that causes the difference voltage to be larger. 
Since there is a larger difference voltage, the original effect of a lower b has little net effect 
on the output voltage and, again, gain stability is achieved. 

 The net voltage gain of the amplifi er is approximately equal to the reciprocal of the 
feedback fraction. For the amplifi er in  Figure   5–20   , the net gain is 

   Av = aRE1 + RF2

RE1
b = a 100 � + 4.7 k�

100 �
b = 48   

 As you can see, it is easy to change the gain by simply changing the value of  R  F2 . In 
fact, a gain control can be easily added by using a variable resistor in place of  R  F2 . 

 Another dc coupled amplifi er is the circuit introduced in  Chapter   4    as System Exam-
ple 4-2. It is shown again in  Figure   5–21    for reference. An important advantage of this 
circuit is the ability to amplify low frequencies all the way down to dc. The potentiometer 
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 FIGURE 5–21         The direct-coupled preamp from System Example 4-2.   
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( R  5 ) is adjusted so that the output voltage is zero when the input voltage is zero. For this 
particular design, zero output is obtained by using a  pnp  transistor for the last stage.  

 The amplifi er in  Figure   5–21    uses unbypassed emitter resistors ( R  4  and  R  8 ) to achieve 
gain stability. This is a form of negative feedback that produces gain stability (at the price 
of reduced gain) that you saw earlier in  Chapters   3    and    4   . The FET input stage gave the 
added advantage of extremely high input resistance. 

  1.    What are the main advantages of a direct-coupled 
 amplifi er?   

  2.    How does negative feedback produce bias or gain stability?   

  3.    Why does the addition of a bypass capacitor in the emitter 
 circuit of a CE amplifi er improve the gain stability but not the 
bias stability?   

  4.    How is gain determined for the circuit in  Figure   5–20   ?      

    SECTION 5–4 CHECKUP 

   5–5  CLASS A POWER AMPLIFIERS 

  When an amplifi er is biased such that it always operates in the linear region where the output 
signal is an amplifi ed replica of the input signal, it is a class A amplifi er. The discussion and 
formulas in the previous sections apply to class A operation. Power amplifi ers are those ampli-
fi ers that have the objective of delivering power to a load. This means that components must be 
considered in terms of their ability to dissipate heat.  

  After completing this section, you should be able to 

  •   Compute key ac and dc parameters for class A power amplifi ers and discuss operation 
along the ac load line 

   •   Explain why a centered Q-point is important for a class A power amplifi er  

  •   Determine the voltage gain and power gain for a multistage amplifi er  

  •   Determine the effi ciency of a class A power amplifi er     

 In a small-signal amplifi er, the ac signal moves over a small percentage of the total ac load 
line. When the output signal is larger and approaches the limits of the ac load line, the 
amplifi er is a  large-signal  type. Both large-signal and small-signal amplifi ers are consid-
ered to be  class A  if they operate in the active region at all times. Class A power amplifi ers 
are large-signal amplifi ers with the objective of providing power (rather than voltage) to a 
load. As a rule of thumb, an amplifi er may be considered to be a power amplifi er if it is 
necessary to consider the problem of heat dissipation in components (71/4 W). 

  Heat Dissipation 
 Power transistors (and other power devices) must dissipate excessive internally generated 
heat. For bipolar power transistors, the collector terminal is the critical junction; for this 
reason, the transistor’s case is always connected to the collector terminal. The case of all 
power transistors is designed to provide a large contact area between it and an external 
heat sink. Heat from the transistor fl ows through the case to the heat sink and then dissi-
pates in the surrounding air. Heat sinks vary in size, number of fi ns, and type of material. 
Their size depends on the heat dissipation requirement and the maximum ambient tem-
perature in which the transistor is to operate. In high-power applications (a few hundred 
watts), a cooling fan may be necessary.     
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  Centered Q-Point 
 Recall (from  Section   3–4   ) that the dc and ac load lines cross at the Q-point. When the 
Q-point is at the center of the ac load line, a maximum class A signal can be obtained. You 
can see this concept by examining the graph of the load line for a given amplifi er in  Figure 
  5–22   (a). This graph shows the ac load line with the Q-point at its center. The collector cur-
rent can vary from its Q-point value,  I  CQ , up to its saturation value,  I c   ( sat ) , and down to its 
cutoff value of zero. Likewise, the collector-to-emitter voltage can swing from its Q-point 
value,  V  CEQ , up to its cutoff value,  V ce   ( cutoff ) , and down to its saturation value of near zero. 
This operation is indicated in  Figure   5–22   (b). The peak value of the collector current 
equals  I  CQ , and the peak value of the collector-to-emitter voltage equals  V  CEQ  in this case. 
This signal is the maximum that can be obtained from the class A amplifi er. Actually, the 
output cannot quite reach saturation or cutoff, so the practical maximum is slightly less.  

0

ICQ

Ic(sat)

IC

Q

AC load line

VCEQ Vce(cutoff)
VCE

(a)

0

ICQ

Ic(sat)

IC

Q

VCEQ Vce(cutoff)

VCE

(b)

0

DC load line

AC load line

 FIGURE 5–22         Maximum class A output occurs when the Q-point is centered on the ac load line.   

 Many systems require that power amplifi ers or other circuits that add unwanted heat as a by-
product. This is especially true of ineffi cient Class-A amplifi er systems, which limits their 
usefulness to low-power applications.

The power handling ability of a device is determined by a number of factors. One impor-
tant factor is the ambient temperature in which the device will be used. Most spec sheets specify 
an ambient temperature above which a device must be derated.  Derating  is usually specifi ed in 
milliwatts per degree C (mW/°C). For example, assume a given power transistor is rated at 
15 W when the ambient temperature is 25°C. The spec sheet states that for every degree above 
that temperature the device must be derated 120 mW/°C. This means that if the ambient tem-
perature is 80°C, then the device can only dissipate 15 W - (120 mW : 55°C) = 8.4 W. 

 S Y S T E M  N O T E 

 If the Q-point is not centered on the ac load line, the output signal is limited.  Figure 
  5–23    shows a load line with the Q-point moved away from center toward cutoff. The 
output variation is limited by cutoff in this case. The collector current can only swing 
down to near zero and an equal amount above  I  CQ . The collector-to-emitter voltage can 
only swing up to its cutoff value and an equal amount below  V  CEQ . This situation is illus-
trated in  Figure   5–23   (a). If the amplifi er is driven any further than this, it will “clip” at 
cutoff, as shown in  Figure   5–23   (b).  

  Figure   5–24    shows a load line with the Q-point moved away from center toward 
saturation. In this case, the output variation is limited by saturation. The collector current 
can only swing up to near saturation and an equal amount below  I  CQ . The collector-to-
emitter voltage can only swing down to its saturation value and an equal amount above 
 V  CEQ . This situation is illustrated in  Figure   5–24   (a). If the amplifi er is driven any further, 
it will “clip” at saturation, as shown in  Figure   5–24   (b).      
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  Power Gain 
 A power amplifi er delivers power to a load. The  power gain  of an amplifi er is the ratio of 
the power delivered to the load to the input power. In general, power gain is 

    Ap =
PL

Pin
  (5–5)    

   where  A p   = power gain  

    P L   = signal power delivered to the load  

    P in   = signal power delivered to the amplifi er   

 The power gain can be computed by any of several formulas, depending on what is 
known. Frequently, the easiest way to obtain power gain is from input resistance, load 
resistance, and voltage gain. To see how this is done, recall that power can be expressed in 
terms of voltage and resistance as 

   P =
V2

R
   

 For ac power, the voltage is expressed as rms. The output power delivered to the load is 

   PL =
V2

L

RL
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 FIGURE 5–23         Q-point closer to cutoff.   
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 FIGURE 5–24         Q-point closer to saturation.   

 Open fi le F05-24 found on 
the companion website. This 
simulation demonstrates both 
saturation and cutoff clipping 
due to changes in the Q-point. 

MULTISIM
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 The input power delivered to the amplifi er is 

   Pin =
V2

in

Rin
   

 By substituting into Equation (5–5), the following useful relationship can be found: 

   Ap =
V2

L

V2
in

 aRin

RL
b    

    Ap = A2
vaRin

RL
b   (5–6)    

 Equation (5–6) says that the power gain to an amplifi er is the voltage gain squared 
times the ratio of the input resistance to the output load resistance. It can be applied to any 
amplifi er. For example, assume a common-collector (CC) amplifi er has an input resistance 
of 10 k� and a load resistance of 100 �. Since a CC amplifi er has a voltage gain of 
approximately 1, the power gain is 

   Ap = Av
2aRin

RL
b = 12a 10 k�

100 �
b = 100   

 For a CC amplifi er,  A p   is approximately equal to the ratio of the input resistance to the 
output load resistance.  

  DC Quiescent Power 
 The power dissipation of a transistor with no signal input is the product of its Q-point cur-
rent and voltage. 

    PDQ = ICQVCEQ  (5–7)    

 The only way a class A power amplifi er can supply power to a load is to maintain a 
quiescent current that is at least as large as the peak current requirement for the load cur-
rent. A signal will not increase the power dissipated by the transistor but actually causes 
less total power to be dissipated. The quiescent power, given in Equation (5–3), is the 
maximum power that a class A amplifi er must handle. The transistor’s power rating will 
normally exceed this value.  

  Output Power 
 In general, the output signal power is the product of the rms load current and the rms 
load voltage. The maximum unclipped ac signal occurs when the Q-point is centered on 
the ac load line. For a CE amplifi er with a centered Q-point, the maximum peak voltage 
swing is 

   Vc(max) = ICQRc   

 The rms value is 0.707 V c   ( max ) . 
 The maximum peak current swing is 

   Ic(max) =
VCEQ

Rc
   

 The rms value is 0.707 I c   ( max ) . 
 To fi nd the maximum power output of the signal, you use the rms values of maxi-

mum current and voltage. The maximum power out from a class A amplifi er is 

   Pout(max) = (0.707Ic)(0.707Vc)   

    Pout(max) = 0.5ICQVCEQ  (5–8)    
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 FIGURE 5–25        

  E X A M P L E  5 – 6 

 Determine the ac model for the class A power amplifi er in  Figure   5–25   . Use the ac model of a two-stage amplifi er 
to compute the voltage gain and power gain.  

  S O L U T I O N 

 Begin by fi nding the basic parameters for each amplifi er stage:  A   v (NL) ,  R in ,  and  R out .  ( Q  2  and  Q  3  will be treated as 
a single transistor, named  Q  2,3 , in the second stage.) 

  Stage 1 parameters  ( Q  1 ): 

 The unloaded voltage gain of the fi rst stage is the collector resistance,  R  C , divided by the ac emitter resistance, 
which is the sum of  R  E1  and   r�e    ( Q 1) . To estimate   r�e    ( Q 1) , you fi rst need to fi nd  I  E . The base voltage is approximately 
2.7 V due to the loading effects on the input voltage divider. The emitter voltage is approximately one diode drop 
less, or 2.0 V. By Ohm’s law, the emitter current is 

   IE(Q1) =
VE(Q1)

RE1 + RE2
=

2.0 V

47 � + 330 �
= 5.3 mA   

 and   r�e   ( Q 1)  is approximately 25 mV/5.3 mA = 5 �. The unloaded voltage gain is 

   Av1(NL) = -
Rc

Re
= -

RC

RE1 + r�e(Q1)
= -

1000 �

47 � + 5 �
= -19.2   

 The input resistance of the fi rst stage is composed of three parallel paths (as discussed in  Section   3–4   ). These 
include the two bias resistors and the ac resistance of the emitter circuit multiplied by b  ac   of  Q  1 . The path through 
 Q  1  has a small effect on  R in   and is also dependent on b  ac  . A reasonable estimate is to assume a b  ac   for  Q  1  of 200. 

    Rin(tot)1 = [(RE1 + r�e(Q1))bac(Q1)] }R1 }R2

 = [(47 � + 5 �)200] }20 k� }5.1 k� = 2.9 k�   

 The output resistance of the fi rst stage is just the collector resistor,  R  C , which is 1.0 k�. 

  Stage 2 parameters  ( Q  2,3 ): 

  Q  2,3  is a darlington pair that is confi gured as a CC amplifi er. The voltage gain of the second stage is approxi-
mately 1 for a CC amplifi er. Therefore, 

   Av2 = 1.0   

 Find the input resistance of the second stage by the same method as that used for the fi rst stage. There are 
three parallel paths to ac ground. Looking into the base of  Q  2  from the coupling capacitor ( C  3 ), the three paths are 
one path through  R  3 , a separate path through  R  4 , and a path through  Q  2,3 . 
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  Effi ciency 
 The  effi ciency  of any amplifi er is the ratio of the signal power supplied to the load to the 
power from the dc supply. The maximum signal power that can be obtained is given by 
Equation (5–8). The average power supply current,  I  CC , is equal to  I  CQ  and the supply volt-
age is at least 2 V  CEQ . Therefore, the dc power is 

   PDC = ICCVCC = 2ICQVCEQ   

Rout2

Rin(tot)2
3.6 k�

Vout2

0 �

Rout1

Vin1Av1
Vin1

500 mV pp
Rin(tot)1
2.9 k�

Stage 1 (Q1)

1.0 k�

Av1 = –19.2

Vin2Av2

Av2 = 1.0

Amplifier

RL
16 �

Stage 2 (Q2, 3)

 FIGURE 5–26         Amplifi er model. (V in  is shown as V in1  for the fi rst stage).   

 The overall voltage gain is computed by the method introduced in  Section   1–4   . The last voltage divider 
consisting of the speaker and output resistance is not included in the calculation because the output resistance is 
negligible. 

   Av(tot) = Av1 = a Rin(tot)2

Rout1 + Rin(tot)2
bAv2 = -19.2a 3.6 k�

1.0 k� + 3.6 k�
b1.0 = �15   

 The power gain can be computed using Equation (5–6). 

   Ap = Av(tot)
2 aRin(tot)1

RL
b = (-15)2a 2.9 k�

16 �
b = 41,000    

  P R A C T I C E  E X E R C I S E 

 Express the power gain as a decibel power gain. (Review  Section   1–4    if necessary.)    

 Only the bias resistors are important in this calculation because the path through the darlington transistors 
has a much higher resistance. You can obtain a reasonable estimate of the input resistance of the second stage by 
ignoring the path through the transistors and computing only the parallel combination of  R  3  and  R  4 . 

   Rin(tot)2 � R4 }R3 = 15 k� }5.1 k� = 3.8 k�   

 A more precise calculation includes the path through  Q  2,3 . 

   Rin(tot)2 � [(RL }RE3)bac(Q3)bac(Q2)] }R4 }R3   

 Generally, the b  ac   of a power transistor is smaller than for signal transistors. A nominal value of 50 for the power 
transistor ( Q  3 ) and 200 for the signal transistor ( Q  2 ) is reasonable. Therefore, substituting values, the input resist-
ance of the second stage is 

   Rin(tot)2 = [(16 � }16 �)50 * 200] }15 k� }5.1 k� = 3.6 k�   

 Notice that the more precise calculation changes the answer by only 6%. 
 The output resistance of the second stage is very small (less than 1 �) and can be ignored. 

   Rout2 � 0 �   

  Overall result:  

 Using the computed parameters, the ac model of the amplifi er is shown in  Figure   5–26   .  



5–5 CLASS A POWER AMPLIFIERS   271

 The maximum effi ciency of a capacitively coupled load is 

   effmax =
Pout

PDC
=

0.5ICQVCEQ

2ICQVCEQ
= 0.25   

 The maximum effi ciency of a capacitively coupled class A amplifi er cannot be higher 
than 0.25, or 25%, and, in practice, is usually considerably less (about 10%). Although the 
effi ciency can be made higher by transformer coupling the signal to the load, there are 
drawbacks to transformer coupling. These drawbacks include the size and cost of trans-
formers as well as potential distortion problems when the transformer core begins to satu-
rate. In general, the low effi ciency of class A power amplifi ers limits their usefulness to 
small power applications that require only a few watts of load power. 

  E X A M P L E  5 – 7 

 Determine the effi ciency of the power amplifi er in  Figure   5–25   . 

  S O L U T I O N 

 The effi ciency is the ratio of the signal power in the load to the power supplied by 
the dc source. The input voltage is 500 mV peak-to-peak, which is 176 mV rms. 
The input power is, therefore, 

   Pin =
V2

in

Rin
=

(176 mV)2

2.9 k�
= 10.7 mW   

 The output power is 

   Pout = PinAp = (10.7 mW)(41,000) = 0.44 W   

 Most of the power from the dc source is supplied to the output stage. The 
current in the output stage can be computed from the emitter voltage of  Q  3 , which 
is approximately 9.5 V, producing a current of 0.60 A. Neglecting the other tran-
sistors and bias circuits, the total dc supply current is about 0.6 A. The power 
from the dc source is 

   PDC = ICCVCC = (0.6 A)(15 V) = 9 W   

 Therefore, the effi ciency of the amplifi er for this input is 

   eff =
Pout

PDC
=

0.44 W

9 W
� 0.05   

 This represents an effi ciency of 5%.  

  P R A C T I C E  E X E R C I S E 

 Explain what happens to the effi ciency if  R  E3  were replaced with the speaker. 
What disadvantage does this have?   

  1.    What is the purpose of a heat sink?   

  2.    Which lead of a bipolar transistor is connected to the case?   

  3.    What are the two types of clipping with a class A amplifi er?   

  4.    What is the maximum theoretical effi ciency for a class A 
amplifi er?   

  5.    How can the power gain of a CC amplifi er be expressed in 
terms of a ratio of resistances?      

    SECTION 5–5 CHECKUP 



  Push-Pull Operation 
 As you can see, the circuit in  Figure   5–27    only conducts for the positive half of the cycle. 
To amplify the entire cycle, it is necessary to add a second class B amplifi er that operates 
on the negative half. The combination of two class B amplifi ers working together is called 
 push-pull  operation. 

 There are two common approaches for using push-pull amplifi ers to reproduce the 
entire waveform. The fi rst approach uses transformer coupling. The second uses two 
  complementary symmetry transistors  ;  these are a matching pair of  npn / pnp  BJTs or a 
matching pair of  n -channel/ p -channel FETs. 

  When an amplifi er is biased such that it operates in the linear region for 180° of the input cycle 
and is in cutoff for 180°, it is a class B amplifi er. The primary advantage of a class B amplifi er 
over a class A amplifi er is that the class B is much more effi cient; you can get more output 
power for a given amount of input power. Class B amplifi ers are generally confi gured with at 
least two active devices that alternately amplify the positive and negative part of the input 
waveform. This arrangement is called push-pull.  

  After completing this section, you should be able to 

  •   Compute key ac and dc parameters for class B power amplifi ers including bipolar and 
FET types 

   •   Describe two confi gurations for push-pull amplifi ers  

  •   Describe crossover distortion and how to overcome it  

  •   Explain how class AB operation differs from class B operation  

  •   Describe how to avoid thermal problems with bipolar class AB amplifi ers  

  •   Discuss characteristics of MOSFET class B amplifi ers     

   5–6  CLASS B POWER AMPLIFIERS 

  Class B  operation refers to operation when the Q-point is located at cutoff, causing the 
output current to vary only during one-half of the input cycle. In a linear amplifi er, two 
devices are required for a complete cycle; one amplifi es the positive cycle and the other 
amplifi es the negative cycle. As you will see, this arrangement has a great advantage for 
power amplifi ers as it greatly increases the effi ciency. For this reason, they are widely used 
as power amplifi ers. 

  The Q-point Is at Cutoff 
 The class B amplifi er is biased at cutoff so that  I  CQ  = 0 and  V  CEQ  =  V  CE(cutoff) . Thus, 
there is  no dc current or power dissipated  when there is no signal as in the case of the class 
A amplifi er. When a signal drives a class B amplifi er into conduction, it then operates in its 
linear region. This is illustrated in  Figure   5–27    with an emitter-follower circuit.   

+0.7 V

RE 0

Transistor conducts

Vs

Transistor off

0

+VCC

Vout

 FIGURE 5–27         Common-collector class B amplifi er.   
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  TRANSFORMER COUPLING     Transformer coupling is illustrated in  Figure   5–28   . 
The input transformer has a center-tapped secondary that is connected to ground, producing 
phase inversion of one side with respect to the other. The input transformer thus converts 
the input signal to two out-of-phase signals for the transistors. Notice that both transistors 
are  npn  types. Because of the signal inversion,  Q  1  will conduct on the positive part of the 
cycle and  Q  2  will conduct on the negative part. The output transformer combines the signals 
by permitting current in both directions, even though one transistor is always cut off. The 
positive power supply signal is connected to the center tap of the output transformer.   

Q1
npn

Vs

Input
transformer

Q2
npn

VoutVCC

Output
transformer

 FIGURE 5–28         Transformer coupled push-pull amplifi ers. Q 1  conducts dur-
ing the positive half-cycle; Q 2  conducts during the negative half-cycle. The two 
halves are combined by the output transformer.   

(a) During a positive half-cycle

RL

Vout

Q1
conducting

Q2 OFFVin

–VCC

Vs

0 0

+VCC

(b) During a negative half-cycle

RL

Vout

Q1 OFF

Q2
conductingVin

–VCC

Vs

0 0

+VCC

 FIGURE 5–29         Class B push-pull operation.   

  COMPLEMENTARY SYMMETRY TRANSISTORS      Figure   5–29    shows one 
of the most popular types of push-pull class B amplifi ers using two emitter-followers and 
both positive and negative power supplies. This is a complementary amplifi er because one 
emitter-follower uses an  npn  transistor and the other a  pnp,  which conduct on opposite 
alternations of the input cycle. Notice that there is no dc base bias voltage ( V  B  = 0). Thus, 
only the signal voltage drives the transistors into conduction. Transistor  Q  1  conducts dur-
ing the positive half of the input cycle, and  Q  2  conducts during the negative half.    

  Crossover Distortion 
 When the dc base voltage is zero, the input signal voltage must exceed  V  BE  before a tran-
sistor conducts. As a result, there is a time interval between the positive and negative 
alternations of the input when neither transistor is conducting, as shown in  Figure   5–30   . 
The resulting distortion in the output waveform is called  crossover distortion .   
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  Biasing the Push-Pull Amplifi er 
 To overcome crossover distortion, the biasing is adjusted to just overcome the  V  BE  of the 
transistors; this results in a modifi ed form of operation called  class AB . In class AB opera-
tion, the push-pull stages are biased into slight conduction, even when no input signal is 
present. This can be done with a voltage divider and diode arrangement, as shown in 
  Figure   5–31   . When the diode characteristics of  D  1  and  D  2  are closely matched to the char-
acteristics of the transistor base-emitter junctions, the current in the diodes and the current 
in the transistors is the same; this is called a  current mirror . This current mirror produces 
the desired class AB operation and eliminates crossover distortion.            

VBE
0

–VBE

Vin

Q1 conducting
Q2 off

Vout

Both Q1 and Q2 off
(crossover distortion)

Q1 off
Q2 conducting

 FIGURE 5–30         Crossover distortion in a class B amplifi er.   
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 FIGURE 5–31         Biasing the push-pull amplifi er to 
eliminate crossover distortion.   

 In systems such as audio systems where low distortion is necessary, class AB power amplifi ers 
are used. Frequently, an integrated circuit is present with multiple transistors that can be used 
for the current mirror. For it to function properly the transistors should have characteristics that 
are as closely matched as possible. Transistor array ICs are available from a number of manu-
facturers that offer matched pairs of  npn  and  pnp  transistors. The arrays may have one, two, or 
four matched pairs in the array. As noted earlier, the transistors in an array are more closely 
matched than discrete devices. A two pair array is shown in  Figure   SN5–1   . 
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 FIGURE SN5–2         A two pair 
transistor array.   

 In the bias path,  R  1  and  R  2  are of equal value, as are the positive and negative supply 
voltages. This forces the voltage at point  A  to equal 0 V and eliminates the need for an 
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input coupling capacitor. The dc voltage on the output is also 0 V. Assuming that both 
diodes and both transistors are identical, the drop across  D  1  equals the  V  BE  of  Q  1 , and the 
drop across  D  2  equals the  V  BE  of  Q  2 . Since they are matched, the diode current will be the 
same as  I  CQ . The diode current and  I  CQ  can be found by applying Ohm’s law to either  R  1  
or  R  2  as follows: 

   ICQ =
VCC - 0.7 V

R1
   

 This small current required of class AB operation eliminates the crossover distortion 
but has the potential for thermal instability if the transistor’s  V  BE  drops are not matched to 
the diode drops or if the diodes are not in thermal equilibrium with the transistors. Heat in 
the power transistors decreases the base-emitter voltage and tends to increase current. If 
the diodes are warmed the same amount, the current is stabilized; but if the diodes are in a 
cooler environment, they cause  I  CQ  to increase even more. More heat is produced in an 
unrestrained cycle known as  thermal runaway.   2   To keep this from happening, the diodes 
should have the same thermal environment as the transistors. In stringent cases, a small 
resistor in the emitter of each transistor can alleviate thermal runaway.  

 Crossover distortion also occurs in transformer-coupled amplifi ers such as that shown 
in  Figure   5–28   . To eliminate it in this case, a 0.7 V is applied to the input transformer’s 
secondary that just biases both transistors into conduction. The bias voltage to produce this 
drop can be derived from the power supply using a single diode as shown in  Figure   5–32   .   

RL

Q1
npn

Vs

Q2
npn

Vout

VCC

VCC

 FIGURE 5–32         Eliminating crossover distortion in a transformer-coupled 
push-pull amplifi er. The diode compensates for the base-emitter drop of the 
transistors and produces class AB operation.   

 2  The base-emitter voltage in a BJT drops about 2 mV/°C. 

  AC Operation 
 Consider the ac load line for  Q  1  of the class AB amplifi er in  Figure   5–31   . The Q-point is 
slightly above cutoff. (In a true class B amplifi er, the Q-point is at cutoff.) The ac cutoff 
voltage for a two-supply operation is at  V  CC  with an  I  CQ  as given earlier. The ac saturation 
current for a two-supply operation with a push-pull amplifi er is 

    Ic(sat) =
VCC

RL
  (5–9)    

 The ac load line for the  npn  transistor is as shown in  Figure   5–33   . The dc load line 
can be found by drawing a line that passes through  V  CEQ  and the dc saturation current, 
 I  C(sat) . The the saturation current for dc is the current if the collector to emitter is shorted on 
both transistors! This assumed short across the power supplies obviously would cause 
maximum current from the supplies and implies the dc load line passes almost vertically 
through the cutoff as shown. Operation along the dc load line, such as caused by thermal 
runaway, could produce such a high current that the transistors are destroyed.  
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  Figure   5–34   (a) illustrates the ac load line for  Q  1  of the class B amplifi er in  Figure 
  5–34   (b). In the case illustrated, a signal is applied that swings over the region of the ac load 
line shown in bold. At the upper end of the ac load line, the voltage across the transistor 
( V ce  ) is a minimum, and the output voltage is maximum.  
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VCE

IC

 FIGURE 5–34        

 Under maximum conditions, transistors  Q  1  and  Q  2  are alternately driven from near 
cutoff to near saturation. During the positive alternation of the input signal, the  Q  1  emitter 
is driven from its Q-point value of 0 to nearly  V  CC , producing a positive peak voltage a 
little less than  V  CC . Likewise, during the negative alternation of the input signal, the  Q  2  
emitter is driven from its Q-point value of 0 V, to near - V  CC , producing a negative peak 
voltage almost equal to - V  CC . Although it is possible to operate close to the saturation cur-
rent, this type of operation results in increased distortion of the signal. 

 The ac saturation current given in Equation (5–9) is also the peak output current. 
Each transistor can essentially operate over its entire load line. Recall that in class A 
operation, the transistor can also operate over the entire load line but with a signifi cant 
difference. In class A operation, the Q-point is near the middle and there is signifi cant 
current in the transistors even with no signal. In class B operation, when there is no sig-
nal, the transistors have only a very small current and therefore dissipate very little power. 
Thus, the effi ciency of a class B amplifi er can be much higher than a class A amplifi er. It 
can be shown that the maximum theoretical effi ciency of a class B amplifi er is 79%.           

  Single-Supply Operation 
 Push-pull amplifi ers using complementary symmetry transistors can be operated from a 
single voltage source as shown in  Figure   5–35   . The circuit operation is the same as that 
described previously, except the bias is set to force the output emitter voltage to be  V  CC /2 
instead of zero volts used with two supplies. Because the output is not biased at zero volts, 

VCE

IC

Q-point

AC load line
DC load line

ICQ

VCCVCEQ

Ic(sat)

 FIGURE 5–33         Load lines for 
a complementary symmetry 
push-pull amplifi er. Only the 
load lines for the npn transistor 
are shown.   
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capacitive coupling for the input and output is necessary to block the bias voltage from the 
source and the load resistor. Ideally, the output voltage can swing from zero to  V  CC , but in 
practice it does not quite reach these ideal values.  

  E X A M P L E  5 – 8 

 Determine the ideal maximum peak output voltage and current for the circuit 
shown in  Figure   5–36   .  

  S O L U T I O N 

 The ideal maximum peak output voltage is 

   Vp(out) � VCEQ �
VCC

2
=

20 V

2
= 10 V   

 The ideal maximum peak current is 

   Ip(out) � Ic(sat) �
VCEQ

RL
=

10 V

16 �
= 0.63 A   

 The actual maximum values of voltage and current are slightly smaller.  

  P R A C T I C E  E X E R C I S E 

 Compute the maximum peak output voltage and current if the supply voltage is 
raised to +30 V.       

 Open fi le F05-36 found on the 
companion website. This 
simulation compares class B 
and AB amplifi ers. 
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 FIGURE 5–36        
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 FIGURE 5–35         Single-ended 
push-pull amplifi er.   
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  MOSFET Push-Pull Amplifi ers 
 When MOSFETs were fi rst introduced to the commercial market, they were unable to han-
dle the large currents required of power devices. In recent years, the advances in MOSFET 
technology have made high-power MOSFETs available and offer some important advan-
tages in the design of power amplifi ers for both digital and analog circuits. MOSFETs 
are very reliable, providing their specifi ed voltage, current, and temperature ratings are 
not exceeded. 

 Comparing MOSFETs to BJTs, there are several important advantages but also some 
disadvantages to MOSFETs. The principal advantages of MOSFETs over BJTs is that 
their biasing networks are simpler, their drive requirements are simpler, and they can be 
connected in parallel for added drive capability. In addition, MOSFETs are not generally 
prone to thermal instability; as they get hotter, they tend to have less current (just the oppo-
site of bipolar transistors).  3   In switching applications (discussed in  Section   4–7   ), they can 
switch faster than BJTs. MOSFET switches are widely used in both digital logic and in 
high-power switching circuits.  

 The BJT has the edge when the voltage drop across the transistor is important and, as 
a result, may be more effi cient than a MOSFET in certain cases. In addition, bipolar tran-
sistors are not as prone to  electrostatic discharge (ESD)  that can kill a MOSFET. Most 
MOSFETs are shipped with the pins shorted together with a ring; they should be soldered 
into a circuit before the shorting ring is removed. 

 A simplifi ed class B amplifi er using complementary symmetry E-MOSFETs and 
two-supply operation is shown in  Figure   5–37   (a). Recall that an E-MOSFET is normally 
off but can be turned on when the input exceeds the threshold voltage. For logic devices, 
the on voltage is typically between 1 V and 2 V; for standard devices the threshold is 
higher. When the signal exceeds the positive threshold voltage of  Q  1 , it conducts; likewise, 
when the signal is below the negative threshold voltage of  Q  2 , it conducts. Thus, the 
 n -channel device conducts on the positive cycle; the  p -channel device conducts on the 
negative cycle.  
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 FIGURE 5–37         MOSFET push-pull amplifi ers.   

 3  An exception to this rule is with high voltages and low currents; the temperature characteristics are reversed, 
and MOSFETs  can  experience thermal runaway problems. 
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 As in the case of the BJT push-pull amplifi er, the transistor does not conduct just 
above zero signal voltage, which causes crossover distortion. If each transistor is biased 
just at the threshold voltage, the MOSFETs will operate in class AB, as shown in the 
circuit in  Figure   5–37   (b). This amplifi er includes a bipolar transistor amplifi er as a 
driver and other components to assure a reasonably linear output from an E-MOSFET 
push-pull stage. Of course, there are other features to this basic design in commercial 
amplifi ers. 

 The basic class AB push-pull amplifi er shown in  Figure   5–37   (b) includes a common- 
emitter stage that amplifi es the input signal and couples the signal to the gates of the push-
pull stage, consisting of  Q  2  and  Q  3 . Notice that  R  6  is bypassed with capacitor  C  3  to allow 
identical ac signals to be applied to the push-pull stage. Potentiometer  R  6  is used to develop 
the proper dc voltage to set the bias to the threshold voltages of  Q  2  and  Q  3 . It is adjusted to 
minimize cross over distortion. Potentiometer  R  1  is adjusted to zero the output dc output 
voltage with no input signal. 

 This type of amplifi er can give increased power out by simply adding another pair of 
MOSFETs in parallel; however, this can sometimes cause unwanted oscillations. To pre-
vent this, gate resistors can be used to isolate the MOSFETs from each other. Although not 
strictly required in this simplifi ed amplifi er, they are shown as  R  8  and  R  9 . Power amplifi ers 
with parallel E-MOSFET transistors can deliver over 100 W of power. 

+VDD
+24 V

R4
1.0 k�

Q2

Q3

Vs
100 mV
1.0 kHz Vout

R8

R9

Q1

C1

C3

C2

R5
100 �

R6
5 k�

R7
15 k�

100 μF

2.2 μF

2.2 μF

R1
1 k�

R2
5.1 k�

R3
100 k�

RL
33 �

–VDD
–24 V

470 �

470 �

 FIGURE 5–38        

  E X A M P L E  5 – 9 

 The  n -channel E-MOSFET shown in  Figure   5–38    has a threshold voltage of +2.0 V 
and the  p -channel E-MOSFET has a threshold voltage of -2.0 V. What resistance 
setting for  R  6  will bias the transistors to class AB operation? At this setting, what 
power is delivered to the load if the input signal is 100 mV? Assume that potenti-
ometer  R  1  is set to 440 �.  

  S O L U T I O N 

 Start by computing the dc parameter for the CE amplifi er. The base voltage is 
determined by the voltage divider composed of  R  1 ,  R  2 , and  R  3 . The standard 
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A POWER TRANSISTOR DATA SHEET A typical Darlington power transistor 
is the BD135.  A partial data sheet for the BD135 is shown in  Figure   5–39   .    

 voltage-divider equation is modifi ed to account for the fact that the divider is not 
referenced to ground. 

    VB = VR3 - VDD = aVDD - (-VDD)b a R3

R1 + R2 + R3
b - VDD

 = a24 V - (-24 V)b a 100 k�

440 � + 5.1 k� + 100 k�
b - 24 V = 21.5 V   

 The emitter voltage is one diode drop higher than the base voltage (because the 
transistor is a  pnp  type). 

   VE = VB + 0.7 V = 21.5 V + 0.7 V = 22.2 V   

 Calculate the emitter current from Ohm’s law. 

   IE =
VDD - VE

R4 + R5
=

24 V - 22.2 V

1.1 k�
= 1.64 mA   

 The required drop across  R  6  is the difference in the threshold voltages. 

   VR6 = VTH(Q1) - VTH(Q2) = 2.0 V - ( - 2.0 V) = 4.0 V   

 Use Ohm’s law to determine the required setting for  R  6 . 

   R6 =
VR6

IR6
=

4.0 V

1.64 mA
= 2.4 k�   

 This setting produces class AB operation, so the output voltage repli-
cates the input of the MOSFET (less a small drop across the internal MOS-
FET resistance). Determine the gain of the CE amplifi er using the ratio of 
unbypassed collector resistance ( R  7 ) to the unbypassed emitter resistance ( R  5 ) 
and    r�e . 

   r�e =
25 mV

IE
=

25 mV

1.64 mA
= 15.2 �   

 and 

   Av =
R7

R5 + r�e
=

15 k�

100 � + 15.2 �
= 130   

 Assuming no internal drop in the MOSFETs, the output voltage is 

   Vout = AvVin = (130)(100 mV) = 13 V   

 The power out is 

   PL =
V2

out

RL
=

13 V2

33 �
= 5.1 W    

  P R A C T I C E  E X E R C I S E 

 Compute the setting of  R  6  if the threshold voltages for the MOSFETs are +1.5 V 
and -1.5 V.
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 A PA SYSTEM POWER AMPLIFIER 
 In this system example we will look at a power amplifi er that can be used in a public address 
(PA) system in conjunction with the low-noise JFET preamp from System Example 4–2. A 
block diagram of the PA system is shown in  Figure   SE5–3   . The power amplifi er will deliver 
up to 6 W to an 8 � speaker and have a frequency bandwidth of 70 Hz to 5 kHz. 

 S Y S T E M  E X A M P L E  5 – 2 

1 TO-126

NPN Epitaxial Silicon Transistor

Absolute Maximum Ratings TC = 25°C unless otherwise noted

Electrical Characteristics TC = 25°C unless otherwise noted

hFE Classification

Symbol Parameter Value Units

 VCBO  Collector-Base Voltage                      : BD135

                 : BD137

                 : BD139

  45

  60

  80

V

V

V

 VCEO  Collector-Emitter Voltage                  : BD135

                 : BD137

                 : BD139

  45

  60

  80

V

V

V

 VEBO  Emitter-Base Voltage    5 V

 IC  Collector Current (DC)  1.5 A

 ICP  Collector Current (Pulse)  3.0 A

 IB  Base Current  0.5 A

 PC  Collector Dissipation (TC = 25°C) 12.5 W

 PC  Collector Dissipation (Ta = 25°C) 1.25 W

 TJ  Junction Temperature  150 °C

 TSTG  Storage Temperature - 55 ~ 150 °C

Symbol Parameter Test Condition Min. Typ. Max. Units

 VCEO(sus)  Collector-Emitter Sustaining Voltage

: BD135

: BD137

: BD139

IC = 30mA, IB = 0 45

60

80

V

V

V

 ICBO  Collector Cut-off Current VCB = 30V, IE = 0 0.1 μA

 IEBO  Emitter Cut-off Current VEB = 5V, IC = 0  10 μA

 hFE1

 hFE2

 hFE3

 DC Current Gain       : ALL DEVICE

: ALL DEVICE

: BD135

: BD137, BD139

VCE = 2V, IC = 5mA

VCE = 2V, IC = 0.5A

VCE = 2V, IC = 150mA

25

25

40

40

250

160

 VCE(sat)  Collector-Emitter Saturation Voltage IC = 500mA, IB = 50mA 0.5 V

 VBE(on)  Base-Emitter ON Voltage VCE = 2V, IC = 0.5A   1 V

Classification 6 10 16

hFE3 40 ~ 100 63 ~ 160 100 ~ 250

BD135/137/139

Medium Power Linear and Switching 

Applications

• Complement to BD136, BD138 and BD140 respectively

1. Emitter    2.Collector    3.Base

 FIGURE 5–39         Partial data sheet for the BD135 power transistors. Copyright Fairchild Semicon-
ductor Corporation. Used by permission.   
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  The Power Amplifi er Circuit 
 The schematic of the power amplifi er is shown in  Figure   SE5–4   . The output stage is a dar-
lington class AB amplifi er with diode current-mirror bias. There are two darlington con-
fi gurations used, a traditional darlington pair (Q 1  and Q 2 ) and a complementary darlington 
pair (Q 3  and Q 4 ). This complementary confi guration is also known as a  Sziklai pair . A 
standard push-pull amplifi er uses one  npn  and one  pnp  transistor. By making one of the 
Darlingtons a Sziklai pair, both output transistors are  npns . This makes for better thermal 
matching and improved sound quality. Also note that only one diode is used to bias the 
Sziklai pair. This is because there is only one barrier potential (Q 4 ) to overcome. 

Q4
BD135

Q3
2N3906

Q2
BD135

Q1
2N3904

Input

Output

+15 V

–15 V

D1

D2

D3

Q5
2N3904

R3
220 �

R2
1 k�

R1
150 k�

 FIGURE SE5–4         Class AB push-pull power amplifi er 
schematic.   

Power amplifier

DC power supply
Microphone

(a) PA system block diagram (b) Physical configuration

Speaker

Audio preamp

 FIGURE SE5–3        

 The input from the preamp is coupled to the driver stage, Q 5 . This stage provides 
additional gain and also prevents excessive loading on the preamp. The resistor R 1 serves 
two functions. It provides biasing for Q 5  from the dc output voltage (0 V). It also provides 
negative feedback for gain stability as discussed in  Section   5–4   . Since the output from Q 5  
is inverted and the darlington output stage is non-inverting, this means that the output sig-
nal will be 180° out of phase with the input from the preamp at the base of Q 5 . This pro-
vides the negative feedback.  

 Open fi le SE05-03 found on 
the companion website. This 
simulation connects the JFET 
preamp from System Example 
4-2 to the power amplifi er in 
this example. 

MULTISIM
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  1.    What is the advantage to two-supply operation with a class B 
complementary symmetry amplifi er?   

  2.    What is crossover distortion and how is it avoided?   

  3.    What is the maximum theoretical effi ciency for a class B 
amplifi er?   

  4.    Where should an E-MOSFET, operating as a class AB ampli-
fi er, be biased?

5. Explain why there are only three diodes in the circuit in 
Figure SE5–2.                                   

    SECTION 5–6 CHECKUP 

  The last two amplifi er classes that we will discuss in this chapter are very different in many 
ways, but they are both highly effi cient amplifi er designs. Class C amplifi ers are used primarily 
in RF circuits such as FM transmitters. They are normally built around BJTs or JFETs. Class 
D amplifi ers are non linear switching amplifi ers that are built around MOSFETs. At one time 
class D amplifi ers were used primarily for switching applications like motor control, but there 
are now several high-quality class D audio amplifi ers on the market. We will begin with the 
class C amplifi er.  

  After completing this section, you should be able to 

  •   Explain the operation of class C and class D amplifi ers 

   •   Explain basic class C operation  

  •   Describe class C biasing  

  •   Explain tuned operation of a class C amplifi er  

  •   Determine maximum power output for a class C amplifi er  

  •   Discuss the operation of a class D amplifi er  

  •   Explain pulse-width modulation (PWM)  

  •   Discuss harmonics and frequency spectra in class D amplifi ers  

  •   Explain the purpose of the low-pass fi lter in a class D amplifi er     

   5–7  CLASS C AND CLASS D POWER 
AMPLIFIERS 

  Basic Class C Operation 
 The basic concept of class C operation is illustrated in  Figure   5–40   . A common-emitter class 
C amplifi er with a resistive load is shown in  Figure   5–41   (a). A  Class C amplifi er  is normally 
operated with a resonant circuit load, so the resistive load is used only for the purpose of 
illustrating the concept. It is biased below cutoff with the negative  V  BB  supply. The ac source 
voltage has a peak value that is slightly greater than    � VBB � + VBE    so that the base voltage 
exceeds the barrier potential of the base-emitter junction for a short time near the positive 
peak of each cycle, as illustrated in  Figure   5–41   (b). During this short interval, the transistor 
is turned on. When the entire ac load line is used, as shown in  Figure   5–41   (c), the ideal 
maximum collector current is  I c ( sat ),  and the ideal minimum collector voltage is V ce(sat) .    

Av

VoutVin
0 0

 FIGURE 5–40         Basic class C amplifi er operation  (noninverting).   
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  Power Dissipation 
 The power dissipation of the transistor in a class C amplifi er is low because it is on for only 
a small percentage of the input cycle.  Figure   5–42   (a) shows the collector current pulses. 
The time between the pulses is the period (T) of the ac input voltage. The collector current 

RC

RB

VBB–

Vin

Vout

+VCC

(a) Basic class C amplifier circuit

Transistor conducts when
Vin exceeds �VBB� + VBEVBB + VBE

0Vin

Ic 0

(b) Input voltage and output current waveforms

Ic(sat)

(c) Load line operation

IC

Ic

0

Vce

VCE

VCC

C

Vce(sat)

 FIGURE 5–41         Basic class C operation.   

(a) Collector current pulses

0
Vin

Ic

0
T

(b) Ideal class C waveforms

0

Ic

Vce(sat)

0

Ic(sat)

ton

Vce

VCC

 FIGURE 5–42         Class C waveforms.   
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and the collector voltage during the  on  time of the transistor are shown in  Figure   5–42   (b). 
To avoid complex mathematics, we will assume ideal pulse approximations. Using this 
simplifi cation, if the output swings over the entire load, the maximum current amplitude is 
 I c ( sat )  and the minimum voltage amplitude is  V ce ( sat )  during the time the transistor is on. 
The power dissipation during the  on  time is, therefore,  

   PD(on) = Ic(sat)Vce(sat)   

 The transistor is on for a short time,  t on ,  and off for the rest of the input cycle. Therefore, 
assuming the entire load line is used, the power dissipation averaged over the entire 
cycle is 

   PD(avg) = a ton

T
bPD(on) = a ton

T
b Ic(sat)Vce(sat)     

  Tuned Operation 
 Because the collector voltage (output) is not a replica of the input, the resistively loaded 
class C amplifi er alone is of no value in linear applications. It is therefore necessary to use 
a class C amplifi er with a parallel resonant circuit (tank), as shown in  Figure   5–43   (a). The 
resonant frequency of the tank circuit is determined by the formula    fr = l>(2pr1LC).    
The short pulse of collector current on each cycle of the input initiates and sustains the 
oscillation of the tank circuit so that an output sinusoidal voltage is produced, as illustrated 
in  Figure   5–43   (b). The tank circuit has high impedance only near the resonant frequency, 
so the gain is large only at this frequency.  

Vin

Vout

+VCC

(a) Basic circuit

LC2
C3

C1

RB

VBB–

(b) Output waveforms

Vout

Ic

 FIGURE 5–43         Tuned class C amplifi er.   

 Initially the capacitor charges to approximately + V  CC , as shown in  Figure   5–44   (a). 
The red arrow shows the fl ow of charge. After the pulse, the capacitor quickly discharges, 
thus charging the inductor. Then, after the capacitor completely discharges, the inductor’s 
magnetic fi eld collapses and then quickly recharges  C  to near  V  CC  but with a polarity 
opposite to the previous charge. This completes one half-cycle of the oscillation, as shown 
in parts (b) and (c) of  Figure   5–44   . Next, the capacitor discharges again, increasing the 
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inductor’s magnetic fi eld. The inductor then quickly recharges the capacitor back to a pos-
itive peak slightly less than the previous one, due to energy loss in the winding resistance. 
This completes one full cycle, as shown in parts (d) and (e) of  Figure   5–44   . The peak-to-
peak output voltage is therefore approximately equal to 2 V  CC . 

 The amplitude of each successive cycle of the oscillation will be less than that of the 
previous cycle because of energy loss in the resistance of the tank circuit, as shown in  Fig-
ure   5–45   (a), and the oscillation will eventually die out. However, the regular recurrences 
of the collector current pulse reenergizes the resonant circuit and sustains the oscillations 
at a constant amplitude.  

(a) 
     when transistor is conducting.

+

–

Transistor conducts
(approximates a short)

LC1

C1 charges to +VCC at the input peak

+VCC

C1 discharges to 0 volts.

C1 discharges to 0 volts.

C2

–

+

Transistor remains off

(d) 

+

–

Transistor turns off (approximates an open)

(b) 

–

+

–

+

Transistor remains off

(c) L recharges 

+

–

+

–

Transistor is off just prior to conducting
again to start another cycle

(e) L recharges 

+VCC

+VCC +VCC

+VCC

0

+VCC

0

+VCC

–VCC

0

–VCC

0

+VCC

 –VCC –VCC

C1 L

C2

C1 L

C2

C1

C1.

C1 in opposite direction.

L

C2

C1 L

C2

 FIGURE 5–44         Resonant circuit action.   
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 When the tank circuit is tuned to the frequency of 
the input signal (fundamental), reenergizing occurs on 
each cycle of the tank voltage,  V r ,  as shown in  Figure   
5–45   (b). When the tank circuit is tuned to the second 
harmonic of the input signal, reenergizing occurs on 
alternate cycles as shown in  Figure   5–45   (c). In this 
case, a class C amplifi er operates as a frequency multi-
plier (* 2). By tuning the resonant tank circuit to higher 
harmonics, further frequency multiplication factors are 
achieved.  

  Maximum Output Power 
  Since the voltage developed across the tank circuit has a 
peak-to-peak value of approximately, 2 V  CC , the maxi-
mum output power can be expressed as 

   Pout =
V2

rms

Rc
=

(0.707VCC)2

Rc
   

   Pout =
0.5 V2

CC

Rc
   

    Rc    is the equivalent parallel resistance of the collector 
tank circuit at resonance and represents the parallel com-
bination of the coil resistance and the load resistance. It 
usually has a low value. Since the transistor is only on for 
a small portion of the input cycle, and since there is no 
bias current, class C amplifi ers are very effi cient. Practi-
cal class C amplifi ers can achieve effi ciencies of greater 
than 90%.  

  Clamper Bias for a Class C Amplifi er 
  Figure   5–46    shows a class C amplifi er with a base bias clamping circuit. The base-emitter 
junction functions as a diode.  

 When the input signal goes positive, capacitor  C  1  is charged to the peak value with the 
polarity shown in  Figure   5–47   (a). This action produces an average voltage at the base of 
approximately - V   p  . This places the transistor in cutoff except at the positive peaks, when 
the transistor conducts for a short interval. For good clamping action, the  R  1  C  1  time con-
stant of the clamping circuit must be much greater than the period of the input signal. Parts 
(b) through (f) of  Figure   5–47    illustrate the bias clamping action in more detail. During the 
time up to the positive peak of the input ( t  0  to  t  1 ), the capacitor charges to  V p   - 0.7 V 
through the base-emitter diode, as shown in part (b). During the time from  t  1  to  t  2 , as shown 

0Vr

(a)

0Ic

(b)

0Vr

(c) Oscillation at the second harmonic frequency

0Ic

0Vr

An oscillation will gradually die out (decay) due to energy loss.
The rate of decay depends on the efficiency of the tank circuit.

Oscillation at the fundamental frequency can be sustained by short
 pulses of collector current.

 FIGURE 5–45         Tank circuit 
oscillations.  V r   is the voltage 
across the tank circuit.   

R1

Vin

+VCC

LC2

Q

Vout

C1

 FIGURE 5–46         Tuned class C 
amplifi er with clamper bias.   
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in part (c), the capacitor discharges very little because of the large  RC  time constant. The 
capacitor, therefore, maintains an average charge slightly less than  V p   - 0.7 V.  

 Since the dc value of the input signal is zero (positive side of  C  1 ), the dc voltage at 
the base (negative side of  C  1 ) is slightly more positive than -( V p   - 0.7 V), as indicated in 
 Figure   5–47   (d). As shown in  Figure   5–47   (e), the capacitor couples the ac input signal 
through to the base so that the voltage at the transistor’s base is the ac signal riding on a dc 
level slightly more positive than -( V p   - 0.7 V). Near the positive peaks of the input volt-
age, the base voltage goes slightly above 0.7 V and causes the transistor to conduct for a 
short time, as shown in  Figure   5–47   (f). 

Q

C2 L

+VCC

≈Vp – 0.7 V

+
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–
Vp

–Vp

0

Q conducts

0.7 V
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(a)

R1
Vin

Vp – 0.7 V
+ + ––

Base-emitter diode

Vp

0
t0 t1

(b)

R1
Vin

+ –

Vp

0

≈Vp – 0.7 V

–Vp

t0 t1
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(c)

R1
Vin

0 V
+ –

Vp

0

–(Vp – 0.7 V)

–Vp

(d)

R1
Vin

+ –

0

≈ –(Vp – 0.7 V)

C1
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0 V

Vb

(e)

+0.7 V
0 V

≈ –(Vp – 0.7 V)

Vb

Q conducts

(f)

C1

 FIGURE 5–47         Clamper bias action.   

  E X A M P L E  5 – 1 0 

 Determine the voltage at the base of the transistor, the resonant frequency, and 
the peak-to-peak value of the output signal voltage for the class C amplifi er in 
 Figure   5–48   .  
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 Basic Class D Operation 
 In a  class D amplifi er , the output transistors are operated as switches instead of operating 
linearly as in the classes A, B, and AB. An advantage in audio applications is that a class D 
amplifi er can operate at a maximum theoretical effi ciency of 100% compared to class A at 
25% and class B/AB at 79%. In practice, effi ciencies over 90% can be achieved with class D. 

 A basic block diagram of a class D amplifi er driving a speaker is shown in  Figure   5–49   . 
It consists of a pulse-width modulator driving complementary MOSFET output transistors 
operating as switches and followed by a low-pass fi lter. Most class D amplifi ers operate on 
dual-polarity power supplies. The MOSFETs are basically push-pull amplifi ers that are oper-
ated as switching devices, rather than linear devices as in the case of class B amplifi ers.   

  S O L U T I O N 

   Vs(p) = (1.414)(1 V) � 1.4 V   

 The base is clamped at 

   -(Vs(p) - 0.7) = �0.7 V dc   

 The signal at the base has a positive peak of +0.7 V and a negative peak of 

   -Vs(p) + (-0.7 V) = -1.4 V - 0.7 V = �2.1 V   

 The resonant frequency is 

   fr =
1

2p1LC
=

1s

2p1(220 mH)(680 pF)
= 411 kHz   

 The output signal has a peak-to-peak value of 

   Vpp = 2VCC = 2(15 V) = 30 V    

  P R A C T I C E  E X E R C I S E 

 How could you make the circuit in  Figure   5–48    a frequency double?   

C3
680 pF

10 nF

L
220

+15 V

R1
Vs

1 V

C1 10 nF

C2

H

2 k�

RL
100 k�

μ

 FIGURE 5–48        

Complementary
push-pull
switching
amplifier

Input
signal

Low-pass
filter

Pulse-width
modulator

 FIGURE 5–49         Basic class D 
audio amplifi er.   
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  Pulse-Width Modulation (PWM) 
  Pulse-width modulation  is a process in which an input signal is converted to a series of 
pulses with widths that vary proportionally to the amplitude of the input signal. This is 
illustrated in  Figure   5–50    for one cycle of a sinusoidal signal. Notice that the pulse width 
is wider when the amplitude is positive and narrower when the amplitude is negative. The 
output will be a square wave if the input is zero.  

Input
signal

+Vsat

−Vsat

PWM

 FIGURE 5–50         Pulse-width modulated sine wave.   

 The PWM signal is typically produced using a comparator circuit. Comparators are 
discussed in more detail in  Chapter   8    but here is a basic explanation of how they work. A 
comparator has two inputs and one output, as shown by the symbol in  Figure   5–51   . The 
input labeled + is called the noninverting input, and the input labeled - is the inverting 
input. When the voltage on the inverting input exceeds the voltage on the noninverting 
input, the comparator switches to its  negative  saturated output state. When the voltage on 
the noninverting input exceeds the voltage on the inverting input, the comparator switches 
to its  positive  saturated output state. This is illustrated in  Figure   5–51    for one cycle of a 
sine wave voltage on the noninverting input and a higher frequency triangular wave volt-
age on the inverting input.  

Modulating
waveform (mV)

PWM output (V)

Input signal
(mV)

Triangular-
wave
generator

Comparator

Input +

−

 FIGURE 5–51         A basic pulse-width modulator.   

 The comparator inputs are typically very small voltages (mV range); the comparator 
output is “rail-to-rail,” which means that the positive maximum is near the positive dc sup-
ply voltage and the negative maximum is near the negative dc supply voltage. An output of 
{12 V or 24 V peak-to-peak is not unusual. From this, you can see that the gain can be 
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quite high. For example, if the input signal is 10 mVpp, the voltage gain is 24 Vpp>
10 mVpp = 2400. Since the comparator output amplitude is constant for a specifi ed range 
of input voltages, the gain is dependent on the input signal voltage. If the input signal is 
100 mVpp, the output is still 24 Vpp, and the gain is 240 instead of 2400. 

  FREQUENCY SPECTRA     All nonsinusoidal waveforms are made up of harmonic 
frequencies. The frequency content of a particular waveform is called its  spectrum.  When 
the triangular waveform modulates the input sine wave, the resulting spectrum contains 
the sine wave frequency,  f  input , plus the fundamental frequency of the triangular modulat-
ing signal,  f  m , and harmonic frequencies above and below the fundamental frequency. 
These harmonic frequencies are due to the fast rise and fall times of the PWM signal and 
the fl at areas between the pulses. A simplifi ed frequency spectrum of a PWM signal is 
shown in  Figure   5–52   . The frequency of the triangular waveform must be signifi cantly 
higher than the highest input signal frequency so that the lowest frequency harmonic is 
well above the range of input signal frequencies.    

finput fm

V

f 

 FIGURE 5–52         Frequency spectrum of a PWM signal.   

Q2

Q1

Q1 off
Q2 on

Q1 on
Q2 off

+VDD

−VDD

Low-pass
filter

Load

 FIGURE 5–53         Complementary MOSFETs operating as switches to amplify power.   

  The Complementary MOSFET Stage 
 The MOSFETs are arranged in a common-source complementary confi guration to provide 
power gain. Each transistor switches between the  on  state and the off state and when one 
transistor is  on,  the other one is  off,  as shown in  Figure   5–53   . When a transistor is  on,  there 
is very little voltage across it and, therefore, there is very little power dissipated even 
though it may have a high current through it. Remember, the on-resistance of a MOSFET 
is very low. When a transistor is  off,  there is no current through it and, therefore, there is no 
power dissipated. The only time power is dissipated in the transistors is during the short 
switching time. Power delivered to a load can be very high because a load will have a volt-
age across it nearly equal to the supply voltages and a high current through it.  
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  EFFICIENCY     When  Q  1  is  on,  it is providing current to the load. However, ideally the 
voltage across it is zero so the internal power dissipated by  Q  1  is 

   PDQ = VQ1IL = (0 V)IL = 0 W   

 At the same time,  Q 2   is  off and  the current through it is zero, so the internal power is 

   PDQ = VQ2IL = VQ2(0 A) = 0 W   

 Ideally, the output power to the load is 2 V Q   I L  . The maximum ideal effi ciency is, therefore, 

   effmax =
Pout

Ptot
=

Pout

Pout + PDQ
=

2VQIL

2VQIL + 0 W
= 1   

 As a percentage,  eff max   = 100%. 
 In a practical case, each MOSFET would have a few tenths of a volt across it in the 

 on  state. There is also a small internal power dissipation in the comparator and triangular 
wave generator. Also, power is dissipated during the fi nite switching time, so the ideal 
effi ciency of 100% can never be reached in practice.   

  Low-Pass Filter 
 The low-pass fi lter removes the modulating frequency and harmonics and passes only the 
original signal to the output. The fi lter has a bandwidth that passes only the input signal 
frequencies, as illustrated in  Figure   5–54   .   

finput fm

V

Filter response

Filter cutoff frequency

f 

 FIGURE 5–54         The low-pass fi lter removes all but the input signal frequency 
from the PWM signal.   
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 FIGURE 5–55         Signal fl ow in a class D amplifi er.   

  Signal Flow 
  Figure   5–55    shows the signals at each point in a class D amplifi er. A small audio signal is 
applied and pulse-width modulated to produce a PWM signal at the output of the modula-
tor where voltage gain is achieved. The PWM drives the complementary MOSFET stage 
to achieve power amplifi cation. The PWM signal is fi ltered and the amplifi ed audio signal 
appears on the output with suffi cient power to drive a speaker.  
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  1.    How is a class C amplifi er normally biased?   

  2.    What is the purpose of the tuned circuit in a class C amplifi er?   

  3.    Name the three stages of a class D amplifi er.   

  4.    What is the pulse width proportional to in pulse-width 
 modulation?   

  5.    What is the function of the low-pass fi lter in a class D amplifi er?                          

    SECTION 5–7 CHECKUP 

  An integrated circuit (IC) is a network of interconnected circuit elements (transistors, diodes, 
resistors) in a single piece of silicon that forms a functioning circuit. For analog electronics, the 
operational amplifi er, introduced in  Chapter   6   , is the most common type of IC. In this section, 
you will learn about IC circuits specifi cally designed to provide power to a load. Two specifi c 
IC audio amplifi ers, the National Semiconductor LM384 and the Freescale Semiconductor 
MC34119, are introduced.  

  After completing this section, you should be able to 

  •   Give principal features and describe applications for IC power amplifi ers 

   •   Describe principal specifi cations of an integrated circuit power amplifi er  

  •   Show how to confi gure an LM384 audio power amplifi er as a basic amplifi er  

  •   Explain how an LM384 can be used as the amplifi er for an intercom system     

   5–8  IC POWER AMPLIFIERS 

 Originally, small integrated circuit (IC) power amplifi ers were designed for audio applica-
tions; they were designed to directly connect a speaker to the output. As applications were 
expanded, so was the proliferation of device types. Today, there are many IC amplifi ers 
specifi cally designed as power amplifi ers. Their principal advantages over small discrete 
power amplifi ers are high reliability and low cost. 

 IC power amplifi ers are used in applications ranging from small consumer appliances 
to power supplies, industrial motor controllers, and regulator designs. Most contain a class 
A or AB power amplifi er stage along with associated driver stages and frequently include 
voltage gain. 

 The typical output power from a power IC is a few watts although some ICs can pro-
vide 100 W or more to a load with external power transistors. The maximum output power 
from any power amplifi er is very dependent on proper heat sinking. Manufacturers’ data 
sheets provide information on heat sinks required for IC power amplifi ers. 

  The National Semiconductor LM384 
 An example of a typical small-power audio amplifi er is the 
LM384.  4   It is available in a standard 14-pin dual-in-line package 
that contains a metal heat sink tab as shown in  Figure   5–56   . A 
copper frame is connected to the center three pins on either side 
(pins 3, 4, 5, and 10, 11, 12) to form a heat sink that is connected 
to ground.   

 The LM384 has an internally fi xed gain of 50 and operates 
on a single supply voltage in the range from 9 V to 24 V. The 
output voltage is centered at one-half the supply voltage. Choice 

Heat sink tab

 FIGURE 5–56         LM384 dual-in-line packages.   

 4  Data sheet for LM384 available at  www.national.com  

www.national.com


294   CHAPTER 5  •   MULTISTAGE, RF,  AND POWER AMPLIFIERS

of supply voltage depends on the required power out and the load. In addition, like many 
IC power amplifi ers, it features short-circuit protection and thermal shutdown circuitry. It 
can provide up to 5 W of power to a load with appropriate heat sinking. Without an exter-
nal heat sink, the maximum power output is reduced to 1.5 W. 

 Internally, the circuit has an emitter-follower and a differential voltage amplifi er 
(discussed in  Chapter   6   ). This is followed by a CE driver stage and a single-ended push-
pull output stage. All stages are dc coupled. The LM384 has two inputs, one is an inverting 
input (labeled −), and the other is a noninverting input (labeled +). 

 Operation of the LM384 as a basic power amplifi er requires only the addition of a 
few external components, as shown in  Figure   5–57   . In this illustration, the load consists of 
a small speaker, capacitively coupled through  C  3  to the output. The inverting input of the 
LM384 is connected to the variable leg of  R  1 , a potentiometer that serves as a volume con-
trol. The noninverting input is shown connected to ground. Depending on the application, 
either input can be used by itself or the signal can be connected between the inputs. The 
 RC  network, composed of  R  2  and  C  2 , suppresses by low-pass fi ltering action the very high-
frequency oscillation that can interfere with any nearby sensitive RF circuits.   
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 FIGURE 5–57         A basic amplifi er using the LM384 audio power amplifi er.   

  POWER OUTPUT     The data sheet for the LM384 gives a curve of the output power 
to a load as a function of device dissipation, as shown in  Figure   5–58   . The curves are dif-
ferent for various load resistors; an 8 � load resistor is shown. The power supply voltage 
can be selected based on the required output power and minimum distortion required. The 
heat sink must be capable of dissipating the device power. For example, if the heat sink 
can handle 3 W of power from the device, a 22 V power supply can be used to deliver 
nearly 5 W to the load at 3% total harmonic distortion (THD).    
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 FIGURE 5–58         LM384 power 
dissipation as a function of out-
put power in an 8 � load.   
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  The Freescale Semiconductor MC34119  
Low-Power Audio Amplifi er 
 The Freescale Semiconductor MC34119 is a low-power IC audio amplifi er that is designed 
to run on battery power for telephone applications such as telephone speaker phones. It is 
contained in an 8-pin DIP package (and is available in a surface-mount package). It can 
drive a small load (8 � to 100 �) with more than 250 mW for a 6 V supply voltage and can 
deliver more power using higher supply voltages. A chip-disable input allows for powering 
down or muting the input and reduces the current drain from the battery to 65 mA (typical). 

  Figure   5–59    illustrates a basic amplifi er with the MC34119. The voltage gain can be 
controlled by two external resistors, ( R f   and  R i  ) that can set the gain from less than 1 to 200 
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7
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4
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2 1

5

8
Chip
disable

6

 FIGURE 5–59         A small IC amplifi er designed to operate from a battery.   
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 FIGURE SE5–5         A basic intercom using an LM384 as the amplifi er.   

With a few modifi cations, the basic amplifi er can become the heart a small system, such as 
the intercom system shown in Figure SE5–5. In this system, a small step-up transformer of 
1:25 multiplies the basic gain of 50 to 1250. One speaker acts as a microphone while the 
second serves the traditional role of speaker. The DPDT switch controls which speaker is 
the talker and which is the listener. In the talk position, speaker 1 is the microphone while 
speaker 2 is the speaker; in the listen position, the roles are reversed. 

S Y S T E M  E X A M P L E  5 – 3
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  1.    What are some applications for IC power amplifi ers?   

  2.    What advantage do IC power amplifi ers have over discrete 
designs?   

  3.    What is the voltage gain of an LM384?   

  4.    What are the two inputs to an LM384 called?                     

    SECTION 5–8 CHECKUP 

and is equal to the ratio of  R f   to  R i .  (Gain control is discussed in  Chapter   6   .) For the circuit 
shown, the voltage gain is 5.0. The output is coupled directly to the load (in this case, a 
speaker) with no coupling capacitor.  

     SUMMARY 
   •   Three ways to couple amplifi er stages together are capacitive coupling, transformer coupling, and 

direct coupling.  

  •   Capacitive coupling and transformer coupling provide a low-impedance ac path while blocking 
dc. Direct coupling requires that the dc conditions from one stage are compatible with the require-
ments of the next stage.  

  •   General points to alleviate noise problems in amplifi ers are 

   1.   Keep wiring short and make signal return loops as small as possible.  

  2.   Use bypass capacitors between power supply and ground.  

  3.   Reduce noise sources and separate or shield the noise source and the circuit.  

  4.   Ground circuits at a single point, and isolate grounds that have high currents from those with 
low currents.  

  5.   Keep the bandwidth of amplifi ers no larger than necessary.    

  •   One common type of high-frequency cable is coax, a form of shielded wiring. Coax typically has 
a characteristic impedance between 50 � and 100 �. It should be terminated in its characteristic 
impedance to prevent refl ections.  

  •   Tuned amplifi ers use one or more resonant circuits to select a band of frequencies.  

  •   A mixer combines a radio frequency (RF) signal with a sine wave generated from a local oscilla-
tor to produce an intermediate frequency (IF) that is amplifi ed by an amplifi er tuned to the IF.  

  •   Negative feedback produces a self-correcting action that can produce excellent bias stability and 
gain stability in amplifi ers.  

  •   The voltage gain of an amplifi er without feedback is called open-loop voltage gain. The voltage 
gain of an amplifi er with feedback is called closed-loop voltage gain.  

  •   A class A amplifi er operates entirely in the linear region of the transistor’s characteristic curves. 
The transistor conducts during the full 360° of the input cycle.  

  •   The Q-point must be centered on the ac load line for maximum class A output signal swing.  

  •   The maximum effi ciency of a class A amplifi er is 25%.  

  •   A class B amplifi er operates in the linear region for half of the input cycle (180°), and it is in 
cutoff for the other half.  

  •   The Q-point is at cutoff for class B operation.  

  •   Class B amplifi ers are normally operated in a push-pull confi guration in order to produce an out-
put that is a replica of the input.  

  •   The maximum effi ciency of a class B amplifi er is 79%.  

  •   A class AB amplifi er is biased slightly above cutoff and operates in the linear region for slightly 
more than 180° of the input cycle.  

  •   Class AB eliminates the crossover distortion found in pure class B.  

  •    Class C  amplifi ers are biased below cutoff and usually have a tuned circuit load.  

  •    Class D  amplifi ers are nonlinear switching amplifi ers. They employ pulse-width modulation in 
conjunction with a MOSFET push-pull switching amplifi er and a low-pass fi lter.    
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  KEY TERMS 
 Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary. 

  Class A      An amplifi er that operates in the active region at all times.   

  Class AB      An amplifi er that is biased into slight conduction; the Q-point is slightly above cutoff.   

  Class B      An amplifi er that has the Q-point located at cutoff, causing the output current to vary only 
during one-half of the input cycle.   

  Class C      An amplifi er that is biased below cutoff and has a tuned circuit load.   

  Class D      A nonlinear switching amplifi er that uses pulse-width modulation, a push-pull switching 
amplifi er, and a low-pass fi lter.   

  Closed-loop voltage gain      The net voltage gain of an amplifi er when negative feedback is included.   

  Current mirror      A circuit that uses matching diode junctions to form a current source. The current 
in a diode is refl ected as a matching current in the other junction (which is typically the base-emitter 
junction of a transistor). Current mirrors are commonly used to bias a push-pull amplifi er.   

  Effi ciency (power)      The ratio of the signal power supplied to the load to the power from the dc supply.   

  Intermediate frequency      A fi xed frequency that is lower than the RF, produced by beating an RF 
signal with an oscillator frequency.   

  Mixer      A nonlinear circuit that combines two signals and produces the sum and difference fre-quencies.   

  Open-loop voltage gain      The voltage gain of an amplifi er without external feedback.   

  Power gain      The ratio of the power delivered to the load to the input power of an amplifi er.   

  Pulse-width modulation      A process in which the input signal is converted to a series of pulses 
whose width is proportional to the signal amplitude.   

  Push-pull      A type of class B amplifi er with two transistors in which one transistor conducts for one 
half-cycle and the other conducts for the other half-cycle.   

  Quality factor ( Q )      A dimensionless number that is the ratio of the maximum energy stored in a 
cycle to the energy lost in a cycle.    

  KEY FORMULAS 
    (5–1)  Z0 �

A

L
C

     Characteristic impedance of a transmission line 

    (5–2)  fr �
1

2P1LC
     Resonant frequency (high  Q  resonant circuit) 

    (5–3)  Q �
XL

R
�

fr

BW
     Quality factor of a resonant circuit 

    (5–4)  R�L � a Npri

Msec
b2

RL     Refl ected resistance of a load resistor by a transformer 

    (5–5)  Ap �
PL

Pin
     Amplifi er power gain 

    (5–6)  Ap � A2
vaRin

RL
b      Alternate amplifi er power gain 

    (5–7)  PDQ � ICQVCEQ     Power dissipation of a transistor 

    (5–8)  Pout(max) � 0.5ICQVCEQ     Maximum power from a class A amplifi er 

    (5–9)  Ic(sat) �
VCC

RL
      AC saturation current for a two-supply operation with 

a push-pull amplifi er  

  SELF-TEST 
 Answers are at the end of the chapter. 

   1.    If an amplifi er has a decibel voltage gain of 60 dB, the actual gain is  

   (a)   600      (b)   1000      (c)   1200      (d)   1,000,000    
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   2.    If two identical stages with a gain of 25 dB each are connected together and the equivalent volt-
age divider has an attenuation of 5 dB, the overall gain of the amplifi er is  

   (a)   20 dB      (b)   45 dB      (c)   55 dB      (d)   70 dB    

   3.    Noise can enter a circuit  

   (a)   by capacitive or inductive coupling     (b)   through the power supply  
  (c)   from within the circuit     (d)   all of these answers    

   4.    The impedance of coax cable is typically  

   (a)   less than 10 �     (b)   50 � to 100 �  
  (c)   200 � to 500 �     (d)   answer depends on the length of the line    

   5.    Neutralization is a technique used with high-frequency amplifi ers to eliminate  

   (a)   oscillations     (b)   noise  
  (c)   distortion     (d)   all of these answers    

   6.    The quality factor,  Q,  is a pure number that is the ratio of  

   (a)    X L   to  X  C      (b)    X L   to  R   
  (c)    X C   to  R      (d)   none of these answers    

   7.    In a tuned circuit, if the  Q  is high, the  

   (a)   resistance is high     (b)   bandwidth is small  
  (c)   frequency is low     (d)   power is high    

   8.    Negative feedback can provide excellent  

   (a)   bias stability     (b)   gain stability  
  (c)   both (a) and (b)     (d)   neither (a) nor (b)    

   9.    The peak current a class A amplifi er can deliver to a load depends on the  

   (a)   maximum rating of the power supply     (b)   quiescent current  
  (c)   current in the bias resistors     (d)   size of the heat sink    

   10.    An amplifi er that operates in the linear region at all times is  

   (a)   Class A     (b)   Class AB  
  (c)   Class B     (d)   all of these answers    

   11.    The effi ciency of a power amplifi er is the ratio of the power delivered to the load to the  

   (a)   input signal power     (b)   power dissipated in the last stage  
  (c)   power from the power supply     (d)   none of these answers    

   12.    Crossover distortion is a problem for  

   (a)   Class A amplifi ers     (b)   Class AB amplifi ers  
  (c)   Class B amplifi ers     (d)   all of these answers    

   13.    A current mirror in a push-pull amplifi er should give an  I  CQ  that is  

   (a)   equal to the current in the bias resistors and diodes  
  (b)   twice the current in the bias resistors and diodes  
  (c)   half the current in the bias resistors and diodes  
  (d)   zero    

   14.    To avoid crossover distortion with an E-MOSFET push-pull amplifi er, you should bias the 
MOSFETs with  

   (a)   a current mirror     (b)   self-bias  
  (c)   a voltage divider     (d)   a separate power supply    

   15.    The transistor in a class C amplifi er conducts for  

   (a)   360°     (b)   180°  
  (c)   slightly less than 180°     (d)   much less than 180°    

   16.    The fi nal stage of a class D amplifi er is the  

   (a)   switching amplifi er     (b)   low-pass fi lter  
  (c)   comparator     (d)   PWM    

   17.    Typically, an IC power amplifi er  

   (a)   does not need a heat sink     (b)   costs more than a discrete circuit  
  (c)   has high reliability     (d)   all of these answers     



  TROUBLESHOOTER’S QUIZ 
 Answers are at the end of the chapter. 

  Refer to  Figure   5–60   . 

  • If  C  3  is open,    

   1.    The dc drain voltage of  Q  1  will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.    The ac drain voltage of  Q  1  will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  R  E1  is 0 � because of a direct short across it,   

   3.    The dc emitter current will  

   (a)   increase      (b)   decrease      (c)   not change    

   4.    The overall voltage gain of the amplifi er will  

   (a)   increase      (b)   decrease      (c)   not change    

   5.    The input resistance of  Q  2  will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   5–67   . 

  • If  Q  2  has an open emitter,   

   6.    The positive side of the ac output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   7.    The negative side of the ac output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  D  1  is shorted,   

   8.    The bias current in  R  1  will  

   (a)   increase      (b)   decrease      (c)   not change    

   9.    The ac output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   5–69   . 

  • If  C  2  is open,   

   10.    The gain will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  C  3  is open,   

   11.    The distortion will  

   (a)   increase      (b)   decrease      (c)   not change    

     •  If  R  8  is shorted,   

   12.    The gain will  

   (a)   increase      (b)   decrease      (c)   not change     
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  PROBLEMS 
 Answers to odd-numbered problems are at the end of the book. 

   SECTION   5–1    Capacitively Coupled Amplifi ers     

   1.    For the two-stage capacitively coupled amplifi er shown in  Figure   5–60   , compute the overall 
voltage gain, the input resistance, and the output resistance. Assume the  g m   of the JFET is 2700 mS 
and b  ac   of the BJT is 150.   
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 FIGURE 5–60        

   2.    Using the results of Problem 1, draw the ac amplifi er model for the two-stage amplifi er in 
  Figure   5–60   . (See  Figure   5–5    for an example.)   

   3.    For the two-stage amplifi er modeled in  Figure   5–61   , determine the ordinary gain and the deci-
bel voltage gain.    

   4.    Assume a 1.0 k� load is connected to the amplifi er modeled in  Figure   5–61   . What is the new gain?   
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 FIGURE 5–61        

   5.    Assume a two-stage amplifi er is constructed from two identical amplifi ers with the following 
specifi cations:  R in   = 30 k�,  R out   = 2 k�,  A   v (NL)  = 80. 
   (a)   Draw the ac model of the amplifi er.  
  (b)   What is the overall gain when the two stages are connected together?  
  (c)   If a 3 k� load resistor is connected to the amplifi er, what is the overall gain?     

   6.    Determine the decibel gain for the amplifi er in Problem 5(b).   

   7.    Assume  Q  3  in  Figure   5–4    is replaced with a darlington transistor with a b  ac   of 10,000. What 
effect will this have on the amplifi er’s gain?   

   SECTION   5–2    RF Amplifi ers     

   8.    RG180B/U is a coaxial cable with a nominal impedance of 95 � and a capacitance per foot of 
15.5 pF/foot. Determine the inductance per foot for this cable.   

   9.    Why is it important to terminate a high-frequency cable in its characteristic impedance?   

   10.    For the circuit in  Figure   5–9   , assume the capacitor in the drain circuit is 68 pF and the coil has an 
inductance of 300 mH with a resistance of 15.2 �. What is the center frequency for the amplifi er?   

   11.    For the circuit in  Figure   5–9   , what happens to the gain if the input signal is larger? Explain your answer.   

   12.    Assume a parallel resonant circuit is constructed from a 200 mH inductor with 9.5 � of resist-
ance and a 1000 pF capacitor. 
   (a)   What is the resonant frequency?  
  (b)   What is the  Q ?  
  (c)   What is the bandwidth?     
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   SECTION   5–3    Transformer-Coupled Amplifi ers     

   13.    Assume a 10:1 step-down transformer has a load of 100 � connected across the secondary. 
What is the refl ected resistance in the primary circuit?   

   14.    The audio frequency power amplifi er shown in  Figure   5–62    has a 3:1 step-down transformer in 
the collector circuit with a 16 � load resistor connected to the secondary. Determine the gain of 
the circuit. (Since   r�e     is small compared to  R  E1 , it can be ignored.)    
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 FIGURE 5–62        

   15.    Draw the dc and ac load lines for the circuit in  Figure   5–62   . (Assume the dc resistance of the 
transformer is very small and can be ignored.)   

   16.    The amplifi er in  Figure   5–63    is a low-power audio amplifi er with collector-feedback bias. The 
transformer is a step-down impedance-matching transformer designed to give a refl ected resist-
ance in the primary of 1000 � when the load is 8 � (such as the speaker). The dc resistance of 
the primary winding is 66 �.  
   (a)   Compute  V  CE  and the  I  E  for the transistor assuming b  ac   = b DC  = 150.  
  (b)   Compute  A v , A p ,  and power delivered to the load when the input is 500 mV pp.     

+VCC
+18 V

RW =
66 �

RE1
27 �

Q
2N3904

RE2
510 �

T Vout

10 μF

C1

C2
100 μF

R1

100 k�

Vs

500 mV pp
1.0 kHz

Speaker
8 �

 FIGURE 5–63        

   17.    Assume the IF amplifi er in  Figure   5–64    has an IF transformer with a primary inductance of 180 mH 
and a resistance of 6.5 �. Internally, there is a 680 pF capacitor connected in parallel with the pri-
mary. Find the  Q  of the resonant circuit, the unloaded voltage gain,  A   v (NL) , and the bandwidth,  BW .    

   18.    What is the purpose of  R  3  and  C  3  in the circuit of  Figure   5–64   ?   
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 FIGURE 5–64        

   SECTION   5–4    Direct-Coupled Amplifi ers     

   19.     Figure   5–65    shows two dc coupled CC amplifi ers ( Q  2  and  Q  3 ) with no coupling capacitors 
required at the input or output.  Q  1  is a current source for  Q  2  and produces very high input resist-
ance for the amplifi er.  
   (a)   Assuming the base of  Q  2  is at zero volts, determine the following dc parameters:  I  C( Q 2) , 

 V  B( Q 3) ,  I  C( Q 3) ,  V  E( Q 3) .  
  (b)   Assuming a 5 V rms input signal, what power is delivered to the load resistor?     

   20.    What are advantages of a dc coupled CC amplifi er such as shown in  Figure   5–65   ?   

   21.    Draw the dc load line for  Q  3  in  Figure   5–65   .   

   22.    Assume the emitter resistor for  Q  3  is open. Will the base-emitter junction of  Q  3  still be forward-
biased? What happens to the collector current in  Q  3 ?   

   23.    For the circuit in  Figure   5–20   , assume a 10 k� resistor is substituted for  R  F2 . What effect, if 
any, does this change have on 
   (a)   the dc emitter voltage of  Q  1 ?  
  (b)   the voltage gain?  
  (c)   the input resistance of the amplifi er?     

   24.    Each of three cascaded amplifi ers has a decibel voltage gain of 15. What is the overall decibel 
voltage gain? What is the overall linear voltage gain?   

+VCC
+12 V

R2
10 k�

R1
10 k�

Q1

Q2

R3
1.0 k�

R4
100 �
2 W

RL
100 �
2 W

Vout

Vin
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 FIGURE 5–65        
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   SECTION   5–5    Class A Power Amplifi ers     

   25.     Figure   5–66    shows a CE power amplifi er in which the collector resistor serves also as the load 
resistor. Assume b DC  = b  ac   = 100.  
   (a)   Determine the dc Q-point ( I  CQ  and  V  CEQ ).  
  (b)   Determine the voltage gain and the power gain.     

   26.    For the circuit in  Figure   5–66   , determine the following: 
   (a)   the power dissipated in the transistor with no load.  
  (b)   the total power from the power supply with no load.  
  (c)   the signal power in the load with a 500 mV input.     

   27.    Refer to the circuit in  Figure   5–66   . What changes would be necessary to convert the circuit to a 
 pnp  transistor with a positive supply? What advantage would this have?   

   28.    Assume a CC amplifi er has an input resistance of 2.2 k� and drives an output load of 50 �. 
What is the power gain?   

   SECTION   5–6    Class B Power Amplifi ers     

   29.    Refer to the Class AB amplifi er in  Figure   5–67   .  
   (a)   Determine the dc parameters  V  B( Q 1) ,  V  B( Q 2) ,  V  E ,  I  CQ ,  V  CEQ( Q 1),   V  CEQ( Q 2) .  
  (b)   For the 5 V rms input, determine the power delivered to the load resistor.     

   30.    Draw the load line for the  npn  transistor in  Figure   5–67   . Label the saturation current,  I c   ( sat ) , and 
show the Q-point.   
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   SECTION   5–7    Class C and Class D Power Amplifi ers     

   35.    A class C amplifi er has a tuned circuit in the collector containing a 330 mH coil and a 470 pF 
capacitor. Assume that you want this amplifi er to pass a 455 kHz IF signal. How much capaci-
tance must you add, and would you add it in parallel or series with the 470 pF capacitor?   

   36.    The sine wave input signal to a pulse-width modulator is crossing the zero axis going positive. 
What is happening to the output of the PWM?   

   SECTION   5–8    IC Power Amplifi ers     

   37.    Refer to  Figure   5–58   . Assume you are operating an LM384 from a +18 V power supply and are 
dissipating 3 W in the load. How much power must the LM384 and its heat sink dissipate?   

   38.    Assume you want to increase the voltage gain of the MC34119 in  Figure   5–59    by changing  R f .  
What value should you specify if the gain required is 15?    
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   31.    Refer to the Class AB amplifi er in  Figure   5–68    operating with a single power supply.  
   (a)   Determine the dc parameters  V  B( Q 1) ,  V  B( Q 2) ,  V  E ,  I  CQ ,  V  CEQ( Q 1),   V  CEQ( Q 2) .  
  (b)   Assuming the input voltage is 10 V pp, determine the power delivered to the load resistor.     

   32.    Refer to the Class AB amplifi er in  Figure   5–68   . 
   (a)   What is the maximum power that could be delivered to the load resistor?  
  (b)   Assume the power supply voltage is raised to 24 V. What is the new maximum power that 

could be delivered to the load resistor?     

   33.    Refer to the Class AB amplifi er in  Figure   5–68   . What fault or faults could account for each of 
the following troubles? 
   (a)   a positive half-wave output signal  
  (b)   zero volts on both bases and the emitters  
  (c)   no output; emitter voltage = +15 V  
  (d)   crossover distortion observed on the output waveform     

   34.    Assume the  n -channel E-MOSFET shown in  Figure   5–69    has a threshold voltage of 2.75 V and 
the  p -channel E-MOSFET has a threshold voltage of -2.75 V.  
   (a)   What resistance setting for  R  5  will bias the output transistors to class AB operation?  
  (b)   Assuming the input voltage is 150 mV rms, what is the rms voltage delivered to the load?  
  (c)   What is the power delivered to the load with this setting?     



ANSWERS TO SECTION CHECKUPS   305

  MULTISIM TROUBLESHOOTING 
PROBLEMS 
   39.    Open fi le P05-39 and determine the fault.   

   40.    Open fi le P05-40 and determine the fault.   

   41.    Open fi le P05-41 and determine the fault.   

   42.    Open fi le P05-42 and determine the fault.   

   43.    Open fi le P05-43 and determine the fault.   

   44.    Open fi le P05-44 and determine the fault.   

   45.    Open fi le P05-45 and determine the fault.    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   5–1     

   1.    R in , R out ,  and  A   v (NL)   

   2.   32 dB  

   3.   Low noise and high input resistance  

   4.   The signal levels are small and can easily be obscured by noise.  

   SECTION   5–2     

   1.   Coax is a high-frequency cable with constant impedance independent of length. The outer con-
ductor helps shield the signal and prevent interference.  

   2.   Neutralization is a method of preventing unwanted oscillations by adding  negative  feedback to 
just cancel the  positive  feedback caused by internal capacitances of an amplifi er.  

   3.    A utomatic  G ain  C ontrol  

   4.    Q  is a dimensionless number that is the ratio of the maximum energy stored in a cycle to the 
energy lost in a cycle. It can be expressed as  Q  =  X L  >  R  =  f r  > BW.   

   SECTION   5–3     

   1.   RF indicates  R adio  F requency and is any frequency useful for radio transmission. IF means 
 I ntermediate  F requency; it represents a frequency that has been shifted for processing.  

   2.   A mixer combines two signals in a nonlinear circuit, producing the sum and difference frequen-
cies as a result. The difference frequency becomes the IF.  

   3.   The RF signal and a signal from the local oscillator  

   4.   A load resistor affects the  Q  by refl ecting a resistance into the primary side. Since  Q  is the ratio 
of  X L   to  R,  the increase in  R  decreases  Q.   

   5.   Any instrument connected to the circuit can change the  Q  of the circuit because of resistance 
loading and can change the frequency because of capacitance loading.  

   SECTION   5–4     

   1.   Direct coupling reduces the parts count and allows for frequencies down to dc.  

   2.   Negative feedback returns a portion of the output in a way that tends to cancel changes in the 
bias circuit or the gain.  

   3.   The capacitor has no effect on the dc circuit, but it increases the open-loop gain. A higher open-
loop gain means a small change in a circuit parameter will have less effect.  

   4.   The gain is determined by the reciprocal of the feedback fraction.  

   SECTION   5–5     

   1.   To dissipate excessive heat  

   2.   The collector  

   3.   Cutoff and saturation clipping  

   4.   25%  

   5.   It is the ratio of the input resistance to the output resistance.  

MULTISIM
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   SECTION   5–6     

   1.   The signal can be direct coupled at the input and output; parts count can be reduced.  

   2.   Crossover distortion occurs when the input signal is less than the base-emitter drop of the push-
pull amplifi er. It can be avoided by biasing the class B amplifi er on slightly, producing class AB 
operation.  

   3.   79%  

   4.   At the threshold voltage

 5. The diodes compensate for the effects of the three base-emitter junctions.  

   SECTION   5–7     

   1.   It is biased below cutoff.  

   2.   The tuned circuit provides high gain for only a small bandwidth of frequencies near its resonant 
frequency.  

   3.   The three stages are the pulse-width modulator, the switching amplifi er, and the low-pass fi lter.  

   4.   It is proportional to the amplitude of the input signal.  

   5.   The low-pass fi lter removes the modulating frequency and its harmonics and passes only the 
input signal.  

   SECTION   5–8     

   1.   Small amplifi ers for consumer products (TVs, radios, telephone speaker phones), alarms, inter-
coms, small motor controls, and the like  

   2.   Simplifi ed application, reliability, and cost  

   3.   50  

   4.   Inverting and noninverting   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   5–1       (a)   400 mV      (b)   99.9    

   5–2   75 �  

   5–3   The Q-point is unchanged; the ac load line is fl atter due to increased resistance.  

   5–4   An open  C  2  reduces the gain. The  BW  is not affected.  

   5–5   The b affects the input resistance of both stages. The gain is affected only by the input resist-
ance of  Q  2  and reduces the gain to 595.  

   5–6   46 dB  

   5–7   The effi ciency goes up because no power is wasted in  R  E3 . The disadvantage is that the 
speaker has a dc current (the emitter current) in the coil.  

   5–8   15 V, 0.94 A  

   5–9   1.83 k�  

  5–10   Change L to 55 uH or change C to 17 nF.   

  ANSWERS TO SELF-TEST 
   1.   (b)     2.   (b)     3.   (d)     4.   (b)     5.   (a)     6.   (b)     7.   (b)  

   8.   (c)     9.   (b)     10.   (a)     11.   (c)     12.   (c)     13.   (a)     14.   (c)  

   15.   (d)     16.   (b)     17.   (c)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   not change     2.   increase     3.   increase     4.   increase  

   5.   decrease     6.   not change     7.   decrease     8.   increase  

   9.   decrease     10.   decrease     11.   increase     12.   not change         
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     6–6  Op-Amp Impedances and Noise      

     6–7  Troubleshooting       

  OBJECTIVES 
  •   Describe the basic op-amp and its characteristics  

  •   Discuss the differential amplifi er and its operation  

  •   Discuss several op-amp parameters  

  •   Explain negative feedback in op-amp circuits  

  •   Analyze three op-amp confi gurations  

  •   Describe impedances of the three op-amp 
confi gurations  

  •   Troubleshoot op-amp circuits   

  KEY TERMS 
    Operational amplifi er   
   Differential amplifi er   

   Single-ended mode   
   Differential-mode   

   Common-mode   
   Common-mode rejection 
ratio (CMRR)   
   Open-loop voltage gain   
   Slew rate   

   Negative feedback   
   Closed-loop voltage gain   
   Noninverting amplifi er   
   Voltage-follower   
   Inverting amplifi er     

  INTRODUCTION 
 So far, you have studied a number of important elec-
tronic devices. These devices, such as the diode and the 
transistor, are separate devices that are individually 
packaged and interconnected in a circuit with other 
devices to form a complete, functional unit. Such devices 
are referred to as  discrete components.  

 Now you will learn more about analog (linear) 
integrated circuits where many transistors, diodes, resis-
tors, and capacitors are fabricated on a single tiny chip of 
semiconductive material and packaged in a single case 
to form a functional circuit. You were introduced to a 
specifi c integrated circuit (IC) in  Chapter   5    that was 
designed for the specifi c purpose of audio amplifi cation. 

 In this chapter, you are introduced to a general-
purpose IC, the operational amplifi er (op-amp), which is 
the most versatile and widely used of all linear integrated 
circuits. Although the op-amp is made up of many resis-
tors, diodes, and transistors, it is treated as a single 
device. This means that you will be concerned with what 
the circuit does more from an external viewpoint than 
from an internal, component-level viewpoint.    

 VISIT THE WEBSITE 
 Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd  

http://pearsonhighered.com/floyd


  Symbol and Terminals 
 The standard  operational amplifi er  (op-amp) symbol is shown in  Figure   6–1   (a). It has two 
input terminals, the inverting (-) input and the noninverting (+) input, and one output 
terminal. The typical op-amp operates with two dc supply voltages, one positive and the 
other negative, as shown in  Figure   6–1   (b). Usually these dc voltage terminals are left off 
the schematic symbol for simplicity but are always understood to be there. Some typi-
cal op-amp IC packages are shown in  Figure   6–1   (c).   

  Early operational amplifi ers (op-amps) were used primarily to perform mathematical opera-
tions such as addition, subtraction, integration, and differentiation, thus the term operational. 
These early devices were constructed with vacuum tubes and worked with high voltages. 
Today, op-amps are linear integrated circuits that use relatively low supply voltages and are 
reliable and inexpensive.  

  After completing this section, you should be able to 

  •   Describe the basic op-amp and its characteristics 

   •   Recognize the op-amp symbol  

  •   Identify the terminals on op-amp packages  

  •   Describe the ideal op-amp  

  •   Describe the practical op-amp     

      6–1  INTRODUCTION TO OPERATIONAL 
AMPLIFIERS 
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1
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 FIGURE 6–1         Op-amp symbols and packages.   

  The Ideal Op-Amp 
 To illustrate what an op-amp is, let’s consider its  ideal  characteristics. A practical op-amp, 
of course, falls short of these ideal standards, but it is much easier to understand and ana-
lyze the device from an ideal point of view. 

 First, the ideal op-amp has  infi nite voltage gain  and an  infi nite input impedance  
(open), so that it does not load the driving source. Finally, it has a  zero output impedance.  
These characteristics are illustrated in  Figure   6–2   . The input voltage  V in   appears between 
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the two input terminals, and the output voltage is  A v V in ,  as indicated by the internal voltage 
source symbol. The concept of infi nite input impedance is a particularly valuable analysis 
tool for the various op-amp confi gurations, which will be discussed in  Section   6–5   .   

–

+

Zin = ∞Vin Vout
Zout = 0

AvVin

Av = ∞

 FIGURE 6–2         Ideal op-amp representation.   

–

+

ZinVin Vout

Zout

AvVin

 FIGURE 6–3         Practical op-amp representation.   

  The Practical Op-Amp 
 Although modern integrated circuit (IC) op-amps approach parameter values that can be 
treated as ideal in many cases, no practical op-amp can be ideal. Any device has limita-
tions, and the IC op-amp is no exception. Op-amps have both voltage and current limi-
tations. Peak-to-peak output voltage, for example, is usually limited to slightly less than 
the difference between the two supply voltages. Output current is also limited by internal 
restrictions such as power dissipation and component ratings. 

 Characteristics of a practical op-amp are  high voltage gain, high input impedance, 
low output impedance,  and  wide bandwidth.  Some of these are illustrated in  Figure   6–3   .  

  *Answers are at the end of the chapter.     

  1.    What are the connections to a basic op-amp?     2.    Describe some of the characteristics of a practical op-amp.   

    SECTION 6–1 CHECKUP* 



 A basic  differential amplifi er  (diff-amp) circuit and its symbol are shown in  Figure   6–4   . 
The diff-amp stage that makes up part of an op-amp provides high voltage gain and com-
mon-mode rejection (defi ned later in this section).  

  The op-amp typically consists of at least one differential amplifi er stage. Because the differen-
tial amplifi er (diff-amp) is the input stage of an op-amp, it is fundamental to the op-amp’s 
internal operation. Therefore, it is useful to have a basic understanding of this type of circuit.  

  After completing this section, you should be able to 

  •   Discuss the differential amplifi er and its operation 

   •   Explain single-ended input operation  

  •   Explain differential-input operation  

  •   Explain common-mode operation  

  •   Defi ne  common-mode rejection ratio   

  •   Discuss the use of differential amplifi ers in op-amps     

   6–2  THE DIFFERENTIAL AMPLIFIER 
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 FIGURE 6–4         Basic differential amplifi er.   

  Basic Operation 
 The following discussion is in relation to  Figure   6–5    and consists of a basic dc analysis of 
the diff-amp’s operation.     

 First, when both inputs are grounded (0 V), the emitters are at -0.7 V, as indicated 
in  Figure   6–5   (a). It is assumed that the transistors,  Q  1  and  Q  2 , are identically matched by 
careful process control during manufacturing so that their dc emitter currents are the same 
when there is no input signal. Thus, 

   IE1 = IE2   

 Since both emitter currents combine through  R  E , 

   IE1 = IE2 =
IRE

2
   

 where 

   IRE
=

VE - VEE

RE
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 Based on the approximation that  I  C �  I  E , it can be stated that 

   IC1 = IC2 �
IRE

2
   

 Since both collector currents and both collector resistors are equal (when the input voltage 
is zero), 

   VC1 = VC2 = VCC - IC1RC1   

 This condition is illustrated in  Figure   6–5   (a). 
 Next, input 2 remains grounded, and a positive bias voltage is applied to input 1, as 

shown in  Figure   6–5   (b). The positive voltage on the base of  Q  1  increases  I  C1  and raises the 
emitter voltage to 

   VE = VB - 0.7 V   

 This action reduces the forward bias ( V  BE ) of  Q  2  because its base is held at 0 V (ground), 
thus causing  I  C2  to decrease as indicated in part (b) of the diagram. The net result is that the 
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2
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VB – 0.7 V

+VB

–+
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 FIGURE 6–5         Basic operation of a differential amplifi er (ground is zero volts) showing relative 
changes in currents and voltages.   

 Open fi le F06-05 found on 
the companion website. This 
simulation will be used to 
examine the dc operating 
characteristics of the 
differential amplifi er. 

MULTISIM
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increase in  I  C1  causes a decrease in  V  C1 , and the decrease in  I  C2  causes an increase in  V  C2 , 
as shown. 

 Finally, input 1 is grounded and a positive bias voltage is applied to input 2, as shown 
in  Figure   6–5   (c). The positive bias voltage causes  Q  2  to conduct more, thus increasing  I  C2 . 
Also, the emitter voltage is raised. This reduces the forward bias of  Q  1 , since its base is 
held at ground, and causes  I  C1  to decrease. The result is that the increase in  I  C2  produces a 
decrease in  V  C2 , and the decrease in  I  C1  causes  V  C1  to increase, as shown.  

  Modes of Signal Operation 
  SINGLE-ENDED INPUT     In the  single-ended mode , one input is grounded and the 
signal voltage is applied only to the other input, as shown in  Figure   6–6   . In the case where 
the signal voltage is applied to input 1 as in part (a), an inverted, amplifi ed signal voltage 
appears at output 1 as shown. Also, a signal voltage appears in phase at the emitter of  Q  1 . 
Since the emitters of  Q  1  and  Q  2  are common, the emitter signal becomes an input to  Q  2 , 
which functions as a common-base amplifi er. The signal is amplifi ed by  Q  2  and appears, 
noninverted, at output 2. This action is illustrated in part (a).  

 In the case where the signal is applied to input 2 with input 1 grounded, as in  Figure 
  6–6   (b), an inverted, amplifi ed signal voltage appears at output 2. In this situation,  Q  1  acts 
as a common-base amplifi er, and a noninverted, amplifi ed signal appears at output 1. This 
action is illustrated in part (b) of the fi gure.  
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21

Vout1 Vout2

Ve
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 FIGURE 6–6         Single-ended operation of a differential amplifi er.   

  DIFFERENTIAL INPUT     In the  differential mode , two opposite-polarity (out-of-
phase) signals are applied to the inputs, as shown in  Figure   6–7   (a). This type of operation 
is also referred to as  double-ended.  As you will see, each input affects the outputs.     

  Figure   6–7   (b) shows the output signals due to the signal on input 1 acting alone as a 
single-ended input.  Figure   6–7   (c) shows the output signals due to the signal on input 2 acting 
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alone as a single-ended input. Notice in parts (b) and (c) that the signals on output 1 are of 
the same polarity. The same is also true for output 2. By superimposing both output 
1 signals and both output 2 signals, you get the total differential operation, as shown in 
 Figure   6–7   (d).  
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 FIGURE 6–7         Differential operation of a differential amplifi er.   
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 FIGURE 6–8         Common-mode operation of a differential amplifi er.   

 Open fi le F06-07 found on 
the companion website. This 
simulation demonstrates the 
differential operation of the 
differential amplifi er. 

MULTISIM

  COMMON-MODE INPUT     One of the most important aspects of the operation of a 
differential amplifi er can be seen by considering the  common-mode  condition where sig-
nal voltages of the same phase, frequency, and amplitude are applied to the two inputs, as 
shown in  Figure   6–8   (a). Again, by considering each input signal as acting alone, you can 
understand the basic operation.     
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  Figure   6–8   (b) shows the output signals due to the signal on only input 1, and  Figure 
  6–8   (c) shows the output signals due to the signal on only input 2. Notice that the corre-
sponding signals on output 1 are of the opposite polarity, and so are the ones on output 2. 
When the input signals are applied to both inputs, the outputs are superimposed and they 
cancel, resulting in a zero output voltage, as shown in  Figure   6–8   (d). 

 This action is called  common-mode rejection.  Its importance lies in the situation 
where an unwanted signal appears commonly on both diff-amp inputs. Common-mode 
rejection means that this unwanted signal will not appear on the outputs to distort the 
desired signal. Common-mode signals (noise) generally are the result of the pick-up of radi-
ated energy on the input lines, from adjacent lines, the 60 Hz power line, or other sources.   

  Common-Mode Rejection Ratio 
 Wanted signals appear on only one input or with opposite polarities on both input lines. 
These wanted signals are amplifi ed and appear on the outputs as previously discussed. 
Unwanted signals (noise) appearing with the same polarity on both input lines are essen-
tially cancelled by the diff-amp and do not appear on the outputs. The measure of an 
amplifi er’s ability to reject common-mode signals is a parameter called the  common-mode 
rejection ratio (CMRR) . 

 Ideally, a differential amplifi er provides a very high gain for desired signals (single-
ended or differential) and zero gain for common-mode signals. Practical diff-amps, how-
ever, do exhibit a very small common-mode gain (usually much less than 1), while providing 
a high differential voltage gain (usually several thousand). The higher the differential gain 
with respect to the common-mode gain, the better the performance of the diff-amp in terms 
of rejection of common-mode signals. This suggests that a good measure of the diff-amp’s 
performance in rejecting unwanted common-mode signals is the ratio of the differential gain 
 A v   ( d  )  to the common-mode gain,  A cm  . This ratio is the common-mode rejection ratio, CMRR. 

    CMRR =
Av(d)

Acm
  (6–1)    

 The higher the CMRR, the better. A very high value of CMRR means that the dif-
ferential gain  A v   ( d )  is high and the common-mode gain  A cm   is low. 

 The CMRR is often expressed in decibels (dB) as 

    CMRR� = 20 logaAv(d2
Acm
b   (6–2)    

  E X A M P L E  6 – 1 

 A certain diff-amp has a differential voltage gain of 2000 and a common-mode 
gain of 0.2. Determine the CMRR and express it in decibels. 

  S O L U T I O N 

  A v   ( d )  = 2000, and  A cm   = 0.2. Therefore, 

   CMRR =
Av(d)

Acm
=

2000

0.2
= 10,000   

 Expressed in dB, 

   CMRR� = 20 log(10,000) = 80 dB    

  P R A C T I C E  E X E R C I S E * 

 Determine the CMRR and express it in dB for an amplifi er with a differential 
voltage gain of 8500 and a common-mode gain of 0.25. 

  *Answers are at the end of the chapter.    

 Open fi le F06-08 found on 
the companion website. This 
simulation demonstrates the 
common-mode operation of the 
differential amplifi er. 

MULTISIM
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 A CMRR of 10,000, for example, means that the desired input signal (differential) is 
amplifi ed 10,000 times more than the unwanted noise (common-mode). So, as an example, 
if the amplitudes of the differential input signal and the common-mode noise are equal, the 
desired signal will appear on the output 10,000 times greater in amplitude than the noise. 
Thus, the noise or interference has been essentially eliminated. 

  Example   6–2    illustrates further the idea of common-mode rejection and the general 
signal operation of the differential amplifi er. 

  E X A M P L E  6 – 2 

 The differential amplifi er shown in  Figure   6–9    has a differential voltage gain of 2500 and a CMRR of 30,000. In 
part (a), a single-ended input signal of 500 mV rms is applied. At the same time, a 1 V, 60 Hz common-mode 
interference signal appears on both inputs as a result of radiated pick-up from the ac power system. In part (b), 
differential input signals of 500 mV rms each are applied to the inputs. The common-mode interference is the 
same as in part (a). 

   (a)   Determine the common-mode gain.  

  (b)   Express the CMRR in dB.  

  (c)   Determine the rms output signal for  Figure   6–9   (a) and (b).  

  (d)   Determine the rms interference voltage on the output.    
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–

+

–

+

 FIGURE 6–9        

  S O L U T I O N 

   (a)      CMRR =
Av(d)

Acm
.    Therefore, 

   Acm =
Av(d)

CMRR
=

2500

30,000
= 0.083    

  (b)   CMRR¿ = 20 log(30,000) =  89.5 dB   

  (c)   In  Figure   6–9   (a), the differential input voltage is the difference between the voltage on input 1 and that on 
input 2. Since input 2 is grounded, its voltage is zero. Therefore, 

   Vin(d) = Vin1 - Vin2 = 500 mV - 0 V = 500 mV   

  The output signal voltage in this case is taken at output 1. 

   Vout1 = Av(d)Vin(d) = (2500)(500 mV) = 1.25 V rms   

  In  Figure   6–9   (b), the differential input voltage is the difference between the two opposite-polarity, 500 mV 
signals. 

   Vin(d) = Vin1 - Vin2 = 500 mV - (-500 mV) = 1000 mV = 1 mV   

  The output voltage signal is 

   Vout1 = Av(d)Vin(d) = (2500)(1 mV) = 2.5 V rms   
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  Internal Block Diagram of an Op-Amp 
 A typical op-amp is made up of three types of amplifi er circuits: a  differential amplifi er,  a 
 voltage amplifi er,  and a  push-pull amplifi er,  as shown in  Figure   6–10   .  

  This shows that a differential input (two opposite-polarity signals) results in a gain that is double that for a 
single-ended input.  

  (d)   The common-mode input is 1 V rms. The common-mode gain  A cm   is 0.083. The interference (common-
mode) voltage on the output is, therefore, 

    Acm =
Vout(cm)

Vin(cm)

 Vout(cm) = AcmVin(cm) = (0.083)(1 V) = 0.083 V      

  P R A C T I C E  E X E R C I S E 

 The amplifi er in  Figure   6–9    has a differential voltage gain of 4200 and a CMRR of 25,000. For the same single-
ended and differential input signals as described in the example:  (a)  Find  A cm  .  (b)  Express the CMRR in dB. 
 (c)  Determine the rms output signal for parts (a) and (b) of the fi gure.  (d)  Determine the rms interference 
(common-mode) voltage appearing on the output.    

Differential
amplifier

input stage

Voltage
amplifier(s)
gain stage

Push-pull
amplifier

output
stage

Vin Vout

+

–

 FIGURE 6–10         Basic internal arrangement of an op-amp.   

  1.    Distinguish between differential and single-ended inputs.   

  2.    Defi ne  common-mode rejection.    

  3.    For a given value of differential gain, does a higher CMRR 
result in a higher or lower common-mode gain?      

    SECTION 6–2 CHECKUP 

 A differential amplifi er is the input stage for the op-amp; it has two inputs and pro-
vides amplifi cation of the difference voltage between the two inputs. The voltage amplifi er 
is usually a class A amplifi er that provides additional op-amp gain. Some op-amps may 
have more than one voltage amplifi er stage. A push-pull class B amplifi er is used for the 
output stage. 



  Input Offset Voltage 
 The ideal op-amp produces zero volts out for zero volts in. In a practical op-amp, however, 
a small dc voltage,  V  OUT(error) , appears at the output when no differential input voltage is 
applied. Its primary cause is a slight mismatch of the base-emitter voltages of the differen-
tial input stage of an op-amp, as illustrated in  Figure   6–11   (a).  

 The output voltage of the differential input stage is expressed as 

   VOUT(error) = IC2RC - IC1RC   

 A small difference in the base-emitter voltages of  Q  1  and  Q  2  causes a small difference in 
the collector currents. This results in a nonzero value of  V  OUT , which is the error voltage. 
(The collector resistors are equal.) 

 As specifi ed on an op-amp data sheet, the  input offset voltage  ( V  OS ) is the differential 
dc voltage required between the inputs to force the differential output to zero volts.  V  OS  is 

  In this section, several important op-amp parameters are defi ned. (These are listed in the 
objectives that follow.) Also several IC op-amps are compared in terms of these parameters.  

  After completing this section, you should be able to 

  •   Discuss several op-amp parameters 

   •   Defi ne  input offset voltage   

  •   Discuss input offset voltage drift with temperature  

  •   Defi ne  input bias current   

  •   Defi ne  input impedance   

  •   Defi ne  input offset current   

  •   Defi ne  output impedance   

  •   Discuss common-mode input voltage range  

  •   Discuss open-loop voltage gain  

  •   Defi ne  common-mode rejection ratio   

  •   Defi ne  slew rate   

  •   Discuss frequency response  

  •   Compare the parameters of several types of IC op-amps     

   6–3  OP-AMP DATA SHEET PARAMETERS 
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 FIGURE 6–11         Illustration of input offset voltage, V OS .   



318   CHAPTER 6  •   OPERATIONAL AMPLIFIERS

demonstrated in  Figure   6–11   (b). Typical values of input offset voltage are in the range of 
2 mV or less. In the ideal case, it is 0 V.  

  Input Offset Voltage Drift with Temperature 
 The  input offset voltage drift  is a parameter related to  V  OS  that specifi es how much 
change occurs in the input offset voltage for each degree change in temperature. Typical 
values range anywhere from about 5 mV per degree Celsius to about 50 mV per degree 
Celsius. Usually, an op-amp with a higher nominal value of input offset voltage exhibits 
a higher drift.  

  Input Bias Current 
 You have seen that the input terminals of a bipolar differential amplifi er are the transistor 
bases and, therefore, the input currents are the base currents. 

 The  input bias current  is the dc current required by the inputs of the amplifi er to 
properly operate the fi rst stage. By defi nition, the input bias current is the  average  of both 
input currents and is calculated as follows: 

   IBIAS =
I1 + I2

2
   

 The concept of input bias current is illustrated in  Figure   6–12   .   

I1

I2

V1

V2

IBIAS =
I1 + I2

2
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+
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+ –

 FIGURE 6–12         Input bias current is the average of the 
two op-amp input currents.   
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 FIGURE 6–13         Op-amp input impedance.   

  Input Impedance 
 Two basic ways of specifying the input impedance of an op-amp are the differential 
and the common mode. The  differential input impedance  is the total resistance between 
the inverting and the noninverting inputs, as illustrated in  Figure   6–13   (a). Differential 
input impedance is measured by determining the change in bias current for a given 
change in differential input voltage. The  common-mode input impedance  is the resist-
ance between each input and ground and is measured by determining the change 
in bias current for a given change in common-mode input voltage. It is depicted in 
 Figure   6–13   (b).   
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  Input Offset Current 
 Ideally, the two input bias currents are equal, and thus their difference is zero. In a practi-
cal op-amp, however, the bias currents are not exactly equal. 

 The  input offset current,   I  OS , is the difference of the input bias currents, expressed 
as an absolute value. 

   IOS = � I1 - I2 �    

 Actual magnitudes of offset current are usually at least an order of magnitude (ten times) 
less than the bias current. In many applications, the offset current can be neglected. How-
ever, high-gain, high-input impedance amplifi ers should have as little  I  OS  as possible 
because the difference in currents through large input resistances develops a substantial 
offset voltage, as shown in  Figure   6–14   .  

 The offset voltage developed by the input offset current is 

   VOS = � I1 - I2 � Rin = IOSRin   

VOUT(error)

I1Rin

+

–
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+

–

I1

I2

+ –

+ –

 FIGURE 6–14         Effect of input offset current.   
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 FIGURE 6–15         Op-amp output impedance.   

 The error created by  I  OS  is amplifi ed by the gain  A v   of the op-amp and appears in the 
output as 

   VOUT(error) = AvIOSRin   

 A change in offset current with temperature affects the error voltage. Values of tem-
perature coeffi cient for the offset current in the range of 0.5 nA per degree Celsius are 
common.  

  Output Impedance 
  Output impedance  is the resistance viewed from the output terminal of the op-amp, as 
indicated in  Figure   6–15   .   

  Common-Mode Input Voltage Range 
 All op-amps have limitations on the range of voltages over which they will operate. The 
 common-mode input voltage range  is the range of input voltages which, when applied to 
both inputs, will not cause clipping or other output distortion. Many op-amps have common-
mode ranges of no more than {10 V with dc supply voltages of {15 V, while in others the 
output can go as high as the supply voltages (this is called rail-to-rail).  
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  Open-Loop Voltage Gain 
 The  open-loop voltage gain,  A ol   , of an op-amp is the internal voltage gain of the device and 
represents the ratio of output voltage to input voltage when there are no external compo-
nents. The open-loop voltage gain is set entirely by the internal design. Open-loop voltage 
gain of over 200,000 are common but is  not a well-controlled parameter.  Data sheets often 
refer to the open-loop voltage gain as the  large-signal voltage gain.   

  Common-Mode Rejection Ratio for an Op-Amp 
 The  common-mode rejection ratio  (CMRR) was discussed in conjunction with the diff-amp. 
Similarly, for an op-amp, CMRR is a measure of an op-amp’s ability to reject common-mode 
signals. An infi nite value of CMRR means that the output is zero when the same signal is 
applied to both inputs (common-mode). 

 An infi nite CMRR is never achieved in practice, but a good op-amp does have a very 
high value of CMRR. As previously mentioned, common-mode signals are undesired 
interference voltages such as 60 Hz power-supply ripple and noise voltages due to pick-up 
of radiated energy. A high CMRR enables the op-amp to virtually eliminate these interfer-
ence signals from the output. 

 The accepted defi nition of CMRR for an op-amp is the open-loop voltage gain ( A ol  ) 
divided by the common-mode gain. 

    CMRR =
Aol

Acm
  (6–3)    

 It is commonly expressed in decibels as follows: 

    CMRR� = 20 loga Aol

Acm
b   (6–4)    

  E X A M P L E  6 – 3 

 A certain op-amp has an open-loop voltage gain of 100,000 and a common-mode 
gain of 0.25. Determine the CMRR and express it in decibels. 

  S O L U T I O N 

    CMRR =
Aol

Acm
=

100,000

0.25
= 400,000   

    CMRR� = 20 log(400,000) = 112 dB     

  P R A C T I C E  E X E R C I S E 

 If a particular op-amp has a CMRR¿ of 90 dB and a common-mode gain of 0.4, 
what is the open-loop voltage gain?    

  Slew Rate 
 The maximum rate of change of the output voltage in response to a step input voltage is the 
 slew rate  of an op-amp. The slew rate is dependent upon the high-frequency response of 
the amplifi er stages within the op-amp. 

 Slew rate is measured with an op-amp connected as shown in  Figure   6–16   (a). This 
particular op-amp connection is a unity-gain, noninverting confi guration, which will be 
discussed later. It gives a worst-case (slowest) slew rate. Recall that the high-frequency 
components of a voltage step are contained in the rising edge and that the upper critical 
frequency of an amplifi er limits its response to a step input. The lower the upper critical 
frequency is, the more gradual the slope on the output for a step input.  
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 A pulse is applied to the input as shown in  Figure   6–16   (b), and the ideal output volt-
age is measured as indicated. The width of the input pulse must be suffi cient to allow the 
output to “slew” from its lower limit to its upper limit, as shown. As you can see, a certain 
time interval,  �t,  is required for the output voltage to go from its lower limit - V max   to its 
upper limit + V max ,  once the input step is applied. The slew rate is expressed as 

    Slew rate =
�Vout

�t
  (6–5)    

 where  �V out   = + V max   - (- V max  ). The unit of slew rate is volts per microsecond (V>ms). 
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 FIGURE 6–16         Slew rate measurement.   
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  E X A M P L E  6 – 4 

 The output voltage of a certain op-amp appears as shown in  Figure   6–17    in 
response to a step input. Determine the slew rate.  

  S O L U T I O N 

 The output goes from the lower to the upper limit in 1 ms. Since this response is 
not ideal, the limits are taken at the 90% points, as indicated. So the upper limit 
is +9 V and the lower limit is -9 V. The slew rate is 

   Slew rate =
�V

�t
=

+9 V - (-9 V)

1 ms
= 18 V ,Ms    

  P R A C T I C E  E X E R C I S E 

 When a pulse is applied to an op-amp, the output voltage goes from -8 V to 
+7 V in 0.75 ms. What is the slew rate?    
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  Frequency Response 
 The internal amplifi er stages that make up an op-amp have voltage gains limited by junction 
capacitances. Although the differential amplifi ers used in op-amps are somewhat different 
from the basic amplifi ers discussed, the same principles apply. An op-amp has no internal 
coupling capacitors, however; therefore, the low-frequency response extends down to dc 
(0 Hz). Frequency-related characteristics of op-amps will be discussed in the next chapter.  

  Comparison of Op-Amp Parameters 
  Table   6–1    provides a comparison of values of some of the parameters just described for 
several common IC op-amps. As you can see from the table, there is a wide difference in 
certain specifi cations. All system designs involve certain compromises, so in order for 
designers to optimize one parameter, they must often sacrifi ce another parameter. Choos-
ing an op-amp for a particular application depends on which parameters are most impor-
tant. For details on any of these parameters, refer to the data sheet for the device.   

  TABLE 6–1   

 OP-AMP 

 

CMRR 
(dB) 

(TYP) 

 OPEN-
LOOP 
GAIN 
(dB) 

(TYP) 

 
GAIN-

BANDWIDTH 
PRODUCT 

(MHz) (TYP) 

 INPUT 
OFFSET 

VOLTAGE 
(mV)

(MAX) 

 INPUT 
BIAS 

CURRENT
(nA)

(MAX) 

 
SLEW 
RATE 
(V/Ms) 
(TYP) 

 

COMMENT 

 AD8009  50  N/A    320 1      5   150  5500  Extremely fast, low distortion, 
uses current feedback 

 AD8055  82  71       5   1200  1400  Low noise; fast, wide bandwidth; 
gain fl atness 0.1 dB; video driver 

 ADA4891  68  90 2     2500   0.002   170  CMOS—extremely low bias current, 
very fast, useful as video amplifi er 

 ADA4092  85  118      1.3        0.2    50  0.4  Single-supply (2.7 V to 36 V) or 
two-supply operation, low power 

 FAN4931  73  102    4     6  0.005     3  Low-cost CMOS, low power, out-
put swings to within 10 mV of rail, 
extremely high input resistance 

 FHP3130  95  100   60     1   1800   110  High current output (to 100 mA) 

 FHP3350  90  55  190     1   50   800  High speed; useful as video amp  

 LM741C  70  106    1     6   500  0.5  General-purpose, overload 
protection, industry standard 

 LM7171  110  90  100  1.5   1000  3600  Very fast, high CMRR, useful as 
an instrumentation amplifi er 

 LMH6629  87  79    800 3   0.15  23000   530  Fast, ultra-low noise, low voltage 

 OP177  130  142    0.01     1.5  0.3  Ultra-precise, very high CMRR 
and stability 

 OPA369  114  134       0.012  0.25  0.010  0.005  Extremely low power, low voltage, 
rail-to-rail. 

 OPA378  100  110      0.9      0.02      0.15  0.4  Precision, very low drift, low noise 

 OPA847  110  98  3900     0.1  42,000   950  Ultra-low noise, wide bandwidth 
amplifi er, voltage feedback 

  1 Depends on gain; gain = 10 is shown 
  2 Depends on gain; gain = 2 is shown 
  3 Small signal 
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  Other Features 
 Most available op-amps have three important features: short-circuit protection, no latch-
up, and input offset nulling. Short-circuit protection keeps the circuit from being damaged 
if the output becomes shorted, and the no latch-up feature prevents the op-amp from hang-
ing up in one output state (high or low voltage level) under certain input conditions. Input 
offset nulling is achieved by an external potentiometer that sets the output voltage at pre-
cisely zero with zero input.    

  1.    List ten or more op-amp parameters.     2.    Which two parameters, not including frequency response, are 
frequency dependent?       

    SECTION 6–3 CHECKUP 

   6–4  NEGATIVE FEEDBACK 
  Negative feedback is one of the most useful concepts in electronics, particularly in op-amp appli-
cations. Negative feedback is the process whereby a portion of the output voltage of an amplifi er 
is returned to the input with a phase angle that opposes (or subtracts from) the input signal.  

  After completing this section, you should be able to 

  •   Explain negative feedback in op-amp circuits 

   •   Describe the effects of negative feedback  

  •   Discuss why negative feedback is used     

  Negative feedback  is illustrated in  Figure   6–18   . The inverting (-) input effectively 
makes the feedback signal 180° out of phase with the input signal. The op-amp has 
extremely high gain and amplifi es the  difference  in the signals 
applied to the inverting and noninverting inputs. A very tiny 
difference in these two signals is all the op-amp needs to pro-
duce the required output.  When negative feedback is present, 
the noninverting and inverting inputs are nearly identical.  This 
concept can help you fi gure out what signal to expect in many 
op-amp circuits.  

 Now let’s review how negative feedback works and why 
the signals at the inverting and noninverting terminals are nearly 
identical when negative feedback is used. Assume a 1.0 V input 
signal is applied to the noninverting terminal and the open-loop 
gain of the op-amp is 100,000. The amplifi er responds to the 
voltage at its noninverting input terminal and moves the output 

Vout

+

–

Vin

Vf

Internal inversion makes Vf
180° out of phase with Vin.

Negative
feedback
network

 FIGURE 6–18         Illustration of negative feedback.   

 Switched capacitor circuits were discussed in Chapter 4. (Refer to Figure 4–60.) The switched 
capacitor acts like a resistor and when combined with an op-amp can operated at very low 
voltage. One interesting application for an op-amp switched-capacitor system is in pacemak-
ers. A new design uses a CMOS switched-opamp switched-capacitor (SO-SC) preamplifi er 
with a gain of 40 dB. The circuit includes an SO-SC fi lter. The key advantage combining an 
op-amp with switched capacitors for patients is that the circuit can use a very low supply volt-
age and will dissipate extremely low power. The entire system runs on a supply voltage of 
0.8 V and consumes only 420 nW, an important advantage to patients using pacemakers. 

 S Y S T E M  N O T E 
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toward saturation. Immediately, a fraction of this output is returned to the inverting termi-
nal through the feedback path. But if the feedback signal ever reaches 1.0 V, there is noth-
ing left for the op-amp to amplify! Thus, the feedback signal tries (but never quite succeeds) 
in matching the input signal. The gain is controlled by the amount of feedback used. When 
you are troubleshooting an op-amp circuit with negative feedback present, remember that 
the two inputs will look identical on a scope but in fact are very slightly different. 

 Now suppose something happens that reduces the internal gain of the op-amp. This 
causes the output signal to drop a small amount, returning a smaller signal to the inverting 
input via the feedback path. This means the difference between the signals is larger than it 
was. The output increases, compensating for the original drop in gain. The net change in 
the output is so small, it can hardly be measured. The main point is that any variation in the 
amplifi er is immediately compensated for by the negative feedback, resulting in a very 
stable, predictable output. 

  Why Use Negative Feedback? 
 As you have seen, the inherent open-loop gain of a typical op-amp is very high (usually 
greater than 100,000). Therefore, an extremely small difference in the two input voltages 
drives the op-amp into its saturated output states. In fact, even the input offset voltage 
of the op-amp can drive it into saturation. For example, assume  V in   = 1 mV and 
 A ol   = 100,000. Then, 

   VinAol = (1 mV)(100,000) = 100 V   

 Since the output level of an op-amp can never reach 100 V, it is driven into saturation and 
the output is limited to its maximum output levels, as illustrated in  Figure   6–19    for both a 
positive and a negative input voltage of 1 mV.  

1 mV
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0

+Vmax
–1 mV

–

+

0

–Vmax

 FIGURE 6–19         Without negative feedback, an extremely small difference in the two input voltages 
drives the op-amp to its output limits and it becomes nonlinear.   

 The usefulness of an op-amp operated in this manner is severely restricted and is 
generally limited to comparator applications (to be studied in  Chapter   8   ). With negative 
feedback, the overall closed-loop voltage gain ( A cl  ) can be reduced and controlled so that 
the op-amp can function as a linear amplifi er. In addition to providing a controlled, stable 
voltage gain, negative feedback also provides for control of the input and output imped-
ances and amplifi er bandwidth.  Table   6–2    summarizes the general effects of negative feed-
back on op-amp performance.  

  TABLE 6–2   

   VOLTAGE GAIN  INPUT  Z   OUTPUT  Z   BANDWIDTH 

 Without negative 
feedback 

  A ol   is too high for 
linear amplifi er 
applications 

 Relatively high (see 
 Table   6–1   ) 

 Relatively low  Relatively narrow (because 
the gain is so high) 

 With negative 
feedback 

  A cl   is set to desired 
value by the feedback 
network 

 Can be increased or 
reduced to a desired 
value depending on 
type of circuit 

 Can be reduced to a 
desired value 

 Signifi cantly wider 
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  Closed-Loop Voltage Gain,  A cl   
 The  closed-loop voltage gain  is the voltage gain of an op-amp with negative feedback. 
The amplifi er confi guration consists of the op-amp and an external feedback network that 
connects the output to the inverting input. The closed-loop voltage gain is then deter-
mined by the component values in the feedback network and can be precisely controlled 
by them.  

  1.    What are the benefi ts of negative feedback in an op-amp 
circuit?   

  2.    Why is it necessary to reduce the gain of an op-amp from its 
open-loop value?   

  3.    When troubleshooting an op-amp circuit in which negative 
feedback is present, what do you expect to observe on the 
input terminals?        

    SECTION 6–4 CHECKUP 

   6–5  OP-AMP CONFIGURATIONS 
WITH NEGATIVE FEEDBACK 

  In this section, we will discuss three basic ways in which an op-amp can be connected using 
negative feedback to stabilize the gain and increase frequency response. As mentioned, the 
extremely high open-loop gain of an op-amp creates an unstable situation because a small noise 
voltage on the input can be amplifi ed to a point where the amplifi er is driven out of its linear 
region. Also, unwanted oscillations can occur. In addition, the open-loop gain parameter of an 
op-amp can vary greatly from one device to the next. Negative feedback takes a portion of the 
output and applies it back out of phase with the input, creating an effective reduction in gain. 
This closed-loop gain is usually much less than the open-loop gain and independent of it.  

  After completing this section, you should be able to 

  •   Analyze three op-amp confi gurations 

   •   Identify the noninverting amplifi er confi guration  

  •   Determine the voltage gain of a noninverting amplifi er  

  •   Identify the voltage-follower confi guration  

  •   Identify the inverting amplifi er confi guration  

  •   Determine the voltage gain of an inverting amplifi er     

  Op-amps can be used in some RF systems; of course, the op-amps must be very high-speed 
devices. There are several advantages, and one primary disadvantage to replacing traditional 
discrete components with op-amps in RF circuits. The major disadvantage is the cost. A tran-
sistor that costs a few pennies is being replaced with an IC that may cost several dollars. This 
may not be practical in mass produced products, but for high-performance RF equipment, op-
amps make sense. 

 Designing with op-amps provides more fl exibility than with discrete devices. When dis-
crete transistors are used, the bias and operating point of the device can affect the gain and 
tuning of the amplifi er stage. To bias an op-amp you simply connect the appropriate power 
supply voltages. The bias does not affect the gain or the tuning of the stage. Op-amps are also 
more thermally stable and reduce “drift” over the operating temperature range of the system. 

 S Y S T E M  N O T E
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  Noninverting Amplifi er 
 An op-amp connected in a closed-loop confi guration as a  noninverting amplifi er  is shown 
in  Figure   6–20   . The input signal is applied to the noninverting (+) input. A portion of the 
output is applied back to the inverting (-) input through the feedback network. This consti-
tutes negative feedback. The feedback fraction,  B,  is the portion of the output returned to 
the inverting input and determines the gain of the amplifi er as you will see. This smaller 
feedback voltage,  V f ,  can be  written 

   Vf = BVout    

 The differential voltage,  V diff ,  between the op-amp’s input terminals is illustrated in 
 Figure   6–21    and can be expressed as 

   Vdiff = Vin - Vf     

 This input differential voltage is forced to be very small as a result of the negative feed-
back and the high open-loop gain,  A ol .  Therefore, a close approximation is 

   Vin � Vf    

 By substitution, 

   Vin � BVout   

 Rearranging, 

   
Vout

Vin
�

1

B
   

 The ratio of the output voltage to the input voltage is the closed-loop gain. This result 
shows that the closed-loop gain for the noninverting amplifi er,  A cl   (NI) , is approximately 

   Acl(NI) =
Vout

Vin
�

1

B
   

 The feedback fraction is determined by  R i   and  R f ,  which form a voltage-divider net-
work. The fraction of the output voltage,  V out ,  that is returned to the inverting input is 
found by applying the voltage-divider rule to the feedback network. 

   Vin � BVout � a Ri

Ri + Rf
bVout   

Rf

Ri

Vf

Vin

+

–

Feedback
network

Vout

 FIGURE 6–20         Noninverting 
amplifi er.   

Rf

Ri

Vdiff = Vin – Vf

Vin

+

–

Vout

Vf

 FIGURE 6–21         Differential 
input, V in  � V f .   
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 Rearranging, 

   
Vout

Vin
= aRi + Rf

Ri
b    

 which can be expressed as follows: 

    Acl(NI) =
Rf

Ri
+ 1  (6–6)    

 Equation (6–6) shows that the closed-loop voltage gain,  A cl   (NI) , of the noninverting 
(NI) amplifi er is not dependent on the op-amp’s open-loop gain but can be set by selecting 
values of  R i   and  R f  .  This equation is based on the assumption that the open-loop gain is very 
high compared to the ratio of the feedback resistors, causing the input differential voltage, 
 V diff ,  to be very small. In nearly all practical circuits, this is an excellent assumption. 

 For those rare cases where a more exact equation is necessary, the output voltage can 
be expressed as 

   Vout = Vina Aol

1 + AolB
b    

 The following formula gives the exact solution of the closed-loop gain: 

   Acl(NI) =
Vout

Vin
= a Aol

1 + AolB
b    

  VOLTAGE-FOLLOWER     The  voltage-follower  confi guration is a special case of 
the noninverting amplifi er where all of the output voltage is fed back to the inverting input 
by a straight connection, as shown in  Figure   6–23   . As you can see, the straight feedback 
connection has a voltage gain of approximately 1. The closed-loop voltage gain of a non-
inverting amplifi er is 1> B  as previously derived. Since  B  = 1, the closed-loop gain of the 
voltage-follower is 

    Acl(VF) = 1  (6–7)     

Rf
100 k�

Ri
4.7 k�

Vin +

–

Vout

 FIGURE 6–22        

  E X A M P L E  6 – 5 

 Determine the closed-loop voltage gain of the amplifi er in  Figure   6–22   .  

  S O L U T I O N 

 This is a noninverting op-amp confi guration. Therefore, the closed-loop voltage 
gain is 

   Acl(NI) =
Rf

Ri
+ 1 =

100 k�

4.7 k�
+ 1 = 22.3    

  P R A C T I C E  E X E R C I S E 

 If  R f   in  Figure   6–22    is increased to 150 k�, determine the closed-loop gain.      

 Open fi le F06-22 found on the 
companion website. This 
simulation demonstrates the 
effect that load resistance has 
on the closed-loop voltage gain 
of the noninverting amplifi er. 

MULTISIM
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 The most important features of the voltage-follower confi guration are its very high 
input impedance and its very low output impedance. These features make it a nearly ideal 
buffer amplifi er for interfacing high-impedance sources and low-impedance loads. This is 
discussed further in  Section   6–6   .   

–

+

Rf

Vout

Ri

Vin

 FIGURE 6–24         Inverting amplifi er.   

Vin

+

–

Vout

 FIGURE 6–23         Op-amp voltage-follower.   

  Inverting Amplifi er 
 An op-amp connected as an  inverting amplifi er  with a controlled amount of voltage gain is 
shown in  Figure   6–24   . The input signal is applied through a series input resistor ( R i  ) to the 
inverting input. Also, the output is fed back through  R f   to the inverting input. The nonin-
verting input is grounded.  

 At this point, the ideal op-amp parameters mentioned earlier are useful in simplifying 
the analysis of this circuit. In particular, the concept of infi nite input impedance is of great 
value. An infi nite input impedance implies that there is  no  current out of the inverting 
input. If there is no current through the input impedance, then there must be  no  voltage 
drop between the inverting and noninverting inputs. This means that the voltage at the 
inverting (-) input is zero because the noninverting (+) input is grounded. This zero volt-
age at the inverting input terminal is referred to as  virtual ground.  This condition is illus-
trated in  Figure   6–25   (a).  

 Since there is no current at the inverting input, the current through  R i   and the current 
through  R f   are equal, as shown in  Figure   6–25   (b). 

   Iin = If    

If

–

+

Rf

Vout

Ri
Vin

0 V

Virtual ground (0 V)

–

+

Rf

VoutIin

Vin +
Ri

–
0 V

+ –

(b)(a) Virtual ground Iin = If and current at the inverting (–) input is 0.

+ –

+ –

 FIGURE 6–25         Virtual ground concept and closed-loop voltage gain development for the inverting 
amplifi er.   
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 The voltage across  R i   equals  V in   because of virtual ground on the other side of the resistor. 
Therefore, 

   Iin =
Vin

Ri
   

 Also, the voltage across  R f   equals - V out   because of virtual ground, and therefore 

   If =
-Vout

Rf
   

 Since  I f   =  I in ,  

   
-Vout

Rf
=

Vin

Ri
   

 Rearranging the terms, 

   
Vout

Vin
= -

Rf

Ri
   

 Of course,  V out  > V in   is the overall gain of the inverting amplifi er. 

    Acl(I) = -
Rf

Ri
  (6–8)    

 Equation (6–8) shows that the closed-loop voltage gain  A cl   (I)  of the inverting ampli-
fi er is the ratio of the feedback resistance  R f   to the input resistance  R i . The closed-loop gain 
is independent of the op-amp’s internal open-loop gain.  Thus, the negative feedback stabi-
lizes the voltage gain. The negative sign indicates inversion. 

  E X A M P L E  6 – 6 

 Given the op-amp confi guration in  Figure   6–26   , determine the value of  R f    required 
to produce a closed-loop voltage gain of -100.  

  S O L U T I O N 

 Knowing that  R i   = 2.2 k� and  A cl   (I)  = -100, calculate  R f   as follows: 

    Acl(I) = -
Rf

Ri
   

    Rf = -Acl(I)Ri = -(-100)(2.2 k�) = 220 k�    

  P R A C T I C E  E X E R C I S E 

   (a)   If R i  is changed to 2.7 k� in  Figure   6–26   , what value of R f  is required to 
produce a closed-loop gain of -25?  

  (b)   If  R f   failed to open, what would you expect to see at the output?        

–

+

Rf

Vout

Ri

Vin

2.2 k�

 FIGURE 6–26        

 Open fi le F06-26 found on 
the companion website. This 
simulation demonstrates the 
effect of an open feedback 
resistor on the output of a 
noninverting amplifi er. 

MULTISIM
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 A SPECTROPHOTOMETER SYSTEM 
 In medical laboratories, an instrument known as a spectrophotometer is used to analyze 
chemicals in solutions by determining how much absorption of light occurs over a range of 
wavelengths. An op-amp circuit is used to amplify the output of the photocell and send the 
signal to a processor and display instrument. Since every chemical and compound absorbs 
light in a different way, the output of the spectrophotometer can be used to accurately iden-
tify the contents of the solution. Spectrophotometry can also be used on transparent or 
opaque solids (such as glass) or on gases. 

 This type of system is common in medical laboratories as well as many other areas. 
It is an example of a mixed system in which electronic circuits interface with other types 
of systems, such as mechanical and optical, to accomplish a specifi c function. When you 
are a technician or technologist in industry, you will probably be working with different 
types of mixed systems from time to time. 

  A Brief Description of the System 
 The light source shown in  Figure   SE6–1    produces a beam of 
visible light containing a wide spectrum of wavelengths. Each 
component wavelength in the beam of light is refracted at a dif-
ferent angle by the prism as indicated. Depending on the angle 
of the platform that is set by the pivot angle controller, a certain 
wavelength of light passes through a narrow slit and is pro-
jected through the solution under analysis. By precisely pivot-
ing the light source and prism, a specifi c wavelength can be 
transmitted. Every chemical and compound absorbs different 
wavelengths of light in different ways, so the resulting light 
coming through the solution has a unique “signature” that can 
be used to defi ne the chemicals in the solution. 

 The photocell produces a voltage that is proportional to 
the intensity of light and its wavelength. The op-amp circuit 
amplifi es the photocell output and sends the resulting signal to 
the processing and display unit where the type of chemical(s) 

in the solution is identifi ed. The focus of this system example is the photocell/amplifi er cir-
cuit board. The PC board layout for this circuit is shown in  Figure   SE6–2   . 

 S Y S T E M  E X A M P L E  6 – 1 

Pivot angle
control

DC power
supply

Processor

–9 V +9 V 

Angle information

Solution
under
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Prism

GND

Photocell/amplifier
circuit board

 FIGURE SE6–1         A basic spectrophotometer system.   

100 k�

741

Ph
ot

oc
el

l

+9 V –9 VGND OUT

 FIGURE SE6–2         Photocell/amplifi er PCB layout.   
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 FIGURE SE6–3         Photocell response curve.   

 The pin layout for the LM741 op-amp can be determined from the data sheet. If you 
carefully follow the PCB traces you will see that this is an inverting amplifi er. This op-amp 
is housed in a surface-mount SO-8 package. Note that there are two interconnecting traces 
on the reverse side of the board indicated by the darker traces. A pad to which no compo-
nent lead is connected represents a feed-through to the other side of the board. The poten-
tiometer is used to calibrate the system using a reference solution. 

 The system light source produces wavelengths ranging from 400 nm to 700 nm, 
which is approximately the full range of visible light from violet to red. Refer to the pho-
tocell response characteristic curve in  Figure   SE6–3   . The processing circuitry uses the 
amplifi ed signal from the photocell, and information from the pivot-angle controller, to 
identify the type of solution under test.  

   6–6  OP-AMP IMPEDANCES AND NOISE 
  In this section, you will see how a negative feedback connection affects the input and output 
impedances of an op-amp. The effects on both inverting and noninverting amplifiers 
are examined.  

  After completing this section, you should be able to 

  •   Describe impedances of the three op-amp confi gurations 

   •   Determine input and output impedances of a noninverting amplifi er  

  •   Determine input and output impedances of a voltage-follower  

  •   Determine input and output impedances of an inverting amplifi er     

  1.    What is the main purpose of negative feedback?   

  2.    The closed-loop voltage gain of each of the op-amp confi gu-
rations discussed is dependent on the internal open-loop 
voltage gain of the op-amp. (True or False)   

  3.    The attenuation of the negative feedback network of a nonin-
verting op-amp confi guration is 0.02. What is the closed-loop 
gain of the amplifi er?  

4. Refer to the pc board in Figure SE6-2, If the 100 k� potenti-
ometer is set to the middle, what is the gain?                            

    SECTION 6–5 CHECKUP 
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  Input Impedance of the Noninverting Amplifi er 
 Recall that negative feedback causes the feedback voltage,  V f  ,  to nearly equal the input 
voltage,  V in .  The difference between the input and feedback voltage,  V diff ,  is approximately 
zero, and ideally, can be assumed to have this value. This assumption implies that the input 
signal current to the op-amp is also zero. Since the input impedance is the ratio of input 
voltage to input current, the input impedance of a noninverting amplifi er is 

   Zin =
Vin

Iin
�

Vin

0
= infinity (�)   

 For many practical circuits, this assumption is good for obtaining a basic idea of the 
operation. A more exact analysis takes into account the fact that the input signal current is 
not zero. 

 The exact input impedance of this op-amp confi guration is developed with the aid of 
 Figure   6–27   . For this analysis, a small differential voltage,  V diff ,  is assumed to exist 
between the two inputs, as indicated. This means that you cannot assume the op-amp’s 
input impedance to be infi nite or the input current to be zero. The input voltage can be 
expressed as 

   Vin = Vdiff + Vf    

B =

Rf

Ri

Vdiff

+

–

Vout

Ri

Ri + Rf

Vin

 FIGURE 6–27        

 Substituting  BV out   for  V f ,  

   Vin = Vdiff + BVout   

 Since  V out  �  A ol V diff   ( A ol   is the open-loop gain of the op-amp), 

   Vin = Vdiff + AolBVdiff = (1 + AolB)Vdiff    

 Because  V diff   =  I in Z in  ,  

   Vin = (1 + AolB)IinZin   

 where  Z in   is the open-loop input impedance of the op-amp (without feedback connections). 

   
Vin

Iin
= (1 + AolB)Zin   

  V in  > I in   is the overall input impedance of the closed-loop noninverting confi guration. 

    Zin(NI) = (1 + AolB)Zin  (6–9)    

 This equation shows that the input impedance of this amplifi er confi guration with negative 
feedback is much greater than the internal input impedance of the op-amp itself (without 
feedback).  

  Output Impedance of the Noninverting Amplifi er 
 In addition to the input impedance, negative feedback also produces an advantage for the 
output impedance of an op-amp. The output impedance of an amplifi er without feedback is 
relatively low. With feedback, the output impedance is even lower. For many applications, 
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the assumption that the output impedance with feedback is zero will produce suffi cient 
accuracy. That is, 

   Zout(NI) � 0   

 An exact analysis to fi nd the output impedance with feedback is developed with the 
aid of  Figure   6–28   . By applying Kirchhoff’s law to the output circuit, 

   Vout = AolVdiff - ZoutIout    

 The differential input voltage is  V in   -  V f   ; so, by assuming that  A ol V diff  W  Z out I out ,  the 
output voltage can be expressed as 

   Vout � Aol(Vin - Vf)   

 Substituting  BV out   for  V f  ,  

   Vout � Aol(Vin - BVout)   

 Remember,  B  is the attenuation of the negative feedback network. Expanding, factoring, 
and rearranging terms, 

   AolVin � Vout + AolBVout = (1 + AolB)Vout   

 Since the output impedance of the noninverting confi guration is  Z out   (NI)  =  V out  > I out ,  you 
can substitute  I out Z out   (NI)  for  V out  ; therefore, 

   AolVin = (1 + AolB)IoutZout(NI)   

 Dividing both sides of the above expression by  I out   yields 

   
AolVin

Iout
= (1 + AolB)Zout(NI)   

 The term on the left is the internal output impedance of the op-amp ( Z out  ) because, without 
feedback,  A ol V in   =  V out .  Therefore, 

   Zout = (1 + AolB)Zout(NI)   

Rf

Ri

Vdiff

+

–

Vout

Vin

Vf

Aol

Zout =
Vout

Iout
Zout Iout

+ –

 FIGURE 6–28        

 Thus, 

    Zout(NI) =
Zout

1 + AolB
  (6–10)    

 This equation shows that the output impedance of this amplifi er confi guration with nega-
tive feedback is much less than the internal output impedance of the op-amp itself (without 
feedback) because it is divided by the factor 1 +  A ol B.  

  E X A M P L E  6 – 7 

   (a)   Determine the input and output impedances of the amplifi er in  Figure   6–29   . 
The op-amp data sheet gives  Z in   = 2 M�,  Z out   = 75 �, and  A ol   = 200,000.   

  (b)   Find the closed-loop voltage gain.   
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  Voltage-Follower Impedances 
 Since the voltage-follower is a special case of the noninverting confi guration, the same 
impedance formulas are used with  B  = 1. 

    Zin(VF)
= (1 + Aol)Zin  (6–11)    

    Zout(VF) =
Zout

1 + Aol
  (6–12)    

 As you can see, the voltage-follower input impedance is greater for a given  A ol   and  Z in   than 
for the noninverting confi guration with the voltage-divider feedback network. Also, its 
output impedance is much smaller because  B  is normally much smaller than 1 for a nonin-
verting confi guration. 

  E X A M P L E  6 – 8 

 The same op-amp as in  Example   6–7    is used in a voltage-follower confi guration. 
Determine the input and output impedances. 

  S O L U T I O N 

 Since  B  = 1, 

    Zin(VF) = (1 + Aol)Zin = (1 + 200,000)(2 M�) = 400 G�   

    Zout(VF) =
Zout

1 + Aol
=

75�

1 + 200,000
= 375 M�    

  S O L U T I O N 

   (a)   The attenuation,  B,  of the feedback network is 

    B =
Ri

Ri + Rf
=

10 k�

230 k�
= 0.0435

 Zin(NI) = (1 + AolB)Zin = [1 + (200,000)(0.0435)](2 M�)

 = (1 + 8700)(2 M�) = 17,402 M� = 17.4 G�

 Zout(NI) =
Zout

1 + AolB
=

75 �

1 + 8700
= 0.0086 � = 8.6 m�     

  (b)      Acl(NI) =
1

B
=

1

0.0435
� 23       

  P R A C T I C E  E X E R C I S E 

   (a)   Determine the input and output impedances in  Figure   6–29    for op-amp data 
sheet values of Z in  = 3.5 M�, Z out  = 82 �, and A ol  = 135,000.  

  (b)   Find  A cl .       

Rf
220 k�

Ri
10 k�

Vin +

–

Vout

 FIGURE 6–29        
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  Impedances of the Inverting Amplifi er 
 The input and output impedances of the inverting amplifi er are developed with the aid of 
 Figure   6–30   . Both the input signal and the negative feedback are applied, through resis-
tors, to the inverting terminal as shown.  

 Notice that  Z in   (VF)  is much greater than  Z in   (NI) , and  Z out   (VF)  is much less than 
 Z out   (NI)  from  Example   6–7   .  

  P R A C T I C E  E X E R C I S E 

 If the op-amp in this example is replaced with one having a higher open-loop 
gain, how are the input and output impedances affected?    

  INPUT IMPEDANCE     The input impedance for the inverting amplifi er is 

    Zin(I) � Ri  (6–13)    

 This is because the inverting input of the op-amp is at virtual ground (0 V) and the input 
source simply sees  R i   to ground, as shown in  Figure   6–31   .   

  OUTPUT IMPEDANCE     As with the noninverting amplifi er, the output impedance 
of the inverting amplifi er is decreased by the negative feedback. In fact, the expression is 
the same as for the noninverting case. 

    Zout(I) �
Zout

1 + AolB
  (6–14)    

 The output impedance of both the noninverting and the inverting confi gurations is very 
low; in fact, it is almost zero in practical cases. Because of this near zero output imped-
ance, any load impedance connected to the op-amp output can vary greatly and not change 
the output voltage at all. 

  E X A M P L E  6 – 9 

 Find the values of the input and output impedances in  Figure   6–32   . Also, deter-
mine the closed-loop voltage gain. The op-amp has the following parameters: 
 A ol   = 50,000;  Z in   = 4 M�; and  Z out   = 50 �.  

Virtual ground
(0 V)

–

+

Rf

Vin

Ri

Vout

 FIGURE 6–31        

Virtual ground
(0 V)

–

+

Rf

Vin

Ri

VoutAol

 FIGURE 6–30         Inverting 
amplifi er.   
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     Acl(I) = -
Rf

Ri
= -

100 k�

1.0 k�
= �100     

  P R A C T I C E  E X E R C I S E 

 Determine the input and output impedances and the closed-loop voltage gain in 
 Figure   6–32   . The op-amp parameters and circuit values are as follows: 
 A ol   = 100,000;  Z in   = 5 M�;  Z out   = 75 �;  R i   = 560 �; and  R f   = 82 k�.   

  S O L U T I O N 

   Zin(I) � Ri = 1.0 k�   

 The feedback attenuation,  B , is 

   B =
Ri

Ri + Rf
=

1.0 k�

101 k�
= 0.0099   

 Then 

     Zout(I) =
Zout

1 + AolB
=

50 �

1 + (50,000)(0.0099)
= 101 m�   

 (zero for all 
practical 
purposes) 

–

+

Rf

Vin

Ri

Vout

100 k�

1.0 k�

 FIGURE 6–32        

S Y S T E M  E X A M P L E  6 – 2

Communication systems such as found in two-way radios generally operate at frequencies 
above 10 MHz, a frequency too high for most general purpose op-amps. Special high-
frequency voltage feedback op-amps are available for RF and IF frequencies but will 
begin to be less effective above about 10 MHz. (Current feedback amplifi ers, covered in 
Chapter 12, can reach higher frequencies.) In systems such as an FM receiver, the radio 
frequency is down-converted to a lower IF for processing. An FM broadcast receiver is 
designed for 88 MHz to 108 MHz and traditionally uses a fi rst IF frequency of 10.7 MHz, 
which can be handled by a high-frequency op-amp. (A second lower IF frequency may 
also be used.) Most systems now use digital processing techniques, but even in these cases 
an IF frequency is produced and amplifi ed by an analog amplifi er. The front end of a tra-
ditional FM receiver is shown in the block diagram in Figure SE6–4. Our focus will be on 
the IF amplifi er. 

Figure SE6–5 shows a typical analog IF amplifi er, using a high-frequency op-amp 
such as the THS4001. Looking into the amplifi er and looking back from the load, the 
impedances must match the source; in this case 50 �. In high-frequency amplifi ers, signals 
need to be terminated in the characteristic impedance throughout the system to prevent 
refl ections, which can cancel the signal. To accomplish this, a traditional noninverting 
confi guration can be used as shown but with the addition of input and output resistors (RT 
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 Noise
In electronics, noise is an unwanted random fl uctuation in an electrical signal. We will 
look at op-amp noise specifi cations and how to solve for the signal-to-noise ratio of an op-
amp.While interference from an external source qualifi es as noise, only noise generated 
within the op-amp is considered in its noise specifi cation. There are two basic forms of 
noise. At low frequencies, noise is inversely proportional to frequency; this is called 1> f  
noise or “pink noise.” Above a critical noise frequency (sometimes called the 1> f  corner 
frequency), the noise level becomes fl at across the frequency spectrum; this is called 
“white noise.” The critical noise frequency is a fi gure of merit for op-amp performance—
the lower the better. 

RL

RT

Rf

Ri

Ro

RoZout =
RTZin =

50 �

50 �50 � 50 �
source 

Vin
Vout

�V

�

�

CC

�VCC

FIGURE SE6–5 An IC IF amplifi er.

and RO) to set these impedances at 50 �. (Recall that the op-amp itself with feedback has 
extremely high input impedance and near zero output impedance.) As in any noninverting 
amplifi er, the gain is determined by Rf and Ri. 

Special precautions must be taken by designers and technicians working with 
high- frequency circuits to prevent problems. One precaution with any high-frequency 
circuit is to keep component lead lengths and wiring as short as possible to minimize 
stray capacitance and inductive effects. Even pc board traces have inductance at high 
frequencies that can attenuate an RF signal. If you replace a part in a high-frequency 
circuit, use specifi ed parts to avoid and self-resonating effects. Frequently, capacitors 
are special ceramic chip capacitors that have no leads at all. RF circuits, including the 
power supply, are shielded in enclosures to prevent radiation or noise problems. 
Replace any covers or shields including all of the screws. Probing high-frequency cir-
cuits always needs to be done with awareness of loading effects, so probes should be 
low-capacitance types.

Band-pass
filter88-108 MHz

Antenna

Low-noise
amplifier

Image
reject

Local
oscillator

IF
amplifier

To rest of system

FIGURE SE6–4 Front end of an FM receiver.
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 The power distribution of noise is measured in watts per hertz(W/Hz). Power is pro-
portional to the square of the voltage, so noise voltage density is found by taking the square 

root of the noise power density, resulting in units of volts per square root hertz    a V

1Hz
b .    

For operational amplifiers the units are usually in    
nV

1Hz
    at specific frequencies. 

However, even in very low-noise op-amps, below 10 Hz noise units of    
mV

1Hz
    are possible 

due to the pink noise contribution. The white noise rating of different op-amps can vary 

from    
1 nV

1Hz
    to    

20 nV

1Hz
    or even higher. Bipolar op-amps tend to have lower voltage noise than

JFET op-amps. It is possible to make a low-noise JFET op-amp, but input capacitance 
increases as a trade off which limits bandwidth. 

 A voltage noise level graph for a very low-noise op-amp is shown in  Figure   6–33   .

The input voltage noise density at 1 kHz for this op-amp is    
1.1 nV

2Hz
   , a very low fi gure. 

 Noise in Operational Amplifi ers 

 One of the ways that system designers are “going green” is to design circuits with lower sys-
tem supply voltages and bias currents. As operating voltages are reduced, and accuracy 
requirements increase, system noise becomes a greater concern. Noise is defi ned as any 
unwanted signal that affects the quality of a desired signal. This relationship is usually 
expressed as a ratio. The  signal-to-noise ratio  is found as, 

   
Sf

Nf
=

rms signal

rms noise
   

 We can use a stereo system as a practical example of signal-to-noise. If you are playing your 
music very loud, chances are you will not be aware of the system noise since the signal (music) is 
swamping out the system noise; the signal-to-noise ratio is very high. Now if you stop the music and 
leave the amplifi er turned up, you will be able to hear the system noise; the signal-to-noise ratio is 
now very low. Signal-to-noise is one of the reasons that CDs have largely replaced vinyl records and 
cassette tapes. Both of these mediums have much higher signal-to-noise ratios than CDs. In most 
cases the noise you hear in a modern stereo system is from the electronics, not from the medium. 
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At low frequencies, the noise density increases due to the 1> f  noise contribution, as you 
can see from the graph. 

  Solving for the Signal-to-Noise Ratio 
 To simplify our calculations we will only solve for the noise contribution from the op-amp. 
Refer to the circuit in  Figure   6–34   . Assume that the op-amp will operate in the audio band 
from 20 Hz to 20 kHz and above its 1> f  corner frequency. Assume that the white noise rating 

is    
2.9 nV

1Hz
   , and the input signal is 12.5 mV. 

–

+

1 M� 

Vin

Rin

5.0 k� 
Vout

Rf

 FIGURE 6–34        

 The fi rst step is to solve for the root Hz part as: 

   120,000 - 20 = 141.4   

 The noise input is found by multiplying this value by the noise specifi cation of    
2.9 nV

1Hz
:    

   
2.9 nV

1Hz
* 141.41Hz = 410 nV   

 The noise output is found by multiplying the noise input by the closed-loop voltage gain as 

   410 nV * (-200) = -82 mV   

 The output signal is found as 12.5 mV * (-200) = -2.5 V 
 Finally the signal-to-noise ratio (dB) is found as 

   20 log (-2.5 V , (-82 mV)) = 89.7 dB   

 It is important to note that these calculations only take into account the op-amp itself. 
Noise from the circuit resistors will be added to the op-amp noise. The noise from resistors 
is called thermal or Johnson noise. Keeping the resistors at lower values will decrease the 
total noise, but increase circuit current and lower system effi ciency—there are always 
trade-offs. Thermal noise is white noise and is proportional to resistance, temperature, and 
bandwidth. Thermal noise is found as 

   Eth = 14kTRB   

  where    E th  = thermal noise in V rms   

   k = a constant equal to 1.38 * 10 -23   

   T = the temperature in K  

   R = the resistance in �  

   B = the bandwidth in Hz   

 When there is more than one noise source contributor, the total noise ( N T  ) is the geometric 
sum of all noise sources, found as 

   NT = 2N1
2 + N2

2 + gNn
2   

 A full noise analysis of a practical op-amp circuit is complex and beyond the scope of 
this text.  
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 In op-amp confi gurations, there are only a few components that can fail. Both inverting 
and noninverting amplifi ers have a feedback resistor,  R f ,  and an input resistor,  R i .  
Depending on the circuit, a load resistor, bypass capacitors, or a voltage compensation 
resistor may also be present. Any of these components can appear to be open or appear to 
be shorted. An open is not always due to the component itself but may be due to a poor 
solder connection or a bent pin on the op-amp. Likewise, a short circuit may be due to a 
solder bridge. Of course, the op-amp itself can fail. Let’s examine the basic confi gura-
tions, considering only the feedback and input resistor failure modes and associated 
symptoms. 

  Faults in the Noninverting Amplifi er 
 The fi rst thing to do when you suspect a faulty circuit is to check for the proper power sup-
ply voltage.  The positive and negative supply voltages should be measured on the op-
amp’s pins  with respect to a nearby circuit ground. If either voltage is missing or incorrect, 
trace the power connections back toward the supply before making other checks. Check 
that the ground path is not open, giving a misleading power supply reading. If you have 
verifi ed the supply voltages and ground path, possible faults with the basic amplifi er are 
as follows. 

  OPEN FEEDBACK RESISTOR     If the feedback resistor,  R f ,  in  Figure   6–35    opens, 
the op-amp is operating with its very high open-loop gain, which causes the input signal to 
drive the device into nonlinear operation and results in a severely clipped output signal as 
shown in part (a).   

  1.    How does the input impedance of a noninverting amplifi er 
confi guration compare to the input impedance of the op-amp 
itself?   

  2.    When an op-amp is connected in a voltage-follower confi gu-
ration, does the input impedance increase or decrease?   

  3.    Given that  R f   = 100 k�,  R i   = 2.0 k�,  A ol   = 120,000, 
 Z in   = 2 M�, and  Z out   = 60 �, what are  Z in   (I)  and  Z out   (I)  for 
an inverting amplifi er confi guration?

4. What are the typical units for measuring noise in an opera-
tional amplifi er?                       

    SECTION 6–6 CHECKUP 

   6–7  TROUBLESHOOTING 
  As a technician, you will no doubt encounter situations in which an op-amp or its associated 
circuitry has malfunctioned. The op-amp is a complex integrated circuit with many types of 
internal failures possible. However, since you cannot troubleshoot the op-amp internally, you 
treat it as a single device with only a few connections to it. If it fails, you replace it just as you 
would a resistor, capacitor, or transistor.  

  After completing this section, you should be able to 

  •   Troubleshoot op-amp circuits 

   •   Analyze faults in a noninverting amplifi er  

  •   Analyze faults in a voltage-follower  

  •   Analyze faults in an inverting amplifi er     
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  OPEN INPUT RESISTOR     In this case, you still have a closed-loop confi guration. 
But, since  R i   is open and effectively equal to infi nity, � , the closed-loop gain from Equa-
tion (6–6) is 

   Acl(NI) =
Rf

Ri
+ 1 =

Rf

�
+ 1 = 0 + 1 = 1   

 This shows that the amplifi er acts like a voltage-follower. You would observe an output 
signal that is the same as the input, as indicated in  Figure   6–35   (b).  

  INTERNALLY OPEN NONINVERTING OP-AMP INPUT     In this situation, 
because the input voltage is not applied to the op-amp, the output is zero. This is indicated 
in  Figure   6–35   (c).  

  OTHER OP-AMP FAULTS     In general, an internal failure will result in a loss or 
distortion of the output signal. The best approach is to fi rst make sure that there are no 
external failures or faulty conditions. If everything else is good, then the op-amp must 
be bad.   

  Faults in the Voltage-Follower 
 The voltage-follower is a special case of the noninverting amplifi er. Except for a bad 
power supply, a bad op-amp, or an open or short at a connection, about the only thing that 
can happen in a voltage-follower circuit is an open feedback loop. This would have the 
same effect as an open feedback resistor as previously discussed.  

  Faults in the Inverting Amplifi er 
  POWER SUPPLY     As in the case of the noninverting amplifi er, the power supply 
voltages should be checked fi rst. Power supply voltages should be checked on the op-
amp’s pins with respect to a nearby ground.  
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 FIGURE 6–35         Faults in the noninverting amplifi er.   
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  OPEN FEEDBACK RESISTOR     If  R f   opens as indicated in  Figure   6–36   (a), the 
input signal still feeds through the input resistor and is amplifi ed by the high open-loop 
gain of the op-amp. This forces the device to be driven into nonlinear operation, and you 
will see an output something like that shown. This is the same result as in the noninverting 
confi guration.   

OPEN
–

+

OPEN

Vout
Ri

Vin

(a)

Rf

No ac signal
out (output is
saturated)

–

+

Ri

Vin

(b)

Rf

+Vmax

–Vmax

Rf  open Ri open

 FIGURE 6–36         Faults in the inverting amplifi er.   

  OPEN INPUT RESISTOR     This prevents the input signal from getting to the op-
amp input, so there will be no output signal, as indicated in  Figure   6–36   (b). 

 Failures in the op-amp itself have the same effects as previously discussed for the 
noninverting amplifi er. 

  1.    If you notice that the op-amp output is saturated, what should 
you check fi rst?   

  2.    If there is no op-amp output signal when there is a verifi ed 
input signal, what should you check fi rst?        

    SECTION 6–7 CHECKUP 

     SUMMARY 
   •   The basic op-amp has three terminals not including power and ground: inverting (-) input, nonin-

verting (+) input, and output.  

  •   Most op-amps require both a positive and a negative dc supply voltage.  

  •   The ideal (perfect) op-amp has infi nite input impedance, zero output impedance, infi nite open-
loop voltage gain, infi nite bandwidth, and infi nite CMRR.  

  •   A good practical op-amp has high input impedance, low output impedance, high open-loop volt-
age gain, and a wide bandwidth.  

  •   A differential amplifi er is normally used for the input stage of an op-amp.  

  •   A differential input voltage appears between the inverting and noninverting inputs of a differen-
tial amplifi er.  

  •   A single-ended input voltage appears between one input and ground (with the other input 
grounded).  

  •   A differential output voltage appears between two output terminals of a diff-amp.  

  •   A single-ended output voltage appears between the output and ground of a diff-amp.  

  •   Common mode occurs when equal in-phase voltages are applied to both input terminals.  

  •   Input offset voltage produces an output error voltage (with no input voltage).  
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  •   Input bias current also produces an output error voltage (with no input voltage).  

  •   Input offset current is the difference between the two bias currents.  

  •   Open-loop voltage gain is the gain of an op-amp with no external feedback connections.  

  •   Closed-loop voltage gain is the gain of an op-amp with external feedback.  

  •   The common-mode rejection ratio (CMRR) is a measure of an op-amp’s ability to reject common-
mode inputs.  

  •   Slew rate is the rate in volts per microsecond at which the output voltage of an op-amp can change 
in response to a step input.  

  •    Figure   6–37    shows the op-amp symbol and the three basic op-amp confi gurations.  
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 FIGURE 6–37        

  •   All op-amp confi gurations listed use negative feedback. Negative feedback occurs when a portion 
of the output voltage is connected back to the inverting input such that it subtracts from the input 
voltage, thus reducing the voltage gain but increasing the stability and bandwidth.  

  •   A noninverting amplifi er confi guration has a higher input impedance and a lower output imped-
ance than the op-amp itself (without feedback).  

  •   An inverting amplifi er confi guration has an input impedance approximately equal to the input 
resistor  R i   and an output impedance that is lower than the output impedance of the op-amp itself 
(without feedback).  

  •   The voltage-follower has the highest input impedance and the lowest output impedance of the 
three confi gurations.     

  KEY TERMS 
 Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary. 

  Closed-loop voltage gain      The net voltage gain of an amplifi er when negative feedback is included.   

  Common mode      A condition characterized by the presence of the same signal on both op-amp 
inputs.   

  Common-mode rejection ratio (CMRR)      The ratio of open-loop gain to common-mode gain; a 
measure of an op-amp’s ability to reject common-mode signals.   
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  Differential amplifi er (diff-amp)      An amplifi er that produces an output voltage proportional to the 
difference of the two input voltages.   

  Differential mode      The input condition of an op-amp in which opposite polarity signals are applied 
to the two inputs.   

  Inverting amplifi er      An op-amp closed-loop confi guration in which the input signal is applied to 
the inverting input.   

  Negative feedback      The process of returning a portion of the output signal to the input of an ampli-
fi er such that it is out of phase with the input signal.   

  Noninverting amplifi er      An op-amp closed-loop confi guration in which the input signal is applied 
to the noninverting input.   

  Open-loop voltage gain      The internal gain of an op-amp without any external feedback.   

  Operational amplifi er (op-amp)      A type of amplifi er that has very high voltage gain, very high 
input impedance, very low output impedance, and good rejection of common-mode signals.   

  Single-ended mode      The input condition of an op-amp in which one input is grounded and the 
signal voltage is applied only to the other input.   

  Slew rate      The rate of change of the output voltage of an op-amp in response to a step input.   

  Voltage-follower      A closed-loop, noninverting op-amp with a voltage gain of 1.    

  KEY FORMULAS 
  DIFFERENTIAL AMPLIFIERS 

    (6–1)  CMRR �
Av(d)

Acm
      Common-mode rejection ratio (diff-amp) 

    (6–2)  CMRR� � 20 logaAv(d2
Acm
b       Common-mode rejection ratio (dB) (diff-amp)  

  OP-AMP PARAMETERS 

    (6–3)  CMRR �
Aol

Acm
      Common-mode rejection ratio (op-amp) 

    (6–4)  CMRR� � 20 loga Aol

Acm
b       Common-mode rejection ratio (dB) 

(op-amp) 

    (6–5)  Slew rate �
�Vout

�t
     Slew rate  

  OP-AMP CONFIGURATIONS 

    (6–6)  Acl(NI) �
Rf

Ri
� 1     Voltage gain (noninverting) 

    (6–7)  Acl(VF) � 1     Voltage gain (voltage-follower) 

    (6–8)  Acl(I) � �
Rf

Ri
     Voltage gain (inverting)  

  OP-AMP IMPEDANCES 

    (6–9)  Zin(NI) � (1 � AolB)Zin     Input impedance (noninverting) 

    (6–10)  Zout(NI) �
Zout

1 � AolB
     Output impedance (noninverting) 

    (6–11)  Zin(VF) � (1 � Aol)Zin     Input impedance (voltage-follower) 

    (6–12)  Zout(VF) �
Zout

1 � Aol
     Output impedance (voltage-follower) 

    (6–13)  Zin(I) @ Ri     Input impedance (inverting) 

    (6–14)  Zout(I) @
Zout

1 � AolB
     Output impedance (inverting)   
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  SELF-TEST 
 Answers are at the end of the chapter. 

   1.    An integrated circuit (IC) op-amp has  

   (a)   two inputs and two outputs     (b)   one input and one output  
  (c)   two inputs and one output    

   2.    Which of the following characteristics does not necessarily apply to an op-amp?  

   (a)   High gain     (b)   Low power  
  (c)   High input impedance     (d)   Low output impedance    

   3.    A differential amplifi er  

   (a)   is part of an op-amp     (b)   has one input and one output  
  (c)   has two outputs     (d)   answers (a) and (c)    

   4.    When a differential amplifi er is operated single-ended,  

   (a)   the output is grounded  
  (b)   one input is grounded and a signal is applied to the other  
  (c)   both inputs are connected together  
  (d)   the output is not inverted    

   5.    In the differential mode,  

   (a)   opposite polarity signals are applied to the inputs  
  (b)   the gain is 1  
  (c)   the outputs are different amplitudes  
  (d)   only one supply voltage is used    

   6.    In the common mode,  

   (a)   both inputs are grounded  
  (b)   the outputs are connected together  
  (c)   an identical signal appears on both inputs  
  (d)   the output signals are in phase    

   7.    Common-mode gain is  

   (a)   very high     (b)   very low  
  (c)   always unity     (d)   unpredictable    

   8.    Differential gain is  

   (a)   very high     (b)   very low  
  (c)   dependent on the input voltage     (d)   about 100    

   9.    If  A v   ( d )  = 3500 and  A cm   = 0.35, the CMRR is  

   (a)   1225      (b)   10,000      (c)   80 dB      (d)   answers (b) and (c)    

   10.    With zero volts on both inputs, an op-amp ideally should have an output equal to  

   (a)   the positive supply voltage  
  (b)   the negative supply voltage  
  (c)   zero  
  (d)   the CMRR    

   11.    Of the values listed, the most realistic value for open-loop gain of an op-amp is  

   (a)   1      (b)   2000      (c)   80 dB      (d)   100,000    

   12.    A certain op-amp has bias currents of 50 mA and 49.3 mA. The input offset current is  

   (a)   700 nA      (b)   99.3 mA      (c)   49.65 mA      (d)   none of these    

   13.    The output of a particular op-amp increases 8 V in 12 ms. The slew rate is  

   (a)   96 V/ms      (b)   0.67 V/ms      (c)   1.5 V/ms      (d)   none of these    

   14.    For an op-amp with negative feedback, the output is  

   (a)   equal to the input  
  (b)   increased  
  (c)   fed back to the inverting input  
  (d)   fed back to the noninverting input    
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  TROUBLESHOOTER’S QUIZ 
 Answers are at the end of the chapter. 

  Refer to  Figure   6–42   . 

  • If the collector of  Q  1  opens,   

   1.    The dc output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.    The current through  R  3  will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   6–46   . 

  • If  R i   is open ,    

   3.    The closed-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   4.    For a given input signal, the output signal will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  R f   is open ,    

   5.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   6.    The open-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   7.    The closed-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   15.    The use of negative feedback  

   (a)   reduces the voltage gain of an op-amp  
  (b)   makes the op-amp oscillate  
  (c)   makes linear operation possible  
  (d)   answers (a) and (c)    

   16.    Negative feedback  

   (a)   increases the input and output impedances  
  (b)   increases the input impedance and the bandwidth  
  (c)   decreases the output impedance and the bandwidth  
  (d)   does not affect impedances or bandwidth    

   17.    A certain noninverting amplifi er has an  R i   of 1.0 k� and an  R f   of 100 k�. The closed-loop 
gain is  

   (a)   100,000      (b)   1000      (c)   101      (d)   100    

   18.    If the feedback resistor in Question 17 is open, the voltage gain  

   (a)   increases     (b)   decreases  
  (c)   is not affected     (d)   depends on  R i      

   19.    A certain inverting amplifi er has a closed-loop gain of 25. The op-amp has an open-loop gain of 
100,000. If another op-amp with an open-loop gain of 200,000 is substituted in the confi gura-
tion, the closed-loop gain  

   (a)   doubles     (b)   drops to 12.5  
  (c)   remains at 25     (d)   increases slightly    

   20.    A voltage-follower  

   (a)   has a gain of one     (b)   is noninverting  
  (c)   has no feedback resistor     (d)   answers (a), (b), and (c)     



  Refer to  Figure   6–50   . 

  • If  R i   is shorted,   

   8.    The closed-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   9.    The input impedance will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  R f   is open,   

   10.    The open-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  R f   is smaller than the specifi ed value,   

   11.    The closed-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   12.    The open-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change     
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  PROBLEMS 
 Answers to odd-numbered problems are at the end of the book. 

   SECTION   6–1    Introduction to Operational Amplifi ers     

   1.    Compare a practical op-amp to the ideal.   

   2.    Two IC op-amps are available to you. Their characteristics are listed below. Choose the one you 
think is more desirable. 

   Op-amp 1:  Z in   = 5 M�,  Z out   = 100 �,  A ol   = 50,000  
  Op-amp 2:  Z in   = 10 M�,  Z out   = 75 �,  A ol   = 150,000     

   SECTION   6–2    The Differential Amplifi er     

   3.    Identify the type of input and output confi guration for each basic differential amplifi er in  Figure 
  6–38   .    

(a)

+V

R1 R2

Vin

Q1 Q2

–V

R3

Vout

(b)

+V

R1 R2

Vin

Q1 Q2

–V

R3

Vout

(c)

+V

R1 R2

Q1 Q2

–V

R3

Vout

(d)

+V

R1 R2

Q1 Q2

–V

R3

Vout

Vin Vin

 FIGURE 6–38        

   4.    The dc base voltages in  Figure   6–39    are zero. Using your knowledge of transistor analysis, 
determine the dc differential output voltage. Assume that for  Q  1 ,  I  C > I  E  = 0.98 and for  Q  2 , 
 I  C > I  E  = 0.975.    

   5.    Identify the quantity being measured by each meter in  Figure   6–40   .    
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   6.    A differential amplifi er stage has collector resistors of 5.1 k� each. If  I  C1  = 1.35 mA and 
 I  C2  = 1.29 mA, what is the differential output voltage?   

   SECTION   6–3    Op-Amp Data Sheet Parameters     

   7.    Determine the bias current,  I  BIAS , given that the input currents to an op-amp are 8.3 mA and 
7.9 mA.   

   8.    Distinguish between input bias current and input offset current, and then calculate the input 
offset current in Problem 7.   

   9.    A certain op-amp has a CMRR of 250,000. Convert this to dB.   

   10.    The open-loop gain of a certain op-amp is 175,000. Its common-mode gain is 0.18. Determine 
the CMRR in dB.   

   11.    An op-amp data sheet specifi es a CMRR of 300,000 and an  A ol   of 90,000. What is the common-
mode gain?   

   12.     Figure   6–41    shows the output voltage of an op-amp in response to a step input. What is the 
slew rate?    

   13.    How long does it take the output voltage of an op-amp to go from -10 V to +10 V, if the slew 
rate is 0.5 V/ms?   

+15 V

R1
3.3 k�

0 V Q1 Q2

–15 V

R3
2.2 k�

VOUT

0 V

R2
3.3 k�

 FIGURE 6–39        

+VCC

RC1

Q1 Q2

V4

V2 V3

V1

RC2

A1

RE

 FIGURE 6–40        

   SECTION   6–5    Op-Amp Confi gurations with Negative Feedback     

   14.    Identify each of the op-amp confi gurations in  Figure   6–42   .    
   15.    A noninverting amplifi er has an  R i   of 1.0 k�  and an  R f   of 100 k� . Determine  V f   and  B  if 

 V out   = 5 V.   

   16.    For the amplifi er in  Figure   6–43   , determine the following: 
   (a)     A cl   (NI)       (b)     V out        (c)     V f        

   17.    Determine the closed-loop gain of each amplifi er in  Figure   6–44   .    

+12 V

Vout

15 μs
t0

–12 V

 FIGURE 6–41        
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+Vin

Vout
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 FIGURE 6–42        
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Vin
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Vout

 FIGURE 6–43        

   18.    Find the value of  R f   that will produce the indicated closed-loop gain in each amplifi er in 
 Figure   6–45   .    
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+Vin
Vout

(a)

Rf
47 k�

Ri
4.7 k�

Aol = 150,000

–

+Vin
Vout

(b)

Rf
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Ri
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(c)

Rf
220 k�

Ri
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–

+Vin
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(d)

Rf
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Ri
1.0 k�

Aol = 185,000

 FIGURE 6–44        
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   SECTION   6–6    Op-Amp Impedances     

   22.    Determine the input and output impedances for each amplifi er confi guration in  Figure   6–48   .    

–

+Vin
Vout

(a) (b)

–

+Vin Vout

(c)

Rf
1.0 M�

Ri
47 k�

(d)

Rf

Vin

Ri

Vout

–

+
100 k�

100 k�

Rf

Vin

Ri

Vout

–

+
33 k�

330 k�

 FIGURE 6–46        
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Aol = 200,000
Zin = 1 M�
Zout = 25 �

Rf
560 k�

Ri
2.7 k�
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+Vin

Vout
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Aol = 175,000
Zin = 10 M�
Zout = 75 �

Rf
47 k�

Ri
1.5 k�
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+Vin

Vout

(b)

Rf
1.0 M�

Ri
56 k�

–

+Vin

Vout

(c)

Aol = 50,000
Zin = 2 M�
Zout = 50 �

 FIGURE 6–48        

   19.    Find the gain of each amplifi er in  Figure   6–46   .    
   20.    If a signal voltage of 10 mV rms is applied to each amplifi er in  Figure   6–46   , what are the output 

voltages and what is their phase relationship with inputs?   

   21.    Determine the approximate values for each of the following quantities in  Figure   6–47   . 
   (a)     I in        (b)     I f        (c)     V out        (d)   Closed-loop gain      

   23.    Repeat Problem 22 for each circuit in  Figure   6–49   .    
   24.    Repeat Problem 22 for each circuit in  Figure   6–50   .    
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   SECTION   6–7    Troubleshooting     

   25.    Determine the most likely fault(s) for each of the following symptoms in  Figure   6–51    with a 
100 mV signal applied. 
   (a)   No output signal.  
  (b)   Output severely clipped on both positive and negative swings.      

   26.    Determine the effect on the output if the circuit in  Figure   6–51    has the following fault (one fault 
at a time). 
   (a)   Output pin is shorted to the inverting input.  
  (b)     R  3  is open.  
  (c)     R  3  is 10 k� instead of 910 �.  
  (d)     R  1  and  R  2  are swapped.     

   27.    On the circuit board in  Figure   6–52   , what happens if the middle lead (wiper) of the 100 k� 
potentiometer is broken?     

(a)

Aol = 220,000
Zin = 6 M�
Zout = 100 �

(b)

Aol = 100,000
Zin = 5 M�
Zout = 60 �

(c)

Aol = 50,000
Zin = 800 k�
Zout = 75 �
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–

+

– –
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Vout

Vin

Vout

Vin

Vout

 FIGURE 6–49        
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  MULTISIM TROUBLESHOOTING 
PROBLEMS 
   28.    Open fi le P06-28 and determine the fault.   

   29.    Open fi le P06-29 and determine the fault.   

   30.    Open fi le P06-30 and determine the fault.   

   31.    Open fi le P06-31 and determine the fault.   

   32.    Open fi le P06-32 and determine the fault.   

   33.    Open fi le P06-33 and determine the fault.   

   34.    Open fi le P06-34 and determine the fault.    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   6–1     

   1.   Inverting input, noninverting input, output, positive and negative supply voltages  

   2.   A practical op-amp has high input impedance, low output impedance, high voltage gain, and 
wide bandwidth.  

   SECTION   6–2     

   1.   Differential input is between two input terminals. Single-ended input is from one input terminal 
to ground (with other input grounded).  

   2.   Common-mode rejection is the ability of an op-amp to produce very little output when the same 
signal is applied to both inputs.  

   3.   A higher CMRR results in a lower common-mode gain.  

   SECTION   6–3     

   1.   Input bias current, input offset voltage, drift, input offset current, input impedance, output 
impedance, common-mode input voltage range, CMRR, open-loop voltage gain, slew rate, fre-
quency response  

   2.   Slew rate and voltage gain are both frequency dependent.  

   SECTION   6–4     

   1.   Negative feedback provides a stable controlled voltage gain, control of input and output imped-
ances, and wider bandwidth.  

   2.   The open-loop gain is so high that a very small signal on the input will drive the op-amp into 
saturation.  

   3.   Both inputs will be the same.  

   SECTION   6–5     

   1.   The main purpose of negative feedback is to stabilize the gain.  

   2.   False  

   3.    A cl   = 1>0.02 = 50  

   4.    A CL   = 50  

   SECTION   6–6     

   1.   The noninverting confi guration has a higher  Z in   than the op-amp alone.  

   2.    Z in   increases in a voltage-follower.  

   3.    Z in   (I) �  R i   = 2.0 k�,  Z out   (I) �  Z out   = 26 m�.

 4. 
nV

1Hz
  

   SECTION   6–7     

   1.   Check power supply voltages with respect to ground. Verify ground connections. Check for an 
open feedback resistor.  

MULTISIM
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   2.   Verify power supply voltages and ground leads. For inverting amplifi ers, check for open  R i .  For 
noninverting amplifi ers, check that  V in   is actually on (+) pin; if so, check (-) pin for identical 
signal.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
  6–1   34,000; 90.6 dB  

  6–2     (a)   0.168      (b)   87.96 dB      (c)   2.1 V rms, 4.2 V rms      (d)   0.168 V    

  6–3   12,649  

  6–4   20 V/ms  

  6–5   32.9  

  6–6     (a)   67.5 k�      (b)   The amplifi er would have an open-loop gain producing a square wave.    

  6–7     (a)   20.6 G�, 14 m�      (b)   23    

  6–8   Input  Z  increases, output  Z  decreases.  

  6–9    Z in   (I)  = 560 �,  Z out   (I)  = 110 m�,  A cl   = -146   

  ANSWERS TO SELF-TEST 
   1.   (c)     2.   (b)     3.   (d)     4.   (b)     5.   (a)     6.   (c)     7.   (b)  

   8.   (a)     9.   (d)     10.   (c)     11.   (d)     12.   (a)     13.   (b)     14.   (c)  

   15.   (d)     16.   (b)     17.   (c)     18.   (a)     19.   (c)     20.   (d)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   increase     2.   not change     3.   decrease     4.   decrease  

   5.   increase     6.   not change     7.   increase     8.   increase  

   9.   decrease     10.   not change     11.   decrease     12.   not change      
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  OBJECTIVES 
  •   Discuss the basic areas of op-amp responses  

  •   Understand the open-loop response of an op-amp  

  •   Understand the closed-loop response of an op-amp  

  •   Discuss positive feedback and stability in op-amp 
circuits  

  •   Explain op-amp phase compensation   

  KEY TERMS 
    Bandwidth   
   Phase shift   
   Positive feedback   

   Loop gain   
   Phase margin   
   Stability     

  INTRODUCTION 
 In this chapter, you will learn about frequency response, 
bandwidth, phase shift, and other frequency-related 
parameters in op-amps. The effects of negative feedback 
will be further examined, and you will learn about stabil-
ity requirements and how to compensate op-amp circuits 
to ensure stable operation.    

 VISIT THE WEBSITE 
 Study aids for this chapter are available at

  http://pearsonhighered.com/fl oyd  

 OP-AMP RESPONSES 

    CHAPTER 7 
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 FIGURE 7–1         Open-loop and closed-loop op-amp confi gurations.   

  In  Chapter   6    you learned how closed-loop voltage gains of the basic op-amp confi gurations are 
determined, and the distinction between open-loop voltage gain and closed-loop voltage gain 
was established. Because of the importance of these two different types of voltage gain, the 
defi nitions are restated in this section.  

  After completing this section, you should be able to 

  •   Discuss the basic areas of op-amp responses 

   •   Explain open-loop gain  

  •   Explain closed-loop gain  

  •   Discuss the frequency dependency of gain  

  •   Explain the open-loop bandwidth  

  •   Explain the unity-gain bandwidth  

  •   Determine phase shift     

      7–1  BASIC CONCEPTS 

  Open-Loop Gain 
 The  open-loop gain  ( A ol  ) of an op-amp is the internal voltage gain of the device and repre-
sents the ratio of output voltage to input voltage, as indicated in  Figure   7–1   (a). Notice that 
there are no external components, so the open-loop gain is set entirely by the internal 
design. Open-loop voltage gain varies widely for different op-amps.  Table   6–1    listed the 
open-loop gain for some representative op-amps. Data sheets often refer to the open-loop 
gain as the  large-signal voltage gain.    

  Closed-Loop Gain 
 The  closed-loop gain  ( A cl  ) is the voltage gain of an op-amp with external feedback. The 
amplifi er confi guration consists of the op-amp and an external negative feedback network 
that connects the output to the inverting (-) input. The closed-loop gain is determined by the 
external component values, as illustrated in  Figure   7–1   (b) for an inverting amplifi er confi gu-
ration. The closed-loop gain can be precisely controlled by external component values.

PROGRAMMABLE GAIN AMPLIFIERS A programmable gain amplifier 
(PGA) is a type of op-amp that has its gain selected by a digital input. They are popular in 
data acquisition systems where different inputs may have different signal levels. Typically 
a given channel is selected by a digital signal from a computer or controller and the PGA 
will have from two to ten or more inputs. Depending on the type of PGA and how it is 
confi gured, each channel can have its gain set to optimize its own sensor input or it can be 
digitally programmed to select a predetermined gain. For example, the PGA116 has 10 
analog inputs, each of which can have any of 8 selected binary gains (from 1 to 128). The 
PGA116 and its cousin, the PGA117, has an internal multiplexer (channel selection cir-
cuit) as well as other features, including internal calibration capability.
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INSTRUMENTATION SYSTEM FOR MULTIPLE 
TRANSDUCERS
In System Example 6–1 you saw a mixed system that combined mechanical and optical 
components with analog electronics. The system in this example is an industrial instru-
mentation system that combines both analog and digital circuitry in the same system. 

Figure SE7–1 shows a simplifi ed block diagram of the system. The manufacturer of 
airplane wings has a need to test wings in a wind tunnel. The wing is instrumented with a 
variety of sensors, including strain gauges to measure stress, fl ow rate sensors to check 
wind speed, and temperature sensors. The input signals from the sensors are different 
depending on the type of sensor and its sensitivity. For this reason, each channel needs a 
different gain. The output of the PGA is digitized by an analog-to-digital converter (which 
is described in SE8–2). The channels can be cycled rapidly by a controller and the data 
read to a computer for processing.

S Y S T E M  E X A M P L E  7 – 1

The focus in this example is the PGA. For this system, a PGA117 is selected because 
it has ten analog channels, each with a selectable range of gains that follow an oscilloscope 
1-2-5 sequence (gains range from 1 to 200). The equivalent analog input circuit is shown 
in Figure SE7–2. The PGA117 has a three-wire serial peripheral interface (SPI) bus that 
allows the channel and gain to be selected from the controller. Channel select and gain data 
form the digital part of the circuit and are synchronized with a serial clock signal. When a 
channel is selected, the MUX switch closes and the value of Rf is programmed by the com-
puter. The PGA analog supply (AVDD) can be run on +2.2 to +5.5 V. Despite the complex-
ity of the overall IC, the basic op-amp operates like a standard single-ended, non-inverting 

amplifi er with a closed-loop gain of Av =
Rf

Ri
+ 1.  

FIGURE SE7–1 Instrumentation system with programmable gain 
amplifi er.
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  The Gain Is Frequency Dependent 
 In  Chapter   6   , all of the gain expressions applied to the midrange gain and were considered 
independent of the frequency. The midrange open-loop gain of an op-amp extends from 
zero frequency (dc) up to a critical frequency at which the gain is 3 dB less than the mid-
range value. The difference here is that op-amps are dc amplifi ers (no capacitive coupling 
between stages), and therefore, there is no lower critical frequency. This means that the 
midrange gain extends down to zero frequency (dc), and dc voltages are amplifi ed the 
same as midrange signal frequencies. 

 An open-loop response curve (Bode plot) for a certain op-amp is shown in  Figure 
  7–2   . Most op-amp data sheets show this type of curve or specify the midrange open-loop 
gain. Notice that the curve rolls off (decreases) at -20 dB per decade (-6 dB per octave). 
The midrange gain is 200,000, which is 106 dB, and the critical (cutoff) frequency is 
approximately 10 Hz.   

–20 dB/decade roll-off

Unity-gain frequency (fT)
Critical frequency

101 100 1k 10k 100k 1M
f (Hz)

106

0

Midrange

100

60

40

20

80

ol (dB)A′

 FIGURE 7–2         Ideal plot of open-loop voltage gain versus frequency for a typical 
 op-amp. The frequency scale is logarithmic.   

  3 dB Open-Loop Bandwidth 
 The  bandwidth  of an ac amplifi er is the frequency range between the points where the gain 
is 3 dB less than the midrange gain. In general, the bandwidth equals the upper critical 
frequency (  f cu  ) minus the lower critical frequency (  f cl  ). 

   BW = fcu - fcl   

 Since  f cl   for an op-amp is zero, the bandwidth is simply equal to the upper critical fre-
quency. 

    BW = fcu  (7–1)    

 From now on, we will refer to  f cu   as simply  f c ;  and we will use open-loop ( ol ) or closed-
loop ( cl ) subscript designators. For example,  f c   ( ol  )  is the open-loop upper critical frequency 
and  f c   ( cl )  is the closed-loop upper critical frequency.  

  Unity-Gain Bandwidth 
 Notice in  Figure   7–2    that the gain steadily decreases to a point where it is equal to one 
(0 dB). The value of the frequency at which this unity gain occurs is the  unity-gain band-
width.   
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  Gain-Versus-Frequency Analysis 
 The  RC  lag (low-pass) networks within an op-amp are responsible for the roll-off in gain 
as the frequency increases. From basic ac circuit theory, the attenuation of an  RC  lag net-
work, such as in  Figure   7–3   , is expressed as 

   
Vout

Vin
=

XC

2R2 + X2
C

    

 Dividing both the numerator and denominator to the right of the equal sign by  X C ,  

   
Vout

Vin
=

1

21 + R2>X2
C

   

 The critical frequency of an  RC  network is 

   fc =
1

2pRC
   

 Dividing both sides by  f  gives 

   
fc
f

=
1

2pRCf
=

1

(2pfC)R
   

 Since  X C   = 1>(2p fC ), the above expression can be written as 

   
fc
f

=
XC

R
   

 Substituting this result into the second equation produces the following 
expression for the attenuation of an  RC  lag network: 

   
Vout

Vin
=

1

21 + f 2>f 2
c

   

 If an op-amp is represented by a voltage gain element with a gain of 
 A ol   ( mid )  and a single  RC  lag network, as shown in  Figure   7–4   , then the total 
open-loop gain of the op-amp is the product of the midrange open-loop gain 
 A ol   ( mid )  and the attenuation of the  RC  network. 

    Aol =
Aol(mid)

21 + f 2>f c
2
  (7–2)     

 As you can see from Equation (7–2), the open-loop gain equals the midrange value 
when the signal frequency  f  is much less than the critical frequency  f c   and drops off as the 
frequency increases. Since  f c   is part of the open-loop response of an op-amp, we will refer 
to it as  f c   ( ol ) . 

 The following example demonstrates how the open-loop gain decreases as the fre-
quency increases above  f c   ( ol ) . 

Vout

R
Vin

C

 FIGURE 7–3         RC lag network.   

Vout

R
Vin

–

+

Aol(mid)

Op-amp

C

 FIGURE 7–4         Op-amp represented by gain 
element and internal RC network.   

  E X A M P L E  7 – 1 

 Determine  A ol   for the following values of  f.  Assume  f c   ( ol )  = 100 Hz and 
 A ol   ( mid )  = 100,000. 

   (a)     f  = 0 Hz      (b)     f  = 10 Hz      (c)     f  = 100 Hz      (d)     f  = 1000 Hz   

  S O L U T I O N 

   (a)      Aol =
Aol(mid)

21 + f 2>f c(ol)
2

=
100,000

21 + 0
= 100,000     

  (b)      Aol =
100,000

21 + (0.1)2
= 99,500     
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VoutRVin

C
0

φ
0

 FIGURE 7–5         Output voltage lags input voltage.   

  Phase Shift 
 As you know, an  RC  network causes a propagation delay from input to output, thus creat-
ing a  phase shift  between the input signal and the output signal. An  RC  lag network such 
as found in an op-amp stage causes the output signal voltage to lag the input, as shown in 
 Figure   7–5   . From basic ac circuit theory, the phase shift, f, is 

   f = - tan-1a R

XC
b     

 Since  R > X C   =  f > f c ,  
    f = - tan-1a f

fc
b   (7–3)    

 The negative sign indicates that the output lags the input. This equation shows that the phase 
shift increases with frequency and approaches -90° as  f  becomes much greater than  f c .  

  *Answers are at the end of the chapter.     

  (c)      Aol =
100,000

21 + (1)2
=

100,000

22
= 70,700     

  (d)      Aol =
100,000

21 + (10)2
= 9950       

  P R A C T I C E  E X E R C I S E * 

 Find  A ol   for the following frequencies. Assume  f c   ( ol )  = 200 Hz and 
 A ol   ( mid )  = 80,000. 

   (a)    f  = 2 Hz       (b)    f  = 10 Hz       (c)    f  = 2500 Hz   

  E X A M P L E  7 – 2 

 Calculate the phase shift for an  RC  lag network for each of the following frequen-
cies, and then plot the curve of phase shift versus frequency. Assume  f c   = 100 Hz. 

   (a)    f  = 1 Hz     (b)    f  = 10 Hz     (c)    f  = 100 Hz  

  (d)    f  = 1000 Hz     (e)    f  = 10 kHz   

Programmable Gain Amplifi er Response

In a system that uses a Programmable Gain Amplifi er, the bandwidth will be reduced when the gain 
is raised. To determine the bandwidth for a given gain setting, it is best to refer to the manufacturer's 
data sheet. The information may be given as a graph or in a table. For example, the PGA117 has a 
specifi ed bandwidth of 10 MHz at a gain of 1 but it drops to 0.35 MHz at a gain of 128.

S Y S T E M  N O T E
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1 10 100 1k 10k
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φ

fc

 FIGURE 7–6         Open fi le F07-06 found on 
the companion website. This 
simulation will be used to 
confi rm the  RC  lag network 
phase calculations in 
 Example   7–2   . 

MULTISIM

  P R A C T I C E  E X E R C I S E 

 At what frequency, in this example, is the phase shift -60°?      

  S O L U T I O N 

   (a)      f = - tan-1a f

fc
b = - tan-1a 1 Hz

100 Hz
b = �0.6�     

  (b)      f = - tan-1a 10 Hz

100 Hz
b = �5.7�     

  (c)      f = - tan-1a 100 Hz

100 Hz
b = �45.0�     

  (d)      f = - tan-1a 1000 Hz

100 Hz
b = �84.3�     

  (e)      f = - tan-1a 10 kHz

100 Hz
b = �89.4�      

 The phase shift versus frequency curve is plotted in  Figure   7–6   . Note that the 
frequency axis is logarithmic.   

  1.    How do the open-loop gain and the closed-loop gain of an 
 op-amp differ?   

  2.    The upper critical frequency of a particular op-amp is 100 Hz. 
What is its open-loop 3 dB bandwidth?   

  3.    Does the open-loop gain increase or decrease with frequency 
above the critical frequency?

4. What is the purpose of the SPI bus in the PGA117?   

    SECTION 7–1 CHECKUP* 

  *Answers are at the end of the chapter.     



   7–2  OP-AMP OPEN-LOOP RESPONSE 
  In this section, you will learn about the open-loop frequency response and the open-loop phase 
response of an op-amp. Open-loop responses relate to an op-amp with no external feedback. 
The frequency response indicates how the voltage gain changes with frequency, and the phase 
response indicates how the phase shift between the input and output signal changes with fre-
quency. The open-loop gain, like the  B  of a transistor, varies greatly from one device to the 
next of the same type.  

  After completing this section, you should be able to 

  •   Understand the open-loop response of an op-amp 

   •   Discuss how internal stages affect the overall response  

  •   Discuss critical frequencies and roll-off rates  

  •   Determine overall phase response     

  Frequency Response 
 In  Section   7–1   , an op-amp was assumed to have a constant roll-off of -20 dB/decade 
above its critical frequency. For a large number of op-amps, this is indeed the case. Op-
amps that have a constant -20 dB/decade roll-off from  f c   to unity gain are called  compen-
sated op-amps.  A compensated op-amp has only one  RC  network that determines its 
frequency characteristic. Thus, the roll-off rate is the same as that of a basic  RC  network. 

 For some op-amp circuits, the situation is more complicated. The frequency response 
may be determined by several internal stages, where each stage has its own critical fre-
quency. As a result, the overall response is affected by more than one cascaded stage and 
the overall response is a composite of the individual responses. An op-amp that has more 
than one critical frequency is called an  uncompensated op-amp  .  

 Uncompensated op-amps require careful attention to the feedback network to avoid 
oscillation. As an example, a three-stage op-amp is represented in  Figure   7–7   (a), and the 
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R2
Av2
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(a) Representation of an op-amp with three internal stages
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f
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0
fc1 fc2 fc3

–40 dB/decade
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(c) Composite response for an uncompensated op-amp
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(b) Individual responses
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 FIGURE 7–7         Op-amp open-loop frequency response.   



362   CHAPTER 7  •   OP-AMP RESPONSES

frequency response of each stage is shown in  Figure   7–7   (b). As you have learned, dB gains 
are added so that the total op-amp frequency response is as shown in  Figure   7–7   (c). Since 
the roll-off rates are additive, the total roll-off rate increases by -20 dB/decade (-6 dB/
octave) as each critical frequency is reached.   

  Phase Response 
 In a multistage amplifi er, each stage contributes to the total phase lag. As you have seen, 
each  RC  lag network can produce up to a -90° phase shift. Since each stage in an op-amp 
includes an  RC  lag network, a three-stage op-amp, for example, can have a maximum 
phase lag of -270°. Also, the phase lag of each stage is less than -45° when the frequency 
is below the critical frequency, equal to -45° at the critical frequency, and greater than 
-45° when the frequency is above the critical frequency. The phase lags of the stages of an 
op-amp are added to produce a total phase lag, according to the following formula for three 
stages: 

   ftot = - tan-1a f

fc1
b - tan-1a f

fc2
b - tan-1a f

fc3
b    

  E X A M P L E  7 – 3 

 A certain op-amp has three internal amplifi er stages with the following gains and 
critical frequencies: 

   Stage 1:  A ¿  v 1  = 40 dB,  f c   1  = 2000 Hz  

  Stage 2:  A ¿  v 2  = 32 dB,  f c   2 =  40 kHz  

  Stage 3:  A ¿  v 3  = 20 dB,  f c   3  = 150 kHz   

 Determine the open-loop midrange dB gain and the total phase lag when  f  =  f c   1 . 

  S O L U T I O N 

    A�ol(mid) = A�v1 + A�v2 + A�v3 = 40 dB + 32 dB + 20 dB = 92 dB   

    ftot = - tan-1a f

fc1
b - tan-1a f

fc2
b - tan-1a f

fc3
b    

    = - tan-1(1) - tan-1a 2

40
b - tan-1a 2

150
b    

    = -45� - 2.86� - 0.76� = �48.6�     

  P R A C T I C E  E X E R C I S E 

 The internal stages of a two-stage amplifi er have the following characteristics: 
 A ¿  v 1  = 50 dB,  A ¿  v 2  = 25 dB,  f c   1 =  1500 Hz, and  f c   2  = 3000 Hz. Determine the 
open-loop midrange gain in dB and the total phase lag when  f  =  f c   1 .   

  1.    If the individual stage gains of an op-amp are 20 dB and 
30 dB, what is the total gain in dB?   

  2.    If the individual phase lags are -49° and -5.2°, what is the 
total phase lag?      

    SECTION 7–2 CHECKUP 



   7–3  OP-AMP CLOSED-LOOP RESPONSE 
  Op-amps are normally used in a closed-loop confi guration with negative feedback in order to 
achieve precise control of the gain and bandwidth. In this section, you will see how feedback 
affects the gain and frequency response of an op-amp.  

  After completing this section, you should be able to 

  •   Understand the closed-loop response of an op-amp 

   •   Determine the closed-loop gain  

  •   Explain the effect of negative feedback on bandwidth  

  •   Explain gain-bandwidth product     

 Recall from  Chapter   6    that midrange gain is reduced by negative feedback, as indicated by 
the following closed-loop gain expressions for the three confi gurations previously cov-
ered. For the noninverting amplifi er, 

   Acl(NI) =
Rf

Ri
+ 1   

 For the voltage-follower, 

   Acl(VF) � 1   

 For the inverting amplifi er, 

   Acl(I) � -
Rf

Ri
   

  Effect of Negative Feedback on Bandwidth 
 You have learned how negative feedback affects the gain; now you will learn how it affects 
the amplifi er’s bandwidth. The closed-loop critical frequency of an op-amp is 

    fc(cl) = fc(ol)(1 + BAol(mid))  (7–4)    

 This expression shows that the closed-loop critical frequency,  f c   ( cl ) , is higher than the 
open-loop critical frequency  f c   ( ol )  by the factor 1 +  BA ol   ( mid ) . Recall that  B  is the feedback 
attenuation,  R i  >( R i   +  R f  ). A derivation of Equation (7–4) can be found in  Appendix   A   . 

 Since  f c   ( cl )  equals the bandwidth for the closed-loop amplifi er, the bandwidth is also 
increased by the same factor. 

    BWcl = BWol(1 + BAol(mid))  (7–5)    

  E X A M P L E  7 – 4 

 A certain amplifi er has an open-loop midrange gain of 150,000 and an open-loop 
3 dB bandwidth of 200 Hz. The attenuation of the feedback loop is 0.002. What is 
the closed-loop bandwidth? 

  S O L U T I O N 

   BWcl = BWol(1 + BAol(mid)) = 200 Hz[1 + (0.002)(150,000)] = 60.2 kHz    

  P R A C T I C E  E X E R C I S E 

 If  A ol   ( mid )  = 200,000 and  B  = 0.05, what is the closed loop bandwidth?   



364   CHAPTER 7  •   OP-AMP RESPONSES

  Figure   7–8    graphically illustrates the concept of closed-loop response for a compen-
sated op-amp. When the open-loop gain of an op-amp is reduced by negative feedback, the 
bandwidth is increased. The closed-loop gain is independent of the open-loop gain up to 
the point of intersection of the two gain curves. This point of intersection is the critical 
frequency,  f c   ( cl ) , for the closed-loop response. Notice that beyond the closed-loop critical 
frequency the closed-loop gain has the same roll-off rate as the open-loop gain.   

Av

f

Aol(mid)

fc(ol) fc(cl)

Acl(mid)

Closed-loop gain

Open-loop gain
 FIGURE 7–8         Closed-loop 
gain compared to open-loop 
gain.   

  E X A M P L E  7 – 5 

 Determine the bandwidth of each of the amplifi ers in  Figure   7–9   . Both op-amps 
have an open-loop gain of 100 dB and a unity-gain bandwidth of 3 MHz.  

  S O L U T I O N 

   (a)   For the noninverting amplifi er in  Figure   7–9   (a), the closed-loop gain is 

   Acl(NI) =
Rf

Ri
+ 1 =

220 k�

3.3 k�
+ 1 = 67.7   

  Use Equation (7–6) and solve for  f c   ( cl )  (where  f c   ( cl )  =  BW cl  ). 

    fc(cl) = BWcl =
unity@gain BW

Acl
   

    BWcl =
3 MHz

67.7
= 44.3 kHz     

 1  Technically speaking, this equation is true only for noninverting confi gurations. Other cases are discussed in 
the lab manual. 

  Gain-Bandwidth Product 
 An increase in closed-loop gain causes a decrease in the bandwidth, and vice versa, such 
that  the product of gain and bandwidth is a constant.  This is true as long as the roll-off rate 
is a fi xed -20 dB/decade. If  A cl   represents the gain of any of the closed-loop confi gurations 
and  f c   ( cl )  represents the closed-loop critical frequency (same as the bandwidth), then 

   Acl fc(cl) = Aol fc(ol)   

 The gain-bandwidth product is always equal to the frequency at which the op-amp’s 
open-loop gain is unity (unity-gain bandwidth).  1    

    Acl fc(cl) = unity@gain bandwidth  (7–6)    
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 Open fi le F07-09 found on the 
companion website. This 
simulation demonstrates the 
effect that closed-loop voltage 
gain has the bandwidth of 
operational amplifi ers. 

MULTISIM

  (b)   For the inverting amplifi er in  Figure   7–9   (b), the closed-loop gain is 

   Acl(I) = -
Rf

Ri
= -

47 k�

1.0 k�
= -47   

  Using the absolute value of  A cl   (I) , the closed-loop bandwidth is 

   BWcl =
3 MHz

47
= 63.8 kHz      

  P R A C T I C E  E X E R C I S E 

 Determine the bandwidth of each of the amplifi ers in  Figure   7–9   . Both op-amps 
have an  A ¿  ol   of 90 dB and a unity-gain bandwidth of 2 MHz.      

(a) (b)

–

+

Vin

Ri

1.0 k�

47 k�

Vout

Rf

Rf
220 k�

Ri
3.3 k�

Vin +

–

Vout

  FIGURE 7–9        

  1.    Is the closed-loop gain always less than the open-loop gain?   

  2.    A certain op-amp is used in a feedback confi guration having a 
gain of 30 and a bandwidth of 100 kHz. If the external resistor 

values are changed to increase the gain to 60, what is the new 
bandwidth?   

  3.    What is the unity-gain bandwidth of the op-amp in Question 2?                            

    SECTION 7–3 CHECKUP 



  Stability is a consideration when using op-amps. Stable operation means that the op-amp does 
not oscillate under any condition. Instability produces oscillations, which are unwanted volt-
age swings on the output when there is no signal present on the input, or in response to noise or 
transient voltages on the input. This section may be treated as optional.  

  After completing this section, you should be able to 

  •   Discuss positive feedback and stability in op-amp circuits 

   •   Defi ne  positive feedback   

  •   Defi ne  loop gain   

  •   Defi ne  phase margin  and discuss its importance  

  •   Determine if an op-amp circuit is stable  

  •   Summarize the criteria for stability     

   7–4  POSITIVE FEEDBACK AND STABILITY 

  Positive Feedback 
 To understand stability, you must fi rst examine instability and its causes. As you know, 
with negative feedback, the signal fed back to the input of an amplifi er is out of phase with 
the input signal, thus subtracting from it and effectively reducing the voltage gain. As long 
as the feedback is negative, the amplifi er is stable. 

 When the signal fed back from output to input is in phase with the input signal, a 
 positive feedback  condition exists and the amplifi er can oscillate. That is, positive feed-
back occurs when the total phase shift through the op-amp and feedback network is 360°, 
which is equivalent to no phase shift (0°).  

  Loop Gain 
 For instability to occur, (a) there must be positive feedback, and (b) the loop gain of the 
closed-loop amplifi er must be greater than 1. The  loop gain  of a closed-loop amplifi er is 
defi ned to be the op-amp’s open-loop gain times the attenuation of the feedback network. 

    Loop gain = AolB  (7–7)     

  Phase Margin 
 Notice that for each amplifi er confi guration in  Figure   7–10   , the feedback loop is connected to 
the inverting input. There is an inherent phase shift of 180° because of the  inversion  between 

(b) (c)

–

+

Ri

180° + φtot

Rf

(a)

–

+

180° + φtot

Vin
+

–

Vout

Ri

Rf
180° + φtot

Vin

Vout

Vin

Vout

 FIGURE 7–10         Feedback-loop phase shift.   
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input and output. Additional phase shift (f  tot  ) is produced by the  RC  lag networks (not 
shown) within the amplifi er. So the total phase shift around the loop is 180° + f  tot  . 

  The  phase margin  , f  pm   , is the amount of additional phase shift required to make the 
total phase shift around the loop 360° (360° is equivalent to 0°). 

   180� + ftot + fpm = 360�   

    fpm = 180� - �ftot �   (7–8)    

 If the phase margin is positive, the total phase shift is less than 360° and the amplifi er 
is stable. If the phase margin is zero or negative, then the amplifi er is potentially unstable 
because the signal fed back can be in phase with the input. As you can see from Equation 
(7–8), when the total lag network phase shift (f  tot  ) equals or exceeds 180°, then the phase 
margin is 0° or negative and an unstable condition exists, which would cause the amplifi er 
to oscillate.  

  Stability Analysis 
 Since most op-amp confi gurations use a loop gain greater than 1    (AolB 7 1),    the criteria for 
stability are based on the phase angle of the internal lag networks. As previously mentioned, 
operational amplifi ers are composed of multiple stages, each of which has a critical frequency. 
For compensated op-amps, only one critical frequency is dominant, and stability due to the 
feedback is not a problem. Stability problems generally manifest themselves as unwanted 
oscillations. Feedback stability occurs near the unity-gain frequency for the op-amp. 

 To illustrate the concept of feedback  stability , we will use an uncompensated three-
stage op-amp with an open-loop response as shown in the Bode plot of  Figure   7–11   . For 
this case, there are three different critical frequencies, which indicate three internal  RC  lag 
networks. At the fi rst critical frequency,  f c   1 , the gain begins rolling off at -20 dB/decade; 
when the second critical frequency,  f c   2 , is reached, the gain decreases at -40 dB/decade; 
and when the third critical frequency,  f c   3 , is reached, the gain drops at -60 dB/decade.  
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 FIGURE 7–11         Bode plot of example of three-stage op-amp response.   

 To analyze an uncompensated closed-loop amplifi er for stability, the phase margin 
must be determined. A positive phase margin will indicate that the amplifi er is stable for a 
given value of closed-loop gain. Three example cases will be considered in order to dem-
onstrate the conditions for instability. 
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  CASE 1     The closed-loop gain intersects the open-loop response on the -20 dB/decade 
slope, as shown in  Figure   7–12   . The midrange closed-loop gain is 106 dB, and the closed-
loop critical frequency is 5 kHz. If we assume that the amplifi er is not operated out of its 
midrange, the maximum phase shift for the 106 dB amplifi er occurs at the highest mid-
range frequency (in this case, 5 kHz). The total phase shift at this frequency due to the 
three lag networks is calculated as follows: 

   ftot = - tan-1a f

fc1
b - tan-1a f

fc2
b - tan-1a f

fc3
b     

 where  f  = 5 kHz,  f c   1  = 1 kHz,  f c   2  = 10 kHz, and  f c   3  = 100 kHz. Therefore, 

    ftot = - tan-1a 5 kHz

1 kHz
b - tan-1a 5 kHz

10 kHz
b - tan-1a 5 kHz

100 kHz
b    

    = -78.7� - 26.6� - 2.9� = -108.1�    
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 FIGURE 7–12         Case where closed-loop gain intersects open-loop gain on �20 dB/decade 
slope (stable operation).   

 The phase margin, f  pm  , is 

   fpm = 180� - �ftot � = 180� - 108.1� = +71.9�   

 The phase margin is positive, so the amplifi er is stable for all frequencies in its midrange. 
In general, an amplifi er is stable for all midrange frequencies if its closed-loop gain inter-
sects the open-loop response curve on a -20 dB/decade slope.  

  CASE 2     The closed-loop gain is lowered to where it intersects the open-loop response 
on the -40 dB/decade slope, as shown in  Figure   7–13   . The midrange closed-loop gain in 
this case is 80 dB, and the closed-loop critical frequency is approximately 30 kHz. The 
total phase shift at  f  = 30 kHz due to the three lag networks is calculated as follows: 

    ftot = - tan-1a 30 kHz

1 kHz
b - tan-1a 30 kHz

10 kHz
b - tan-1a 30 kHz

100 kHz
b    

    = -88.1� - 71.6� - 16.7� = -176.4�     
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 FIGURE 7–13         Case where closed-loop gain intersects open-loop gain on 
�40 dB/decade slope (marginally stable operation).   

 The phase margin is 

   fpm = 180� - 176.4� = +3.6�   

 The phase margin is positive, so the amplifi er is still stable for frequencies in its midrange, 
but a very slight increase in frequency above  f c   would cause it to oscillate. Therefore, it is 
marginally stable and may oscillate due to other paths. It is very close to instability because 
instability occurs where f  pm   = 0°. As a general rule, a minimum 45° phase margin is 
recommended to avoid marginal conditions.  

  CASE 3     The closed-loop gain is further decreased until it intersects the open-loop 
response on the -60 dB/decade slope, as shown in  Figure   7–14   . The midrange closed-loop 
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 FIGURE 7–14         Case where closed-loop gain intersects open-loop gain on 
�60 dB/decade slope (unstable operation).   
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gain in this case is 18 dB, and the closed-loop critical frequency is 500 kHz. The total 
phase shift at  f  = 500 kHz due to the three lag networks is 

    ftot = - tan-1a 500 kHz

1 kHz
b - tan-1a 500 kHz

10 kHz
b - tan-1a 500 kHz

100 kHz
b    

    = -89.9� - 88.9� - 78.7� = -257.5�     

 The phase margin is 

   fpm = 180� - 257.5� = -77.5�   

 Here the phase margin is negative and the amplifi er is unstable at the upper end of its 
midrange.  

  SUMMARY OF STABILITY CRITERIA     The stability analysis of the three 
example cases has demonstrated that an amplifi er’s closed-loop gain must intersect the 
open-loop gain curve on a -20 dB/decade slope to ensure stability for all of its midrange 
frequencies. If the closed-loop gain is lowered to a value that intersects on a -40 dB/decade 
slope, then marginal stability or complete instability can occur. In the previous situations 
(Cases 1, 2, and 3), the closed-loop gain should be greater than 72 dB. 

 If the closed-loop gain intersects the open-loop response on a -60 dB/decade 
slope, instability will defi nitely occur at some frequency within the amplifi er’s mid-
range unless a specially designed feedback network is used. Therefore, to ensure stabil-
ity for all of the midrange frequencies, an op-amp must be operated at a closed-loop 
gain such that the roll-off rate beginning at its dominant critical frequency does not 
exceed -20 dB/decade.   

  Troubleshooting Unwanted Oscillations 
 The stability problems mentioned in this section can be brought under control, even in the 
case of a negative phase margin (Case 3), by specially designed feedback networks. A lead 
network in the feedback path can be used to increase the phase margin and thus increase 
the stability. In some cases, a complicated feedback network with an amplifi er or other 
active element is added to a design to increase stability. 

 Not all stability problems are due to the feedback network. If oscillations are not 
near the unity-gain frequency of the op-amp, the feedback loop is probably not the cul-
prit. Causes of oscillations can include the presence of an external feedback path, a 
grounding problem, or an extraneous noise signal coupled into the power supply lines. 
When oscillations are a problem, a simple test is to increase the gain and see if they dis-
appear. (This means the closed-loop gain will intersect the open-loop gain at a higher 
point.) If the oscillations persist, the problem may be something other than a negative 
phase margin. 

 To eliminate unwanted oscillations, check ground paths (try to use single-point 
grounding), add bypass capacitors to the supply voltages, and try to eliminate extraneous 
capacitive coupling paths to the input. A coupling path may not be obvious but can be due 
to a protoboard, especially if it has no ground plane, or may be caused by long leads in the 
circuit (remember that wires have capacitance). Power supply noise can produce feedback 
in the amplifi er that can result in oscillations. At low frequencies, a simple bypass capaci-
tor (1 mF to 10 mF tantalum) may be all that is necessary to solve the problem. At high 
frequencies, a single bypass capacitor may have a self-resonance, requiring the addition of 
a secondary bypass capacitor. 

 Occasionally, oscillations are due to interference from nearby sources and may 
require shielding. It is also possible to induce oscillations when a low-level signal shares a 
common ground path with a high-level signal or because of long leads in the circuit layout. 
Try reconstructing the circuit with shorter leads, paying attention to ground paths and 
making sure a ground plane is present, if possible. 
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  1.    Under what feedback condition can an amplifi er oscillate?   

  2.    How much can the phase shift of an amplifi er’s internal  RC  
network be before instability occurs? What is the phase margin 
at the point where instability begins?   

  3.    What is the maximum roll-off rate of the open-loop gain of an 
op-amp for which the device will still be stable?      

  

    SECTION 7–4 CHECKUP 

  The last section demonstrated that instability can occur when an op-amp’s response has roll-
off rates exceeding  � 20 dB/decade and the op-amp is operated in a closed-loop confi guration 
having a gain curve that intersects a higher roll-off rate portion of the open-loop response. In 
situations like those examined in the last section, the closed-loop voltage gain is restricted to 
very high values. In many applications, lower values of closed-loop gain are necessary or desir-
able. To allow op-amps to be operated at low closed-loop gain, phase lag compensation is 
required. This section may be treated as optional.  

  After completing this section, you should be able to 

  •   Explain op-amp phase compensation 

   •   Describe phase-lag compensation  

  •   Explain a compensating circuit  

  •   Apply single-capacitor compensation  

  •   Apply feedforward compensation     

   7–5  OP-AMP COMPENSATION 

Noise in Systems

Many systems share power supplies between various 
assemblies. The longer runs of power supply cables are 
vulnerable to noise pickup and are conductive paths for 
noise. As mentioned in this section, power supply leads 
should have 0.1 to 1 mF tantalum capacitors installed at 
every circuit board and assembly at the entry point. On cir-
cuit boards, every 3 or 4 ICs should also have bypass 
capacitors on the supply lines. In some systems, the 
designer will install a separate regulator circuit in each 
board, to help isolate the main power supply. This is a sim-
ple modifi cation but can cure conductive noise problems.

Systems such as radar systems have high power in 
the same system as sensitive receiver circuits. To avoid noise problems in these systems, it is 
important to isolate high power signals and utility cables from low level signal lines. Covers 
and shields should be checked and kept in place, both for safety and to avoid radiated noise. In 
many systems, electromagnetic shielding gaskets are used on doors and enclosures to block a 
path for electromagnetic interference (EMI). These shields are useless if a door or enclosure is 
left ajar, so it is important to maintain good housekeeping practices.

S Y S T E M  N O T E

FIGURE SN7–1 Radio-
frequency gasket material for 
EMI protection. (Courtesy of 

Leader Tech, Tampa, FL.)
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  Phase Lag Compensation 
 As you have seen, the cause of instability is excessive phase shift through an op-amp’s 
internal lag networks. When these phase shifts equal or exceed 180°, the amplifi er can 
oscillate.  Compensation  is used to either eliminate open-loop roll-off rates greater than 
-20 dB/decade or extend the -20 dB/decade rate to a lower gain. These concepts are illus-
trated in  Figure   7–15   .   

ol (dB)A′

f (Hz)0

Uncompensated open-loop gain

With some compensation

With more compensation

–20 dB/decade

–20 dB/decade

 FIGURE 7–15         Bode plot 
illustrating effect of phase 
compensation on open-loop 
gain of typical op-amp.   

  Compensating Network 
 There are two basic methods of compensation for integrated circuit op-amps: internal and 
external. In either case an  RC  network is added. The basic compensating action is as fol-
lows. Consider fi rst the  RC  network shown in  Figure   7–16   (a). At low frequencies where 
the reactance of the compensating capacitor,    XCc

,    is extremely large, the output voltage 
approximately equals the input voltage. When the frequency reaches its critical value,  
 f c   = 1>[2p( R  1  +  R  2 ) C c  ], the output voltage decreases at -20 dB/decade. This roll-off 
rate continues until    XCc

� 0,    at which point the output voltage levels off to a value deter-
mined by  R  1  and  R  2 , as indicated in  Figure   7–16   (b). This is the principle used in the phase 
compensation of an op-amp.  

 To see how a compensating network changes the open-loop response of an op-amp, 
refer to  Figure   7–17   . This diagram represents a two-stage op-amp. The individual stages 
are within the color-shaded blocks along with the associated lag networks. A compensat-
ing network is shown connected at point  A  on the output of stage 1.  

 The critical frequency of the compensating network is set to a value less than the dom-
inant (lowest) critical frequency of the internal lag networks. This causes the -20 dB/decade 
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 FIGURE 7–16         Basic compen-
sating network action.   
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roll-off to begin at the compensating network’s critical frequency. The roll-off of the compen-
sating network continues up to the critical frequency of the dominant lag network. At this point, 
the response of the compensating network levels off, and the -20 dB/decade roll-off of the 
dominant lag network takes over. The net result is a shift of the open-loop response to the left, 
thus reducing the bandwidth, as shown in  Figure   7–18a   . The response curve of the compensat-
ing network is shown in proper relation to the overall open-loop response in Figure 7–18(b).  
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 FIGURE 7–18         Example of 
compensated op-amp 
frequency response.   
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  E X A M P L E  7 – 6 

 A certain op-amp has the open-loop response in  Figure   7–19   . As you can see, the lowest closed-loop gain for which 
stability is assured is approximately 40 dB (where the closed-loop gain line still intersects the -20 dB/decade slope). 
In a particular application, a 20 dB closed-loop gain is required.  

   (a)   Determine the critical frequency for the compensating network.  

  (b)   Sketch the ideal response curve for the compensating network.  

  (c)   Sketch the total ideal compensated open-loop response.   
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  S O L U T I O N 

   (a)   The gain must be dropped so that the -20 dB/decade roll-off extends down to 20 dB rather than to 40 dB. To 
achieve this, the midrange open-loop gain must be made to roll off a decade sooner. Therefore, the critical 
frequency of the compensating network must be 10 Hz.  

  (b)   The roll-off of the compensating network must end at 100 Hz, as shown in  Figure   7–20   (a).   
  (c)   The total open-loop response resulting from compensation is shown in  Figure   7–20   (b).    
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 FIGURE 7–19         Original 
open-loop response.   

  P R A C T I C E  E X E R C I S E 

 In this example, what is the uncompensated bandwidth? What is the compensated bandwidth?    
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  Extent of Compensation 
 A larger compensating capacitor will cause the open-loop roll-off to begin at a lower fre-
quency and thus extend the -20 dB/decade roll-off to lower gain levels, as shown in  Figure 
  7–21   (a). With a suffi ciently large compensating capacitor, an op-amp can be made uncon-
ditionally stable, as illustrated in  Figure   7–21   (b), where the -20 dB/decade slope is 
extended all the way down to unity gain. This is normally the case when internal compen-
sation is provided by the manufacturer. An internally, fully compensated op-amp can be 
used for any value of closed-loop gain and remain stable. The 741 is an example of an 
internally fully compensated device.  
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 FIGURE 7–21         Extent of compensation.   

 A disadvantage of internally fully compensated op-amps is that bandwidth is sacri-
fi ced; thus the slew rate is decreased. Therefore, many IC op-amps have provisions for 
external compensation.  Figure   7–22    shows typical package layouts of an LM101A op-amp 
with pins available for external compensation with a small capacitor. With provisions for 
external connections, just enough compensation can be used for a given application with-
out sacrifi cing more performance than necessary.   

  Single-Capacitor Compensation 
 As an example of compensating an IC op-amp, a capacitor  C  1  is connected to pins 1 and 8 
of an LM101A in an inverting amplifi er confi guration, as shown in  Figure   7–23   (a). Part (b) 
of the fi gure shows the open-loop frequency response curves for two values of  C  1 . The 
3 pF compensating capacitor produces a unity-gain bandwidth approaching 10 MHz. 
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Notice that the -20 dB/decade slope extends to a very low gain value. When  C  1  is increased 
ten times to 30 pF, the bandwidth is reduced by a factor of ten. Notice that the -20 dB/decade 
slope now extends through unity gain.  

 When the op-amp is used in a closed-loop confi guration, as in  Figure   7–23   (c), the 
useful frequency range depends on the compensating capacitor. For example, with a 
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closed-loop gain of 40 dB as shown in part (c), the bandwidth is approximately 10 kHz for 
 C  1  = 30 pF and increases to approximately 100 kHz when  C  1  is decreased to 3 pF.  

  Feedforward Compensation 
 Another method of phase compensation is called  feedforward . This type of compensa-
tion results in less bandwidth reduction than the method previously discussed. The 
basic concept is to bypass the internal input stage of the op-amp at high frequencies and 
drive the higher-frequency second stage, as shown in  Figure   7–24   .  

 Feedforward compensation of an LM101A is shown in  Figure   7–25   (a). The feed-
forward capacitor  C  1  is connected from the inverting input to the compensating termi-
nal. A small capacitor is needed across  R f   to ensure stability. The Bode plot in  Figure 
  7–25   (b) shows the feedforward compensated response and the standard compensated 
response that was discussed previously. The use of feedforward compensation is 
restricted to the inverting amplifi er confi guration. Other compensation methods are also 
used. Often, recommendations are provided by the manufacturer on the data sheet.  
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 FIGURE 7–25         Feedforward compensation of an LM101A op-amp and the response curves.   

  1.    What is the purpose of phase compensation?   

  2.    What is the main difference between internal and external 
compensation?   

  3.    When you compensate an amplifi er, does the bandwidth 
increase or decrease?       

    SECTION 7–5 CHECKUP 

     SUMMARY 
   •   Open-loop gain is the voltage gain of an op-amp without feedback.  

  •   Closed-loop gain is the voltage gain of an op-amp with negative feedback.  

  •   The closed-loop gain is always less than the open-loop gain.  

  •   The midrange gain of an op-amp extends down to dc.  

  •   Above the critical frequency, the gain of an op-amp decreases.  

  •   The internal  RC  lag networks that are inherently part of the amplifi er stages cause the gain to roll 
off as frequency goes up.  

  •   The internal  RC  lag networks also cause a phase shift between input and output signals.  

  •   Negative feedback lowers the gain and increases the bandwidth.  

C1

Av2

Av1

 FIGURE 7–24         Feedforward 
compensation showing high-
frequency bypassing of fi rst 
stage.   
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  •   The product of gain and bandwidth is constant for a compensated op-amp.  

  •   The gain-bandwidth product equals the frequency at which unity voltage gain occurs.  

  •   Positive feedback occurs when the total phase shift through the op-amp (including 180° inver-
sion) and feedback network is 0° (equivalent to 360°) or more.  

  •   The phase margin is the amount of additional phase shift required to make the total phase shift 
around the loop 360°.  

  •   When the closed-loop gain of an op-amp intersects the open-loop response curve on a -20 dB/decade 
(-6 dB/octave) slope, the amplifi er is stable.  

  •   When the closed-loop gain intersects the open-loop response curve on a slope greater than 
-20 dB/decade, the amplifi er can be either marginally stable or unstable.  

  •   A minimum phase margin of 45° is recommended to provide a suffi cient safety factor for stable 
operation.  

  •   A fully compensated op-amp has a -20 dB/decade roll-off all the way down to unity gain.  

  •   Compensation reduces bandwidth and increases slew rate.  

  •   Internally compensated op-amps such as the 741 are available. These are usually fully compen-
sated with a large sacrifi ce in bandwidth.  

  •   Externally compensated op-amps such as LM101A are available. External compensating net-
works can be connected to specifi ed pins, and the compensation can be tailored to a specifi c 
application. In this way, bandwidth and slew rate are not degraded more than necessary.    

  KEY TERMS 
 Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary. 

  Bandwidth      The range of frequencies between the lower critical frequency and the upper critical 
frequency.   

  Loop gain      An op-amp’s open-loop voltage gain times the attenuation of the feedback network.   

  Phase shift      The relative angular displacement of a time-varying function relative to a reference.   

  Phase margin      The difference between the total phase shift through an amplifi er and 180°; the 
additional amount of phase shift that can be allowed before instability occurs.   

  Positive feedback      The return of a portion of the output signal to the input such that it reinforces 
the output. This output signal is in phase with the input signal.   

  Stability      A condition in which an amplifi er circuit does not oscillate.    

  KEY FORMULAS 
    (7–1)  BW � fcu     Op-amp bandwidth 

    (7–2)  Aol �
Aol(mid)

!1 � f 2 ,fc
2
     Open-loop gain 

    (7–3)  F � �tan�1a f

fc
b       RC  phase shift 

    (7–4)  fc(cl) � fc(ol)(1 � BAol(mid))     Closed-loop critical frequency 

    (7–5)  BWcl � BWol(1 � BAol(mid))     Closed-loop bandwidth 

    (7–6)  Acl fc(cl) � unity@gain bandwidth   

    (7–7)  Loop gain � AolB   

    (7–8)  Fpm � 180� � �Ftot �      Phase margin  
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  SELF-TEST  
 Answers are at the end of the chapter. 

   1.    The open-loop gain of an op-amp is always  

   (a)   less than the closed-loop gain  
  (b)   equal to the closed-loop gain  
  (c)   greater than the closed-loop gain  
  (d)   a very stable and constant quantity for a given type of op-amp    

   2.    The bandwidth of an ac amplifi er having a lower critical frequency of 1 kHz and an upper criti-
cal frequency of 10 kHz is  

   (a)   1 kHz       (b)   9 kHz        (c)   10 kHz      (d)   11 kHz    

   3.    The bandwidth of a dc amplifi er having an upper critical frequency of 100 kHz is  

   (a)   100 kHz      (b)   unknown      (c)   infi nity      (d)   0 kHz    

   4.    The midrange open-loop gain of an op-amp  

   (a)   extends from the lower critical frequency to the upper critical frequency  
  (b)   extends from 0 Hz to the upper critical frequency  
  (c)   rolls off at -20 dB/decade beginning at 0 Hz  
  (d)   answers (b) and (c)    

   5.    The frequency at which the open-loop gain is equal to one is called  

   (a)   the upper critical frequency     (b)   the cutoff frequency  
  (c)   the notch frequency      (d)   the unity-gain frequency    

   6.    Phase shift through an op-amp is caused by  

   (a)   the internal  RC  networks     (b)   the external  RC  networks  
  (c)   the gain roll-off      (d)   negative feedback    

   7.    Each  RC  network in an op-amp  

   (a)   causes the gain to roll off at -6 dB/octave  
  (b)   causes the gain to roll off at -20 dB/decade  
  (c)   reduces the midrange gain by 3 dB  
  (d)   answers (a) and (b)    

   8.    When negative feedback is used, the gain-bandwidth product of an op-amp  

   (a)   increases      (b)   decreases      (c)   stays the same      (d)   fl uctuates    

   9.    If a certain noninverting op-amp has a midrange open-loop gain of 200,000 and a unity-gain 
frequency of 5 MHz, the gain-bandwidth product is  

   (a)   200,000 Hz   
  (b)   5,000,000 Hz  
  (c)   1 * 10 12  Hz   
  (d)   not determinable from the information given    

   10.    If a certain noninverting op-amp has a closed-loop gain of 20 and an upper critical frequency of 
10 MHz, the gain-bandwidth product is  

   (a)   200 MHz      (b)   10 MHz      (c)   the unity-gain frequency      (d)   answers (a) and (c)    

   11.    Positive feedback occurs when  

   (a)   the output signal is fed back to the input in-phase with the input signal  
  (b)   the output signal is fed back to the input out-of-phase with the input signal  
  (c)   the total phase shift through the op-amp and feedback network is 360°  
  (d)   answers (a) and (c)    

   12.    For a closed-loop op-amp circuit to be unstable,  

   (a)   there must be positive feedback   
  (b)   the loop gain must be greater than 1  
  (c)   the loop gain must be less than 1   
  (d)   answers (a) and (b)    

   13.    The amount of additional phase shift required to make the total phase shift around a closed loop 
equal to zero is called  

   (a)   the unity-gain phase shift     (b)   phase margin  
  (c)   phase lag       (d)   phase bandwidth    
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  TROUBLESHOOTER’S QUIZ 
 Answers are at the end of the chapter. 

  Refer to  Figure   7–29   (a). 

  •  If  R f   is 100 k� instead of the specifi ed 150 k�,   

   1.    For a low-frequency input signal, the gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.    The bandwidth will  

   (a)   increase      (b)   decrease      (c)   not change    

   3.    The gain-bandwidth product will  

   (a)   increase      (b)   decrease      (c)   not change    

     •  If the op-amp has an  f c   ( ol )  of 200 Hz instead of the specifi ed 150 Hz,   

   4.    The bandwidth will  

   (a)   increase      (b)   decrease      (c)   not change    

   5.    For a low-frequency input signal, the gain will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   7–25   (a). 

  •  Assume an input coupling capacitor for this circuit is specifi ed to be 2.2 mF but instead a 0.22 mF 
capacitor is installed by mistake.   

   6.    The lower cutoff frequency will  

   (a)   increase      (b)   decrease      (c)   not change    

   7.    The upper cutoff frequency will  

   (a)   increase      (b)   decrease      (c)   not change    

     •  If  C  2  is open ,    

   8.    The stability will  

   (a)   increase      (b)   decrease      (c)   not change    

     •  If  R  f  is larger than the specifi ed value,   

   9.    The bandwidth will  

   (a)   increase      (b)   decrease      (c)   not change    

   10.    The gain-bandwidth product will  

   (a)   increase      (b)   decrease      (c)   not change    

     •  If the compensating capacitor  C  1  is open,   

   11.    The bandwidth will  

   (a)   increase      (b)   decrease      (c)   not change    

   12.    The stability will  

   (a)   increase      (b)   decrease      (c)   not change     

   14.    For a given value of closed-loop gain, a positive phase margin indicates  

   (a)   an unstable condition   
  (b)   too much phase shift  
  (c)   a stable condition    
  (d)   nothing    

   15.    The purpose of phase-lag compensation is to  

   (a)   make the op-amp stable at very high values of gain  
  (b)   make the op-amp stable at low values of gain  
  (c)   reduce the unity-gain frequency  
  (d)   increase the bandwidth     
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  PROBLEMS 
 Answers to odd-numbered problems are at the end of the book. 

   SECTION   7–1        Basic Concepts  

   1.    The midrange open-loop gain of a certain op-amp is 120 dB. Negative feedback reduces this 
gain by 50 dB. What is the closed-loop gain?   

   2.    The upper critical frequency of an op-amp’s open-loop response is 200 Hz. If the midrange gain 
is 175,000, what is the ideal gain at 200 Hz? What is the actual gain? What is the op-amp’s 
open-loop bandwidth?   

   3.    An  RC  lag network has a critical frequency of 5 kHz. If the resistance value is 1.0 k�, what is 
 X C   when  f  = 3 kHz?   

   4.    Determine the attenuation of an  RC  lag network with  f c   = 12 kHz for each of the following 
frequencies. 
   (a)   1 kHz      (b)   5 kHz      (c)   12 kHz      (d)   20 kHz      (e)   100 kHz     

   5.    The midrange open-loop gain of a certain op-amp is 80,000. If the open-loop critical frequency 
is 1 kHz, what is the open-loop gain at each of the following frequencies? 
   (a)   100 Hz      (b)   1 kHz      (c)   10 kHz      (d)   1 MHz     

   6.    Determine the phase shift through each network in  Figure   7–26    at a frequency of 2 kHz.    

(a)

10 k�

(b)

1.0 k�

(c)

100 k�

0.01 μF 0.01 μF 0.01 μF

 FIGURE 7–26        

   7.    An  RC  lag network has a critical frequency of 8.5 kHz. Determine the phase for each frequency 
and plot a graph of its phase angle versus frequency. 
   (a)   100 Hz      (b)   400 Hz      (c)   850 Hz      (d)   8.5 kHz      (e)   25 kHz      (f)   85 kHz     

   SECTION   7–2        Op-Amp Open-Loop Response  

   8.    A certain op-amp has three internal amplifi er stages with midrange gains of 30 dB, 40 dB, and 
20 dB. Each stage also has a critical frequency associated with it as follows:  f c   1  = 600 Hz, 
 f c   2  = 50 kHz, and  f c   3  = 200 kHz. 
   (a)   What is the midrange open-loop gain of the op-amp, expressed in dB?  
  (b)   What is the total phase shift through the amplifi er, including inversion, when the signal 

frequency is 10 kHz?     

   9.    What is the gain roll-off rate in Problem 8 between the following frequencies? 
   (a)   0 Hz and 600 Hz       (b)   600 Hz and 50 kHz      
(c)   50 kHz and 200 kHz       (d)   200 kHz and 1 MHz     

   SECTION   7–3        Op-Amp Closed-Loop Response  

   10.    A certain amplifi er has an open-loop gain in midrange of 180,000 and an open-loop critical 
frequency of 1500 Hz. If the attenuation of the feedback path is 0.015, what is the closed-loop 
bandwidth?   

   11.    Determine the midrange gain in dB of each amplifi er in  Figure   7–27   . Are these open-loop or 
closed-loop gains?      

   12.    Given that  f c   ( ol )  = 750 Hz,  A �  ol   = 89 dB, and  f c   ( cl )  = 5.5 kHz, determine the closed-loop gain 
in dB.   

   13.    What is the unity-gain bandwidth in Problem 12?   

   14.    For each amplifi er in  Figure   7–28   , determine the closed-loop gain and bandwidth. The op-amps 
in each circuit exhibit an open-loop gain of 125 dB and a unity-gain bandwidth of 2.8 MHz.    

   15.    Which of the amplifi ers in  Figure   7–29    has the smaller bandwidth?    
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   SECTION   7–4        Positive Feedback and Stability  

   16.    It has been determined that the op-amp circuit in  Figure   7–30    has three internal 
critical frequencies as follows: 1.2 kHz, 50 kHz, 250 kHz. If the midrange open-
loop gain is 100 dB, is the amplifi er confi guration stable, marginally stable, or 
unstable?    

   17.    Determine the phase margin for each value of phase lag. 
   (a)   30°      (b)   60°      (c)   120°      (d)   180°      (e)   210°     

   18.    A certain op-amp has the following internal critical frequencies in its open-loop 
response: 125 Hz, 25 kHz, and 180 kHz. What is the total phase shift through the 
amplifi er when the signal frequency is 50 kHz?   

   19.    Each graph in  Figure   7–31    shows both the open-loop and the closed-loop response 
of a particular op-amp confi guration. Analyze each case for stability.    
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   SECTION   7–5        Op-Amp Compensation  

   20.    A certain operational amplifi er has an open-loop response curve as shown in  Figure   7–32   . A 
particular application requires a 30 dB closed-loop midrange gain. In order to achieve a 30 dB 
gain, compensation must be added because the 30 dB line intersects the uncompensated open-
loop gain on the -40 dB/decade slope and, therefore, stability is not assured. 
   (a)   Find the critical frequency of the compensating network such that the -20 dB/decade slope 

is lowered to a point where it intersects the 30 dB gain line.  
  (b)   Sketch the ideal response curve for the compensating network.  
  (c)   Sketch the total ideal compensated open-loop response.      
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 FIGURE 7–32        

   21.    The open-loop gain of a certain op-amp rolls off at -20 dB/decade, beginning at  f  = 250 Hz. 
This roll-off rate extends down to a gain of 60 dB. If a 40 dB closed-loop gain is required, what 
is the critical frequency for the compensating network?   

   22.    Repeat Problem 21 for a closed-loop gain of 20 dB.    
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  ANSWERS TO SECTION CHECKUPS 
   SECTION   7–1     

   1.   Open-loop gain is without feedback, and closed-loop gain is with negative feedback. Open-loop 
gain is larger.  

   2.    BW  = 100 Hz  

   3.    A ol   decreases.

 4. The SPI bus carries digital information. For a PGA, it can select the channel and set the gain 
from a computer or controller command.  

   SECTION   7–2     

   1.    A �  v ( tot )  = 20 dB + 30 dB = 50 dB  

   2.   f  tot   = -49° + (-5.2°) = -54.2°  

   SECTION   7–3      

   1.   Yes,  A cl   is always less than  A ol  .  

   2.    BW  = 3,000 kHz>60 = 50 kHz  

   3.   Unity-gain  BW  = 3,000 kHz>1 = 3 MHz  

   SECTION   7–4     

   1.   Positive feedback  

   2.   180°, 0°  

   3.   -20 dB/decade (-6 dB/octave)  

   SECTION   7–5     

   1.   Phase compensation increases the phase margin at a given frequency.  

   2.   Internal compensation is full compensation; external compensation can be tailored to maximize 
bandwidth.  

   3.   Bandwidth decreases.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
  7–1     (a)   80,000      (b)   79,900      (c)   6400    

  7–2   173 Hz  

  7–3   75 dB; -71.6°  

  7–4   2.00 MHz  

  7–5     (a)   29.6 kHz      (b)   42.6 kHz    

  7–6   100 Hz; 10 Hz   

  ANSWERS TO SELF-TEST 
   1.   (c)       2.   (b)       3.   (a)       4.   (b)       5.   (d)       6.   (a)       7.   (d)      8.   (c)  

   9.   (b)      10.   (d)      11.   (d)      12.   (d)      13.   (b)      14.   (c)      15.   (b)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   decrease     2.   increase     3.   not change     4.   increase  

   5.   not change     6.   increase     7.   not change     8.   decrease  

   9.   decrease     10.   not change     11.   increase     12.   decrease     
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     OUTLINE 
     8–1  Comparators      

     8–2  Summing Amplifi ers      

     8–3  Integrators and Differentiators      

     8–4  Converters and Other Op-Amp Circuits      

     8–5  Troubleshooting       

  OBJECTIVES 
  •   Understand the operation of several basic 

comparator circuits  

  •   Understand the operation of several types of 
summing amplifi ers  

  •   Understand the operation of integrators and 
differentiators  

  •   Understand the operation of several special op-amp 
circuits  

  •   Troubleshoot basic op-amp circuits   

  KEY TERMS 
    Comparator   
   Hysteresis   
   Schmitt trigger   
   Bounding   
   Summing amplifi er   
   Integrator   
   Differentiator   

   Constant-current 
source   
   Current-to-voltage 
converter   
   Voltage-to-current 
converter   
   Peak detector     

  INTRODUCTION 
 In the last two chapters, you learned about the princi-
ples, operation, and characteristics of the operational 
amplifi er. Op-amps are used in such a wide variety of 
applications that it is impossible to cover all of them in 
one chapter, or even in one book. Therefore, in this 
chapter, we will examine some of the more fundamental 
applications to illustrate how versatile the op-amp is and 
to give you a foundation in basic op-amp circuits.  

  VISIT THE WEBSITE 
 Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd    

http://pearsonhighered.com/floyd


  Operational amplifi ers are often used as nonlinear devices to compare the amplitude of one 
voltage with another. In this application, the op-amp is used in the open-loop con uration, with 
the input voltage on one input and a reference voltage on the other.   

 After completing this section, you should be able to 

  •   Understand the operation of several basic comparator circuits 

   •   Describe the operation of a zero-level detector  

  •   Describe the operation of a nonzero-level detector  

  •   Discuss how input noise affects comparator operation  

  •   Defi ne  hysteresis   

  •   Explain how hysteresis reduces noise effects  

  •   Describe a Schmitt trigger circuit  

  •   Describe the operation of bounded comparators  

  •   Describe the operation of a window comparator  

  •   Discuss applications for comparators in systems including analog-to-digital conversion     

      8–1  COMPARATORS 

  Zero-Level Detection 
 One application of an op-amp used as a  comparator  is to determine when an input voltage 
exceeds a certain level.  Figure   8–1   (a) shows a zero-level detector. Notice that the inverting 
(-) input is grounded to produce a zero level and that the input signal voltage is applied to 
the noninverting (+) input. Because of the high open-loop voltage gain, a very small dif-
ference voltage between the two inputs drives the amplifi er into saturation, causing the 
output voltage to go to its limit.     
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(a) (b)

Vin 0

Vout 0

–Vout(max)
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 FIGURE 8–1         The op-amp as a zero-level detector.   

 Open fi le F08-01 found on the 
companion website. This 
simulation demonstrates the 
operation of the zero-level 
detector. 

MULTISIM

 For example, consider an op-amp having  A ol   = 100,000. A voltage difference of 
only 0.25 mV between the inputs could produce an output voltage of (0.25 mV)
(100,000)  = 25 V  if  the op-amp were capable. However, since most op-amps have output 
voltage limitations of ;15 V or less, the device would be driven into saturation. For many 
comparison applications, special op-amp comparators are selected. These ICs are gener-
ally uncompensated to maximize speed. In less stringent applications, a general-purpose 
op-amp works nicely as a comparator. 

  Figure   8–1   (b) shows the result of a sinusoidal input voltage applied to the nonin-
verting input of the zero-level detector. When the sine wave is negative, the output is at 
its maximum negative level. When the sine wave crosses 0, the amplifi er is driven to its 
opposite state and the output goes to its maximum positive level, as shown. As you can 
see, the zero-level detector can be used as a squaring circuit to produce a square wave 
from a sine wave.  
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  Nonzero-Level Detection 
 The zero-level detector in  Figure   8–1    can be modifi ed to detect positive and negative volt-
ages by connecting a fi xed reference voltage to the inverting (-) input, as shown in  Figure 
  8–2   (a). A more practical arrangement is shown in  Figure   8–2   (b) using a voltage divider to 
set the reference voltage as follows: 

    VREF =
R2

R1 + R2
(+V)  (8–1)    

  where + V  is the positive op-amp supply voltage. The circuit in  Figure   8–2   (c) uses a zener 
diode to set the reference voltage ( V  REF  =  V  Z ). As long as the input voltage  V in   is less than 
 V  REF , the output remains at the maximum negative level. When the input voltage exceeds 
the reference voltage, the output goes to its maximum positive state, as shown in  Figure 
  8–2   (d) with a sinusoidal input voltage.    
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 FIGURE 8–2         Nonzero-level detectors.   

 Open fi le F08-02 found on the 
companion website. This 
simulation demonstrates how 
a potentiometer can be used to 
vary the reference voltage of 
a nonzero-level detector. 

MULTISIM

  E X A M P L E  8 – 1 

 The input signal in  Figure   8–3   (a) is applied to the comparator circuit in  Figure 
  8–3   (b). Make a sketch of the output showing its proper relationship to the input 
signal. Assume the maximum output levels of the op-amp are ;12 V. 
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   S O L U T I O N 

 The reference voltage is set by  R  1  and  R  2  as follows: 

   VREF =
R2

R1 + R2
(+V ) =

1.0 k�

8.2 k� + 1.0 k�
(+15 V) = 1.63 V   

 As shown in  Figure   8–4   , each time the input exceeds +1.63 V, the output voltage 
switches to its +12 V level, and each time the input goes below +1.63 V, the out-
put switches back to its -12 V level.   
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 FIGURE 8–3        
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 FIGURE 8–4        

  P R A C T I C E  E X E R C I S E* 

 Determine the reference voltage in  Figure   8–3    if  R  1  = 22 kÆ and  R  2  = 3.3 kÆ. 

  *Answers are at the end of the chapter.     

  Effects of Input Noise on Comparator Operation 
 In many practical situations,  noise  (unwanted voltage or current fl uctuations) may appear 
on the input line. This noise voltage becomes superimposed on the input voltage, as shown 
in  Figure   8–5   , and can cause a comparator to erratically switch output states. 
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  In order to understand the potential effects of noise voltage, consider a low-
frequency sinusoidal voltage applied to the noninverting (+) input of an op-amp 
comparator used as a zero-level detector, as shown in  Figure   8–6   (a). Part (b) of the 
fi gure shows the input sine wave plus noise and the resulting output. As you can see, 
when the sine wave approaches 0, the fl uctuations due to noise cause the total input 
to vary above and below 0 several times, thus producing an erratic output voltage. 

0

Noise

t

 FIGURE 8–5         Sine wave with 
 superimposed noise.   
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 FIGURE 8–6         Effects of noise on comparator circuit.   

    Reducing Noise Effects with Hysteresis 
 An erratic output voltage caused by noise on the input occurs because the op-amp compa-
rator switches from its negative output state to its positive output state at the same input 
voltage level that causes it to switch in the opposite direction, from positive to negative. 
This unstable condition occurs when the input voltage hovers around the reference volt-
age, and any small noise fl uctuations cause the comparator to switch fi rst one way and 
then the other. 

 In order to make the comparator less sensitive to noise, a technique incorporating 
positive feedback, called  hysteresis , can be used. Basically, hysteresis means that there 
is a higher reference level when the input voltage goes from a lower to higher value than 
when it goes from a higher to a lower value. A good example of hysteresis is a common 
household thermostat that turns the furnace on at one temperature and off at another. 

 The two reference levels are referred to as the upper trigger point (UTP) and the 
lower trigger point (LTP). This two-level hysteresis is established with a positive feed-
back arrangement, as shown in  Figure   8–7   . Notice that the noninverting (+) input is 
connected to a resistive voltage divider such that a portion of the output voltage is fed 
back to the input. The input signal is applied to the inverting (-) input in this case.  

 The basic operation of the comparator with hysteresis is as follows and is illustrated 
in  Figure   8–8   . Assume that the output voltage is at its positive maximum, + V   out ( max ) . The 
voltage fed back to the noninverting input is  V  UTP  and is expressed as 

   VUTP =
R2

R1 + R2
(+Vout(max))   

R1

–

R2

Vout

Vin

+

 FIGURE 8–7         Comparator with 
positive feedback for hysteresis.   
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  When the input voltage  V in   exceeds  V  UTP , the output voltage drops to its negative maxi-
mum, - V   out ( max ) . Now the voltage fed back to the noninverting input is  V  LTP  and is 
expressed as 

   VLTP =
R2

R1 + R2
(-Vout(max))   

 The input voltage must now fall below  V  LTP  before the device will switch back to its other 
voltage level. This means that a small amount of noise voltage has no effect on the output, 
as illustrated by  Figure   8–8   . 

 A comparator with hysteresis is sometimes known as a  Schmitt trigger . The amount 
of hysteresis is defi ned by the difference of the two trigger levels. 

    VHYS = VUTP - VLTP  (8–2)    
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(e) Device triggers only once when UTP or LTP is reached;
     thus, there is immunity to noise that is riding on the
     input signal.

Output at the maximum positive voltage Input exceeds UTP; output switches from the maximum
positive voltage to the maximum negative voltage.

Output at the maximum negative voltage Input goes below LTP; output switches from maximum
negative voltage back to maximum positive voltage.

 FIGURE 8–8         Operation of a comparator with hysteresis.   
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  Output Bounding 
 In some applications, it is necessary to limit the output voltage levels of a comparator to a 
value less than that provided by the saturated op-amp. A single zener diode can be used as 
shown in  Figure   8–10    to limit the output voltage to the zener voltage in one direction and 
to the forward diode drop in the other. This process of limiting the output range is called 
 bounding .  

  E X A M P L E  8 – 2 

 Determine the upper and lower trigger points and the hysteresis for the 
 comparator circuit in  Figure   8–9   . Assume that + V   out ( max )  = +5 V and - V   out ( max )  =
-5 V.  

R1
100 k�

–

+

R2
100 k�

Vout

Vin

 FIGURE 8–9        

  S O L U T I O N 

    VUTP =
R2

R1 + R2
 (+Vout(max)) = 0.5(5 V) = �2.5 V

 VLTP =
R2

R1 + R2
 (-Vout(max)) = 0.5(-5 V) = �2.5 V

 VHYS = VUTP - VLTP = 2.5 V - (-2.5 V) = 5 V     

  P R A C T I C E  E X E R C I S E 

 Determine the upper and lower trigger points and the hysteresis in  Figure   8–9    
for  R  1  = 68 kÆ and  R  2  = 82 kÆ. The maximum output voltage levels are 
;7 V.       

 Open fi le F08-09 found on the 
companion website. This 
simulation demonstrates the 
operation of a comparator with 
hysteresis. 

MULTISIM

Vout

Ri
–

+

Vin

 FIGURE 8–10         Comparator 
with output bounding.   

 The operation is as follows. Since the anode of the zener is connected to the inverting 
(-) input, it is at virtual ground (_0 V) when it has a conducting path. Therefore, when the 
output voltage reaches a positive value equal to the zener voltage, it limits at that value, as 
illustrated in  Figure   8–11   . When the output switches negative, the zener acts as a regular 
diode and becomes forward-biased at 0.7 V, limiting the negative output voltage to this 
value, as shown. Turning the zener around limits the output voltage in the opposite direction. 
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  Two zener diodes arranged as in  Figure   8–12    limit the output voltage to the zener 
voltage plus the forward voltage drop (0.7 V) of the forward-biased zener, both positively 
and negatively, as shown in  Figure   8–12   .  
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 FIGURE 8–11         Operation of a bounded comparator.   
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 FIGURE 8–12         Double-bounded comparator.   

  E X A M P L E  8 – 3 

 Determine the output voltage waveform for  Figure   8–13   .  
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 FIGURE 8–13        

  S O L U T I O N 

 This comparator has both hysteresis and zener bounding. 
 The voltage across  D  1  and  D  2  in either direction is 4.7 V + 0.7 V = 5.4 V. 

This is because one zener is always forward-biased with a drop of 0.7 V when the 
other one is in breakdown. 
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  Window Comparator 
 Two individual op-amp comparators arranged as in  Figure   8–15    form what is 
known as a  window comparator.  This circuit detects when an input voltage is 
between two limits, an upper and a lower, called the “window.”  

 The upper and lower limits are set by reference voltages designated  V  U  
and  V  L . These voltages can be established with voltage dividers, zener diodes, 
or any type of voltage source. As long as  V in   is within the window (less than  V  U  
and greater than  V  L ), the output of each comparator is at its low saturated level. 
Under this condition, both diodes are reverse-biased and  V out   is held at zero by 
the resistor to ground. When  V in   goes above  V  U  or below  V  L , the output of the 
associated comparator goes to its high saturated level. This action forward-
biases the diode and produces a high-level  V out  . This is illustrated in  Figure   8–16    
with  V in   varying arbitrarily. 

 The voltage at the inverting (-) op-amp input is  V out   ; 5.4 V. Since the 
differential voltage is negligible, the voltage at the noninverting (+) op-amp input 
is also approximately  V out   ; 5.4 V. Thus, 

    VR1 = Vout - (Vout { 5.4 V) = {5.4 V   

    IR1 =
VR1

R1
=
{5.4 V

100 k�
= {54 mA    

 Since the current at the noninverting input is negligible, 

    IR2 = IR1 = {54 mA    

    VR2 = R2IR2 = (47 k�)({54 mA) = {2.54 V    

    Vout = VR1 + VR2 = {5.4 V { 2.54 V = {7.94 V   

 The upper trigger point (UTP) and the lower trigger point (LTP) are as follows: 

    VUTP = a R2

R1 + R2
b (+Vout) = a 47 k�

147 k�
b (+7.94 V) = +2.54 V   

    VLTP = a R2

R1 + R2
b (-Vout) = a 47 k�

147 k�
b (-7.94 V) = -2.54 V   

 The output waveform for the given input voltage is shown in  Figure   8–14   .   
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 FIGURE 8–14        

  P R A C T I C E  E X E R C I S E 

 Determine the upper and lower trigger points for  Figure   8–13    if  R  1  = 150 kÆ, 
 R  2  = 68 kÆ, and the zener diodes are 3.3 V devices.       

 Open fi le F08-13 found on the 
companion website. This 
simulation demonstrates the 
operation of a double-bounded 
comparator. 

MULTISIM
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 FIGURE 8–15         A basic window comparator.   
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A COMPARATOR APPLICATION: 
OVER-TEMPERATURE SENSING CIRCUIT 
 In many types of industrial systems, such as food processing, the temperature of a particular 
solution must be kept under a certain limit. In this example, we will look at the circuit used 
to monitor for an over-temperature condition.  Figure   SE8–1    shows a comparator used in a 
precision over-temperature sensing circuit to determine when the temperature reaches a 
certain critical value. The circuit consists of a Wheatstone bridge with the comparator used 
to detect when the bridge is balanced. One leg of the bridge contains a thermistor ( R  1 ), 
which is a temperature-sensing resistor with a negative temperature coeffi cient (its resist-
ance decreases as temperature increases, and vice versa). The potentiometer ( R  2 ) is set at a 
value equal to the resistance of the thermistor at the critical temperature. At normal tem-
peratures (below critical),  R  1  is greater than  R  2 , thus creating an unbalanced condition that 
drives the comparator to its low saturated output level and keeps transistor  Q  1  off.  

    S Y S T E M  E X A M P L E  8 – 1

 As the temperature increases, the resistance of the thermistor decreases. When the 
temperature reaches the critical value,  R  1  becomes equal to  R  2 , and the bridge becomes 
balanced (since  R  3  =  R  4 ). At this point the comparator switches to its high saturated output 
level, turning  Q  1  on. This energizes the relay, which can be used to activate an alarm or 
initiate an appropriate response to the over-temperature condition.  
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 FIGURE SE8–1               
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 FIGURE 8–16         Example of 
window comparator operation.   
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  S Y S T E M  E X A M P L E  8 – 2

A COMPARATOR APPLICATION: 
ANALOG-TO-DIGITAL (A/D) CONVERSION 
  A/D conversion  is a common interfacing process often used when a linear  analog  system 
must provide inputs to a  digital  system. The system described in System Example 7–2 is 
such a system, which is shown again in Figure SE8–2 
with the emphasis on the A/D converter. The data is 
originally in analog form from a transducer and ini-
tially amplifi ed by the PGA, but needs to be processed 
by a computer. Before sending the data to the compu-
ter, it is converted to digital form by the A/D converter. 
Many methods for A/D conversion are available and 
some of these will be covered thoroughly in  Chapter   14   . 
However, in this discussion, only one type is used to 
demonstrate the concept used by this system. 

 The  simultaneous,  or  fl ash,  method of A/D con-
version uses parallel comparators to compare the linear 
input signal with various reference voltages developed 
by a voltage divider. When the input voltage exceeds 
the reference voltage for a given comparator, a high 
level is produced on that comparator’s output.  Figure   SE8–3    shows an analog-to-digital 
converter (ADC) that produces three-digit binary numbers on its output, which represent 
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the values of the analog input voltage as it changes. This converter requires seven compara-
tors. In general, 2  n   - 1 comparators are required for conversion to an  n -digit binary 
number. The large number of comparators necessary for a reasonably sized binary number 
is one of the drawbacks of this type of ADC. Its chief advantage is that it provides a fast 
conversion time, which is useful when many channels of data need to be converted.  

 The reference voltage for each comparator is set by the resistive voltage-divider net-
work and  V  REF . The output of each comparator is connected to an input of the priority 
encoder. The  priority encoder  is a digital device that produces a binary number on its out-
puts representing the highest-value input. 

 The encoder  samples  its input when a pulse occurs on the enable line (sampling pulse), 
and a three-digit binary number proportional to the value of the analog input signal appears 
on the encoder’s outputs. The sampling rate determines the accuracy with which the 
sequence of binary numbers represents the changing input signal. The more samples taken 
in a given unit of time, the more accurately the analog signal is represented in digital form. 

   8–2  SUMMING AMPLIFIERS 
  The summing amplifi er is a variation of the inverting op-amp confi guration covered in  Chapter   6   . 
The summing amplifi er has two or more inputs, and its output voltage is proportional to the nega-
tive of the algebraic sum of its input voltages. In this section, you will see how a summing amplifi er 
works, and you will learn about the averaging amplifi er and the scaling amplifi er, which are vari-
ations of the basic summing amplifi er.   

 After completing this section, you should be able to 

  •   Understand the operation of several types of summing amplifi ers 

   •   Describe the operation of a unity-gain summing amplifi er  

  •   Discuss how to achieve any specifi ed gain greater than unity  

  •   Describe the operation of an averaging amplifi er  

  •   Describe the operation of a scaling adder  

  •   Discuss a scaling adder used as a digital-to-analog converter

• Discuss analog systems in which summing amplifi ers play a key role     

  1.    What is the reference voltage for each comparator in  Figure   8–17   ?    

  2.    What is the purpose of hysteresis in a comparator?   

  3.    Defi ne the term  bounding  in relation to a comparator’s output.

4. What is the purpose of the resistor divider-string in a simulta-
neous (fl ash) A/D converter?   

    SECTION 8–1 CHECKUP* 

  *Answers are at the end of the chapter.     
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 FIGURE 8–17        
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  Summing Amplifi er with Unity Gain 
 A two-input  summing amplifi er  is shown in  Figure   8–18   , but any number of inputs can be 
used. 

  The operation of the circuit and derivation of the output expression are as follows. 
Two voltages,  V  IN1  and  V  IN2 , are applied to the inputs and produce currents  I  1  and  I  2 , as 
shown. From the concepts of infi nite input impedance and virtual ground, the voltage at 
the inverting (-) input of the op-amp is approximately 0 V, and therefore there is no cur-
rent at the input. This means that both input currents  I  1  and  I  2  combine at this summing 
point and form the total current, which is through  R f  , as indicated ( I  T  =  I  1  +  I  2 ). Since 
 V  OUT  = - I  T  R f ,  the following steps apply. 

   VOUT = -(I1 + I2)Rf = - aVIN1

R1
+

VIN2

R2
bRf    

 If all three of the resistors are equal in value ( R  1  =  R  2  =  R f   =  R ), then 

   VOUT = - aVIN1

R
+

VIN2

R
bR = -(VIN1 + VIN2)   

 The previous equation shows that the output voltage has the same magnitude as the 
sum of the two input voltages but with a negative sign. A general expression is given in 
Equation (8–3) for a summing amplifi er with  n  inputs, as shown in  Figure   8–19    where all 
resistors are equal in value. 

    VOUT = -(VIN1 + VIN2 + g + VINn)  (8–3)     

–

+

+VIN1

R1

VOUT

Rf

–

VIN2

R2
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ITI1

+ –

+ –

+ –

 FIGURE 8–18         Two-input inverting summing amplifi er.   
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 FIGURE 8–19         Summing amplifi er with n inputs.   

  E X A M P L E  8 – 4 

 Determine the output voltage in  Figure   8–20   .  

–

+

VIN1 = +3 V
10 k�

10 k�

10 k�

10 k�

VIN2 = +1 V

VIN3 = +8 V

VOUT
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R2

R3
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 FIGURE 8–20        
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  Summing Amplifi er with Gain Greater 
Than Unity 
 When  R f   is larger than the input resistors, the amplifi er has a gain of  -R f  > R,  where  R  is the 
value of each input resistor. The general expression for the output is 

    VOUT = -
Rf

R
 (VIN1 + VIN2 + g + VINn)  (8–4)    

 As you can see, the output has the same magnitude as the sum of all the input voltages 
multiplied by a constant determined by the ratio - R f  > R.  

  E X A M P L E  8 – 5 

 Determine the output voltage for the summing amplifi er in  Figure   8–21   .  

–

+

VIN1 = 0.2 V
R1

VOUT

10 k�

R2

VIN2 = 0.5 V

1.0 k�

1.0 k�

Rf

 FIGURE 8–21        

  S O L U T I O N 

  R f   = 10 k� and  R  =  R  1  =  R  2  = 1.0 k�. Therefore, 

   VOUT = -
Rf

R
 (VIN1 + VIN2) = -

10 k�

1.0 k�
 (0.2 V + 0.5 V) = -10(0.7 V) = �7 V    

  P R A C T I C E  E X E R C I S E 

 Determine the output voltage in  Figure   8–21    if the two input resistors are 2.2 k� 
and the feedback resistor is 18 k�.    

  Averaging Amplifi er 
 A summing amplifi er can be made to produce the mathematical average of the input volt-
ages. This is done by setting the ratio  R f  > R  equal to the reciprocal of the number of inputs 
( n ); that is,  R f  > R  = 1> n.  

  S O L U T I O N 

   VOUT = -(VIN1 + VIN2 + VIN3) = -(3 V + 1 V + 8 V) = �12 V    

  P R A C T I C E  E X E R C I S E 

 If a fourth input of + 0.5 V is added to  Figure   8–20    with a 10 k� resistor, what is 
the output voltage?    
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 You obtain the average of several numbers by fi rst adding the numbers and then 
dividing by the quantity of numbers you have. Examination of Equation (8–4) and a little 
thought will convince you that a summing amplifi er will do this. The next example illus-
trates this idea. 

  E X A M P L E  8 – 6 

 Show that the amplifi er in  Figure   8–22    produces an output whose magnitude is 
the mathematical average of the input voltages.  

–

+

VIN1 = +1 V
R1

VOUT

25 k�

R4
VIN4 = +4 V

100 k�

100 k�

Rf

VIN2 = +2 V
R2

100 k�

R3
VIN3 = +3 V

100 k�

 FIGURE 8–22        

  S O L U T I O N 

 Since the input resistors are equal,  R  = 100 k�. The output voltage is 

    VOUT = -
Rf

R
 (VIN1 + VIN2 + VIN3 + VIN4)

 = -
25 k�

100 k�
 (1 V + 2 V + 3 V + 4 V) = -

1

4
 (10 V) = �2.5 V   

 A simple calculation shows that the average of the input values is the same mag-
nitude as  V  OUT  but of opposite sign. 

   VIN(avg) =
1 V + 2 V + 3 V + 4 V

4
=

10 V

4
= 2.5 V    

  P R A C T I C E  E X E R C I S E 

 Specify the changes required in the averaging amplifi er in  Figure   8–22    in order to 
handle fi ve inputs.       

  Scaling Adder 
 A different weight can be assigned to each input of a summing amplifi er by simply 
adjusting the values of the input resistors. As you have seen, the output voltage can be 
expressed as 

    VOUT = - a Rf

R1
VIN1 +

Rf

R2
VIN2 + g +

Rf

Rn
VINnb   (8–5)    

 The weight of a particular input is set by the ratio of  R f   to the resistance for that input. For 
example, if an input voltage is to have a weight of 1, then  R  =  R f  . Or if a weight of 0.5 is 
required,  R  = 2 R f  . The smaller the value of  R,  the greater the weight, and vice versa. 

 Open fi le F08-22 found on the 
companion website. This 
simulation demonstrates the 
operation of a summing 
amplifi er with both positive 
and negative dc inputs. 

MULTISIM
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  S O L U T I O N 

 Weight of input 1:    
Rf

R1
=

10 k�

50 k�
= 0.2    

 Weight of input 2:    
Rf

R2
=

10 k�

100 k�
= 0.1    

 Weight of input 3:    
Rf

R3
=

10 k�

10 k�
= 1    

 The output voltage is 

    VOUT = - a Rf

R1
VIN1 +

Rf

R2
VIN2 +

Rf

R3
VIN3b

 = -[0.2(3 V) + 0.1(2 V) + 1(8 V)] = -(0.6 V + 0.2 V + 8 V)

 = �8.8 V     

  P R A C T I C E  E X E R C I S E 

 Determine the weight of each input voltage in  Figure   8–23    if  R  1  = 22 k�, 
 R  2  = 82 k�,  R  3  = 56 k�, and  R f   = 10 k�. Also fi nd  V  OUT .    

  E X A M P L E  8 – 7 

 Determine the weight of each input voltage for the scaling adder in  Figure   8–23    
and fi nd the output voltage.  

DIGITAL-TO-ANALOG (D/A) CONVERSION 
  D/A conversion  is an important interface process for converting digital signals to analog 
(linear) signals in many types audio systems. An example is a voice signal that is digitized 
for storage, processing, or transmission and must be changed back into an approximation of 
the original audio signal in order to drive a speaker. In this example, we will look at a sys-
tem that stores the voice signal as digital data, then later reads it back and converts it to 
sound. The system is diagramed in Figure SE-8–4. The emphasis in this system is the D/A 
conversion process. Digital-to-analog converters will be covered thoroughly in  Chapter   14   . 

 The method of D/A conversion used in this system uses a scaling adder with input 
resistor values that represent the binary weights of the digital input code. For simplicity, we 
will show a four-bit converter, although most actual converters use 10 or more bits.  Figure 
  SE8–5    shows a four-bit digital-to-analog converter (DAC) of this type (called a  binary-
weighted resistor DAC ). The switch symbols represent transistor switches for applying 
each of the four binary digits to the inputs.  

  S Y S T E M  E X A M P L E  8 – 3

–

+
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 FIGURE 8–23        
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 A 25 WATT FOUR-CHANNEL MIXER/AMPLIFIER 
 Almost every sound reinforcement system employs a device called a mixer. A mixer takes 
signals from different sources, such as instruments and/or vocalists, and combines them. 
Since the level of each input may vary signifi cantly, each input must have its own volume 
control, independent of the rest of the system. This allows the sound technician to balance 
the sound so that each instrument or vocalist can be heard clearly. At the same time, a 
master volume control is required to raise or lower the overall sound 
level. The front panel controls of a basic four-channel mixer are 
shown in  Figure   SE8–6   . 

 Note that the inputs are female XLR connectors. XLR connec-
tors are commonly used in professional audio, and are sometimes 
used in lighting control and other applications as well. XLR connec-
tors were invented by James Cannon and are sometimes called can-
non connectors. The three-pin connectors shown are the most 
common type but XLR connectors can have up to seven pins, 
depending on the application. The center pin is the ground pin and is 
slightly longer than the other pins so that it makes contact before the 
other pins. 

 Refer to the circuit schematic shown in  Figure   SE8–7   . In this circuit an op-amp is being 
used as both a summing amplifi er and a preamp. First note the potentiometers and fi xed resis-
tors on each input. The potentiometers control the gain of the input signal from each micro-
phone. As the resistance of the potentiometer decreases, the gain of that input signal increases. 
The fi xed-value resistors are required because, if the potentiometer is lowered to 0 �, the 
op-amp will immediately saturate, regardless of the setting of the master volume control. 

 The feedback potentiometer acts as the master volume control; as its value increases 
the gain of the summed inputs increases. No fi xed-value feedback resistor is required. 
When the feedback resistance reaches 0 � the gain of the circuit is 0 and no sound is 
 produced. Note that the LM4562 op-amp has been chosen for this mixer. This series of 

 S Y S T E M  E X A M P L E  8 – 4 

Master

Inputs

0/1

Guitar Bass Drums Vocals

 FIGURE SE8–6         Mixer front panel controls.   
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 FIGURE SE8–5         A scaling adder as a four-bit digital-to-
analog converter (DAC).   

 The inverting (-) input is at virtual ground, so that the output voltage is proportional 
to the current through the feedback resistor  R f   (sum of input currents). The lowest-value 
resistor  R  corresponds to the highest weighted binary input (2 3 ). All of the other resistors 
are multiples of  R  and correspond to the binary weights 2 2 , 2 1 , and 2 0 . 
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 FIGURE SE8–7         Schematic for a 25 W four-channel mixer/amplifi er.   

op-amps from National Semiconducor are ultra-low distortion amplifi ers that have been 
optimized for high fi delity applications. The spec sheet for the LM4562 can be found at 
 www.national.com . 

 Many mixers also include a power amplifi er. This circuit uses a variation of the 
power amp that was introduced in System Example 5–1 with a few changes. The supply 
rails for the power amp have been increased to {45 V in order to allow for a higher output. 
It is quite common to have more than one supply rail voltage in a given system. This 
change required that the 2N3904 and the 2N3906 be changed for a higher voltage rated 
transistor; the 2N3904 and 2N3906 are rated for a maximum of 40 V from collector to 
emitter. The buffer stage was replaced with a class A amplifi cation stage. This was because 
the op-amp could not produce a high enough output voltage swing. No buffer is required 
as the LM4562, with its low output impedance, could easily drive the class A amplifi er. As 
designed, this mixer/amplifi er can deliver 25 W continuous into an 8-ohm speaker before 
clipping. If higher power is required, one or more output stages can be added in parallel. 

 Open fi le SE-8-7 found on the 
companion website. This 
simulation demonstrates the 
operation of this four-channel 
mixer/amplifi er. 

MULTISIM

  1.    Defi ne  summing point.    

  2.    What is the value of  R f  > R  for a fi ve-input averaging amplifi er?   

  3.    A certain scaling adder has two inputs, one having twice the 
weight of the other. If the resistor value for the lower 

weighted input is 10 k�, what is the value of the other input 
resistor?

4. Refer to Figure SE8–7. What is the purpose of the fi xed resistors 
in each channel of the mixer?                          

    SECTION 8–2 CHECKUP 

www.national.com


  The Op-Amp Integrator 
 An ideal  integrator  is shown in  Figure   8–24   . Notice that the feedback element is a capaci-
tor that forms an  RC  circuit with the input resistor.  

  An op-amp integrator simulates mathematical integration, which is basically a summing process 
that determines the total area under the curve of a function. An op-amp differentiator simu-
lates mathematical differentiation, which is a process of determining the instantaneous rate of 
change of a function. The integrators and differentiators shown in this section are idealized to 
show basic principles. Practical integrators often have an additional resistor or other circuitry 
in parallel with the feedback capacitor to prevent saturation. Practical differentiators may 
include a series resistor to reduce high frequency noise.   

 After completing this section, you should be able to 

  •   Understand the operation of integrators and differentiators 

   •   Identify an integrator  

  •   Discuss how a capacitor charges  

  •   Determine the rate of change of an integrator’s output  

  •   Identify a differentiator  

  •   Determine the output voltage of a differentiator     

   8–3  INTEGRATORS AND DIFFERENTIATORS 

  HOW A CAPACITOR CHARGES     To understand how the integrator works, it is 
important to review how a capacitor charges. Recall that the charge  Q  on a capacitor is 
proportional to the charging current ( I C  ) and the time ( t ). 

   Q = ICt   

 Also, in terms of the voltage, the charge on a capacitor is 

   Q = CVC   

 From these two relationships, the capacitor voltage can be expressed as 

   VC = a IC

C
b t   

 This expression is an equation for a straight line that begins at zero with a constant slope of 
 I C  > C.  (Remember from algebra that the general formula for a straight line is  y  =  mx  +  b.  
In this case,  y  =  V C  ,  m  =  I C  > C, x  =  t,  and  b  = 0.) 

 Recall that the capacitor voltage in a simple  RC  network is not linear but is exponen-
tial. This is because the charging current continuously decreases as the capacitor charges 
and causes the rate of change of the voltage to continuously decrease. The key thing about 
using an op-amp with an  RC  network to form an integrator is that the capacitor’s charging 
current is made constant, thus producing a straight-line (linear) voltage rather than an 
exponential voltage. Now let’s see why this is true. 

–

+
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Vout

C  FIGURE 8–24         An ideal 
 op-amp integrator.   
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 FIGURE 8–25         Currents in an integrator.   

 In  Figure   8–25   , the inverting input of the op-amp is at virtual ground (0 V), so the 
voltage across  R i   equals  V in .  Therefore, the input current is 

   Iin =
Vin

Ri
    

 If  V in   is a constant voltage, then  I in   is also a constant because the inverting input 
always remains at 0 V, keeping a constant voltage across  R i .  Because of the very high input 
impedance of the op-amp, there is negligible current at the inverting input. This makes all 
of the input current charge the capacitor, so 

   IC = Iin    

  THE CAPACITOR VOLTAGE     Since  I in   is constant, so is  I C .  The constant  I C   charges 
the capacitor linearly and produces a linear voltage across  C.  The positive side of the capacitor 
is held at 0 V by the virtual ground of the op-amp. The voltage on the negative side of the 
capacitor decreases linearly from zero as the capacitor charges, as shown in  Figure   8–26   . This 
voltage is called a  negative ramp  and is the consequence of a constant positive input.   
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 FIGURE 8–26         A linear ramp voltage is produced across C by the constant 
charging current.   
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 FIGURE 8–27         A constant input voltage produces a ramp on the 
output of the integrator.   

  THE OUTPUT VOLTAGE      V out   is the same as the voltage on the negative side of 
the capacitor. When a constant positive input voltage in the form of a step or pulse (a pulse 
has a constant amplitude when high) is applied, the output ramp decreases negatively until 
the op-amp saturates at its maximum negative level. This is indicated in  Figure   8–27   .   
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  RATE OF CHANGE OF THE OUTPUT     The rate at which the capacitor charges, 
and therefore the slope of the output ramp, is set by the ratio  I C  > C,  as you have seen. Since 
 I C   =  V in  > R i ,  the rate of change or slope of the integrator’s output voltage is 

    
�Vout

�t
= -

Vin

RiC
  (8–6)    

 Integrators are especially useful in triangular-wave generators as you will see in  Chapter   10   .           

  E X A M P L E  8 – 8 

   (a)   Determine the rate of change of the output voltage in response to the fi rst 
input pulse in a pulse waveform, as shown for the ideal integrator in  Figure 
  8–28   (a). The output voltage is initially zero.   

  (b)   Describe the output after the fi rst pulse. Draw the output waveform.   

Vin 0 –

+

10 k� Vout

Vout(max) = ±10 V

Ri

+5 V

0

+5 V

100 μs 100 μs

0

Vout

–5 V

(b)

(a)

1st
pulse

Vin

100 μs

–10 V

0.01 μF

C

 FIGURE 8–28        

 The ideal integrator shown in  Figure   8–24    works fi ne 
in theory, but will not work in practice. If there is even 
the slightest dc offset at the input to the op-amp, it will 
eventually cause the output to be driven to saturation. 
The reason is that the capacitor acts like an almost infi -
nite resistance to the dc voltage, and the dc voltage gain 
will be extremely high. Even if there is no dc compo-
nent to the input signal, the input offset current of the 
op-amp itself can result in an output offset voltage. 

 The solution to this problem is to add a high-
value resistor in parallel with the capacitor, as shown 
in  Figure   SN8–1   . This circuit is known as a running-
average, or  Miller integrator . At high frequencies the 
resistor has little or no effect. At lower frequencies it 
allows a path for the capacitor to discharge and lowers 
the dc gain of the integrator. 

 S Y S T E M  N O T E 
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 FIGURE SN8–1         A Miller 
integrator.   
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  The Op-Amp Differentiator 
 An ideal  differentiator  is shown in  Figure   8–29   . Notice how the placement of 
the capacitor and resistor differ from that in the integrator. The capacitor is now 
the input element. A differentiator produces an output that is proportional to the 
rate of change of the input voltage. Although a small-value resistor is normally 
used in series with the capacitor to limit the gain, it does not affect the basic 
operation and is not shown for purposes of this analysis.  

 To see how the differentiator works, let’s apply a positive-going ramp 
voltage to the input as indicated in  Figure   8–30   . In this case,  I C   =  I in   and the 

voltage across the capacitor is equal to  V in   at all times ( V C   =  V in  ) because of virtual 
ground on the inverting input.  

–

+

Vout

R

Vin

C

 FIGURE 8–29         An ideal op-
amp differentiator.   

  S O L U T I O N 

   (a)   The rate of change of the output voltage during the time that the input pulse 
is high is 

   
�Vout

�t
= -

Vin

RiC
= -

5 V

(10 k�)(0.01 mF)
= -50 kV/s = �50 mV/Ms    

  (b)   The rate of change was found to be -50 mV/ms in part (a). When the input is 
at +5 V, the output is a negative-going ramp. When the input is at 0 V, the 
output is a constant level. In 100 ms, the voltage decreases. 

   �Vout = (-50 mV/ms)(100 ms) = �5 V   

  Therefore, the negative-going ramp reaches -5 V at the end of the pulse. The 
output voltage then remains constant at -5 V for the time that the input is 
zero. On the next pulse, the output again is a negative-going ramp that 
reaches -10 V. Since this is the maximum limit, the output remains at -10 V 
as long as pulses are applied. The waveforms are shown in  Figure   8–28   (b).    

  P R A C T I C E  E X E R C I S E 

 Modify the integrator in  Figure   8–28    to make the output change from 0 to -5 V in 
50 ms with the same input.        

 Open fi le F08-28 found on the 
companion website. This 
simulation demonstrates the 
effect that changing the input 
resistance and the feedback 
capacitance has on the output 
of an integrator circuit. 

MULTISIM
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 FIGURE 8–30         A differentiator with a ramp input.   

 From the basic formula, which is  V C   = ( I C  > C ) t,  

   IC = aVC

t
bC   

 Since the current at the inverting input is negligible,  I R   =  I C .  Both currents are constant 
because the slope of the capacitor voltage ( V C  > t ) is constant. The output voltage is also 
constant and equal to the voltage across  R f   because one side of the feedback resistor is 
always 0 V (virtual ground). 

   Vout = IRRf = ICRf    
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    Vout = - aVC

t
bRf C  (8–7)    

 The output is negative when the input is a positive-going ramp and positive when the 
input is a negative-going ramp, as illustrated in  Figure   8–31   . During the positive slope of 
the input, the capacitor is charging from the input source with constant current through 
the feedback resistor. During the negative slope of the input, the constant current is in the 
opposite direction because the capacitor is discharging.  
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 FIGURE 8–31         Output of a differentiator with a series of positive and negative ramps 
(triangle wave) on the input.   

 Notice in Equation (8–7) that the term  V C  > t  is the slope of the input. If the slope 
increases,  V out   becomes more negative. If the slope decreases,  V out   becomes more positive. 
So the output voltage is proportional to the negative slope (rate of change) of the input. 
The constant of proportionality is the time constant,  R f C.     

  E X A M P L E  8 – 9 

 Determine the output voltage of the ideal op-amp differentiator in  Figure   8–32    for 
the triangular-wave input shown.  
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 FIGURE 8–32        

 The output of a differentiator is a function of the rate of change of the input signal. One com-
mon application for this circuit is in process instrumentation. Suppose an industrial furnace is 
being brought up to full operating temperature. If only the furnace temperature is monitored, 
no alarm would sound until it actually overheated. A safer control system would monitor the 
 rate  at which the furnace was heating up. If the furnace was heating too quickly, this would be 
an indication of a possible malfunction and corrective action could be taken  before  the furnace 
actually overheated. 

 If the input to an integrator was tied to a sensor that produced a dc voltage proportional 
to temperature, the differentiator would produce an output that was proportional to the rate at 
which the temperature increased. The output of the differentiator would then drive a compara-
tor. If the rate of change of temperature exceeded a predetermined value, calibrated by the 
reference voltage of the comparator, the comparator output would trigger an alarm and the 
heating process would be aborted. 

 S Y S T E M  N O T E 

 Open fi le F08-32 found on the 
companion website. This 
simulation demonstrates the 
operation of the op-amp 
differentiator. 

MULTISIM
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0 VVout

Vin 0 V

+4.4 V

–4.4 V

5 μs 10 μs 15 μs 20 μs
t

t

 FIGURE 8–33        

  S O L U T I O N 

 Starting at  t  = 0, the input voltage is a positive-going ramp ranging from -5 V 
to +5 V (a +10 V change) in 5 ms. Then it changes to a negative-going ramp 
ranging from +5 V to -5 V (a -10 V change) in 5 ms. 

 Substituting into Equation (8–7), the output voltage for the positive-going 
ramp is 

   Vout = - aVC

t
bRf C = - a 10 V

5 ms
b (2.2 k�)(0.001 mF) = 24.4 V   

 The output voltage for the negative-going ramp is calculated the same way. 

   Vout = - aVC

t
bRf C = - a-10 V

5 ms
b (2.2 k�)(0.001 mF) = �4.4 V   

 Finally, the output voltage waveform is graphed relative to the input as shown in 
 Figure   8–33   . 

As mentioned previously, if this were a practical differentiator, there would 
be a small value resistor in series with the capacitor. The analysis is essentially 
the same.   

  P R A C T I C E  E X E R C I S E 

 What would the output voltage be if the feedback resistor in  Figure   8–32    is 
changed to 3.3 k�?      

  1.    What is the feedback element in an op-amp integrator?   

  2.    For a constant input voltage to an integrator, why is the volt-
age across the capacitor linear?   

  3.    What is the feedback element in an op-amp differentiator?   

  4.    How is the output of a differentiator related to the input?      

    SECTION 8–3 CHECKUP 



  Constant-Current Source 
 A  constant-current source  delivers a load current that remains constant when the load 
resistance changes.  Figure   8–34    shows a basic circuit in which a stable voltage source ( V in  ) 
provides a constant current ( I i  ) through the input resistor ( R i  ). Since the inverting input of 
the op-amp is at virtual ground (0 V), the value of  I i   is determined by  V  IN  and  R i   as 

   Ii =
VIN

Ri
    

  This section introduces a few more op-amp circuits that represent basic applications of the 
 op-amp. You will learn about the constant-current source, the current-to-voltage converter, 
the voltage-to-current converter, and the peak detector. This is, of course, not a comprehensive 
coverage of all possible op-amp circuits but is intended only to introduce you to some common 
and basic uses.   

 After completing this section, you should be able to 

  •   Understand the operation of several special op-amp circuits 

   •   Identify and explain the operation of an op-amp constant-current source  

  •   Identify and explain the operation of an op-amp current-to-voltage converter  

  •   Identify and explain the operation of an op-amp voltage-to-current converter  

  •   Explain how an op-amp can be used as a peak detector     

   8–4  CONVERTERS AND OTHER 
OP-AMP CIRCUITS 

RL
Ri

–

+

–

+VIN

0 V

I = 0

IL

Ii
+ –

+ –

 FIGURE 8–34         A basic constant-current source.   

 Now, since the internal input impedance of the op-amp is extremely high (ideally 
infi nite), practically all of  I i   is through  R L ,  which is connected in the feedback path. Since 
 I i   =  I  L , 

    IL =
VIN

Ri
  (8–8)    

 If  R L   changes,  I  L  remains constant as long as  V  IN  and  R i   are held constant.  

  Current-to-Voltage Converter 
 A  current-to-voltage converter  converts a variable input current to a proportional output 
voltage. A basic circuit that accomplishes this is shown in  Figure   8–35   (a). Since practi-
cally all of  I i   is through the feedback path, the voltage dropped across  R f   is  I i R f .  Because 
the left side of  R f   is at virtual ground (0 V), the output voltage equals the voltage across  R f ,  
which is proportional to  I i .  

    VOUT = IiRf   (8–9)     
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  Peak Detector 
 An interesting application of the op-amp is in a  peak detector  circuit such as 
the one shown in  Figure   8–37   . In this case the op-amp is used as a compara-
tor. The purpose of this circuit is to detect the peak of the input voltage and 
store that peak voltage on a capacitor. For example, this circuit can be used to 
detect and store the maximum value of a voltage surge; this value can then be 
measured at the output with a voltmeter or recording device. The basic opera-
tion is as follows. When a positive voltage is applied to the noninverting 
input of the op-amp through  R i ,  the high-level output voltage of the op-amp 

 A specifi c application of this circuit is illustrated in  Figure   8–35   (b), where a photo-
conductive cell is used to sense changes in light level. As the amount of light changes, the 
current through the photoconductive cell varies because of the cell’s change in resistance. 
This change in resistance produces a proportional change in the output voltage 
(� V  OUT  = � I i R f  ).  

  Voltage-to-Current Converter 
 A basic  voltage-to-current converter  is shown in  Figure   8–36   . This circuit 
is used in applications where it is necessary to have an output (load) cur-
rent that is controlled by an input voltage.  

 Neglecting the input offset voltage, both inverting and noninverting 
input terminals of the op-amp are at the same voltage,  V  IN . Therefore, the 
voltage across  R  1  equals  V  IN  .  Since there is negligible current for the 
inverting input, the current through  R  1  is the same as the current through 
 R L  ; thus,   

    IL =
VIN

R1
  (8–10)      

–

+

0 V
VOUT

Rf

–

+

VOUT

Rf

(a) Basic circuit (b)

VIN
λ

Circuit for sensing light level and converting
it to a proportional output voltage

Ii

Ii

VIN
+ –

+ –

Photoconductive
cell

 FIGURE 8–35         Current-to-voltage converter.   

VIN +

–

I = 0

IL

RL

R1

I1

+ –

–

+

 FIGURE 8–36         Voltage-to-current converter.   
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–
R1

VOUT

Ri

C

 FIGURE 8–37         A basic peak detector.   

 In instrumentation systems, most physical measurements (such as temperature, weight, pres-
sure, etc.) are represented by sensors as analog dc voltage signals. However, dc current signals 
are preferred over dc voltage signals since the dc current in a series circuit (sensor to measuring/
recording device) will always be the same at any point in the signal path. DC voltage signals, 
even in a parallel arrangement, can still vary from one point in the circuit to another due to 
wiring losses. Also, current-sensing instruments have better noise immunity than voltage-
sensing instruments due to their lower impedance. 

 The op-amp voltage-to-current converter is an ideal device for this application. It will 
produce a precise current for a given sensor input voltage even when the resistance of the path 
to the measuring device is not known. 

 S Y S T E M  N O T E 
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forward-biases the diode and charges the capacitor. The capacitor continues to charge until 
its voltage reaches a value equal to the input voltage and thus both op-amp inputs are at the 
same voltage. At this point, the op-amp comparator switches, and its output goes to the low 
level. The diode is now reverse-biased, and the capacitor stops charging. It has reached a 
voltage equal to the peak of  V in   and will hold this voltage until the charge eventually leaks 
off. If a greater input peak occurs, the capacitor charges to the new peak.  

  Figure   8–38    illustrates an internal failure of a comparator circuit that results in a “stuck” output.  

–Vmax

–

+

0

(b) Output failed in the LOW state

0
+Vmax–

+

0

(a) Output failed in the HIGH state

0
Vin

 FIGURE 8–38         Internal comparator failures typically result in the output being “stuck” in the 
HIGH or LOW state.   

   8–5  TROUBLESHOOTING 
  Although integrated circuit op-amps are extremely reliable and trouble-free, failures do occur 
from time to time. One type of internal failure mode is a condition where the op-amp output is 
“stuck” in a saturated state resulting in a constant high or constant low level, regardless of the 
input. Also, external component failures will produce various types of failure modes in op-amp 
circuits. Some examples are presented in this section.  

  After completing this section, you should be able to 

  •   Troubleshoot basic op-amp circuits 

   •   Identify failures in comparator circuits  

  •   Identify failures in summing amplifi ers     

  1.    For the constant-current source in  Figure   8–34   , the input refer-
ence voltage is 6.8 V and  R i   is 10 k�. What value of constant 
current does the circuit supply to a 1 k� load? To a 5 k� load?   

  2.    What element determines the constant of proportionality that 
relates input current to output voltage in the current-to-voltage 
converter?                                

    SECTION 8–4 CHECKUP 

  Symptoms of External Component Failures 
in Comparator Circuits 
 A comparator with zener-bounding is shown in  Figure   8–39   . In addition to a failure of the 
op-amp itself, a zener diode or the resistor could be faulty. For example, suppose one of the 
zener diodes opens. This effectively eliminates both zeners, and the circuit operates as an 
unbounded comparator, as indicated in  Figure   8–40   (a). With a shorted diode, the output is 
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limited to the zener voltage (bounded) only in one direction depending on which diode 
remains operational, as illustrated in  Figure   8–40   (b). In the other direction, the output is 
held at the forward diode voltage.   

RiVin

Open zenerD1

Vout
0 V 0

+Vmax

–Vmax Unbounded

Unbounded

t
0

(a) The effect of an open zener

RiVin

Shorted zenerD1

Vout
0 0.7 V

–VZ1 Bounded

t
0

(b) The effect of a shorted zener

Vin

Open

Vout
0

–Vmax

0

(c) Open R2 causes output to “stick” in one state (either high or low)

–Vmax
R1

R2

0

+Vmax

–Vmax

0
Vin

Vout

0 V R1

R2

Open

–

+

–

+

–

+

–

+

(d) Open R1 forces the circuit to operate as a zero-level detector

 FIGURE 8–40         Examples of 
comparator circuit failures and 
their effects.   

Ri

–

+

Vin

D2D1

Vout

 FIGURE 8–39         A bounded 
comparator.   

 Recall that  R  1  and  R  2  set the UTP and LTP for the hysteresis comparator shown in 
Figure 8-40, parts (c) and (d). Now, suppose that  R  2  opens. Essentially all of the output volt-
age is fed back to the noninverting input, and, since the input voltage will never exceed the 
output, the device will remain in one of its saturated states. This symptom can also indicate 
a faulty op-amp, as mentioned before. Now, assume that  R  1  opens. This leaves the nonin-
verting input near ground potential and causes the circuit to operate as a zero-level detector.        
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  Symptoms of Component Failures 
in Summing Amplifi ers 
 If one of the input resistors in a unity-gain summing amplifi er opens, the output will be less 
than the normal value by the amount of the voltage applied to the open input. Stated 
another way, the output will be the sum of the remaining input voltages. 

 If the summing amplifi er has a nonunity gain, an open input resistor causes the output 
to be less than normal by an amount equal to the gain times the voltage at the open input. 

  S O L U T I O N 

 The output should be limited to {8.67 V. However, the positive maximum is +0.88 V and the negative maxi-
mum is -7.79 V. This indicates that  D  2  is shorted. Refer to  Example   8–3    for analysis of the bounded comparator.  

  P R A C T I C E  E X E R C I S E 

 What would the output voltage look like if  D  1  shorted rather than  D  2 ?    
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–

+

D2D1

Vout

R1
39 k�

R2
10 k�

Vout(max) = ± 12.5 V

100 k�
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0

Vin

Oscilloscope +5 V

0.18 V

–1.59 V

–5 V

0.88 V

–7.79 V

UTP
LTP

0 V

Vertical: 2.0 V/div for both channels

Vin

Vout

Input waveform

Output waveform

 FIGURE 8–41        

  E X A M P L E  8 – 1 0 

 One channel of a dual-trace oscilloscope is connected to the comparator output and the other channel to the input 
signal, as shown in  Figure   8–41   . From the observed waveforms, determine if the circuit is operating properly, and 
if not, what the most likely failure is.  

  E X A M P L E  8 – 1 1 

   (a)   What is the normal output voltage in  Figure   8–42   ?   
  (b)   What is the output voltage if  R  2  opens?  

  (c)   What happens if  R  5  opens?   

VIN1 = +1 V
R1

VOUT

10 k�

R4

VIN4 = +0.1 V

10 k�

10 k�

R5

VIN2 = +0.5 V
R2

10 k�

R3

VIN3 = +0.2 V

10 k�

–

+

 FIGURE 8–42        
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 As another example, let’s look at an averaging amplifi er. An open input resistor will 
result in an output voltage that is the average of all the inputs with the open input averaged 
in as a zero. 

  E X A M P L E  8 – 1 2 

   (a)   What is the normal output voltage for the averaging amplifi er in  Figure   8–43   ?   
  (b)   If  R  4  opens, what is the output voltage? What does the output voltage 

represent?   

VIN1 = 1 V
R1

VOUT

20 k�

R4

VIN4 = 2 V

100 k�

100 k�

R6

VIN2 = 1.5 V
R2

100 k�

R3

VIN3 = 0.5 V

100 k�

VIN5 = 3 V

100 k�

R5

–

+

 FIGURE 8–43        

  S O L U T I O N 

 Since the input resistors are equal,  R  = 100 k�,  R f   =  R  6 . 

   (a)      VOUT = -
Rf

R
 (VIN1 + VIN2 + g+ VINn)

 = -
20 k�

100 k�
 (1 V + 1.5 V + 0.5 V + 2 V + 3 V) = -0.2(8 V)

 = �1.6 V     

  (b)     VOUT = -
20 k�

100 k�
 (1 V + 1.5 V + 0.5 V + 3 V) = -0.2(6 V) = �1.2 V   

  The 1.2 V result is the average of fi ve voltages with the 2 V input replaced 
by 0 V. Notice that the output is not the average of the four remaining 
input voltages.    

  P R A C T I C E  E X E R C I S E 

 If  R  4  is open, as was the case in this example, what would you have to do to make 
the output equal to the average of the remaining four input voltages?   

  S O L U T I O N 

   (a)    V  OUT  = -( V  IN1  +  V  IN2  + g +  V  IN n  ) 
 = -(1 V + 0.5 V + 0.2 V + 0.1 V) =  �1.8 V   

  (b)    V  OUT  = -(1 V + 0.2 V + 0.1 V) =  �1.3 V   

  (c)   If  R  5  opens, the circuit becomes a comparator and the output goes to - V max .     

  P R A C T I C E  E X E R C I S E 

 In  Figure   8–42   , assume  R  5  = 47 k�. What is the output voltage if  R  1  opens?   
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     SUMMARY 
   •   In an op-amp comparator, when the input voltage exceeds a specifi ed reference voltage, the out-

put changes state.  

  •   Hysteresis gives an op-amp noise immunity.  

  •   A comparator switches to one state when the input reaches the upper trigger point (UTP) and back 
to the other state when the input drops below the lower trigger point (LTP).  

  •   The difference between the UTP and the LTP is the hysteresis voltage.  

  •   Bounding limits the output amplitude of a comparator.  

  •   The output voltage of a summing amplifi er is proportional to the sum of the input voltages.  

  •   An averaging amplifi er is a summing amplifi er with a closed-loop gain equal to the reciprocal of 
the number of inputs.  

  •   In a scaling adder, a different weight can be assigned to each input, thus making the input contrib-
ute more or contribute less to the output.  

  •   Integration is a mathematical process for determining the area under a curve.  

  •   Integration of a step produces a ramp with a slope proportional to the amplitude.  

  •   Differentiation is a mathematical process for determining the rate of change of a function.  

  •   Differentiation of a ramp produces a step with an amplitude proportional to the slope.    

  KEY TERMS   
 Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary. 

  Bounding      The process of limiting the output range of an amplifi er or other circuit.   

  Comparator      A circuit that compares two input voltages and produces an output in either of two 
states indicating the greater than or less than relationship of the inputs.   

  Constant-current source      A circuit that delivers a load current that remains constant when the 
load resistance changes.   

  Current-to-voltage converter      A circuit that converts a variable input current to a proportional 
output voltage.   

  Differentiator      A circuit that produces an inverted output that approximates the rate of change of 
the input function.   

  Hysteresis      The property that permits a circuit to switch from one state to the other at one voltage 
level and switch back to the original state at another lower voltage level.   

  Integrator      A circuit that produces an inverted output that approximates the area under the curve of 
the input function.   

  Peak detector      A circuit used to detect the peak of the input voltage and store that peak value on a 
capacitor.   

  Schmitt trigger      A comparator with hysteresis.   

  Summing amplifi er      A variation of a basic comparator circuit that is characterized by two or more 
inputs and an output voltage that is proportional to the magnitude of the algebraic sum of the input 
voltages.   

  Voltage-to-current converter      A circuit that converts a variable input voltage to a proportional 
output current.    

  1.    Describe one type of internal op-amp failure.     2.    If a certain malfunction is attributable to more than one possible 
component failure, what would you do to isolate the problem?       

    SECTION 8–5 CHECKUP 
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  KEY FORMULAS 
  COMPARATORS 

    (8–1)  VREF �
R2

R1 � R2
 (�V )     Comparator reference 

    (8–2)  VHYS � VUTP � VLTP     Hysteresis voltage  

  SUMMING AMPLIFIER 

    (8–3)  VOUT � �(VIN1 � VIN2 �
P

� VINn)      n -input adder 

    (8–4)  VOUT � �
Rf

R
 (VIN1 � VIN2 �

P
� VINn)     Scaling adder with gain 

    (8–5)  VOUT � � a Rf

R1
VIN1 �

Rf

R2
VIN2 �

P
�

Rf

Rn
VINnb      Scaling adder  

  INTEGRATOR AND DIFFERENTIATOR 

    (8–6)  
�Vout

�t
� �

Vin

RiC
     Integrator output rate of change 

    (8–7)  Vout � � aVC

t
bRf C      Differentiator output voltage 

with ramp input  

  MISCELLANEOUS 

    (8–8)  IL �
VIN

Ri
     Constant-current source 

    (8–9)  VOUT � IiRf      Current-to-voltage converter 

    (8–10)  IL �
VIN

R1
     Voltage-to-current converter   

  SELF-TEST 
 Answers are at the end of the chapter. 

   1.    In a zero-level detector, the output changes state when the input  

   (a)   is positive     (b)   is negative  
  (c)   crosses zero     (d)   has a zero rate of change    

   2.    The zero-level detector is one application of a  

   (a)   comparator     (b)   differentiator  
  (c)   summing amplifi er     (d)   diode    

   3.    Noise on the input of a comparator can cause the output to  

   (a)   hang up in one state  
  (b)   go to zero  
  (c)   change back and forth erratically between two states  
  (d)   produce the amplifi ed noise signal    

   4.    The effects of noise can be reduced by  

   (a)   lowering the supply voltage     (b)   using positive feedback  
  (c)   using negative feedback     (d)   using hysteresis  
  (e)   answers (b) and (d)    

   5.    A comparator with hysteresis  

   (a)   has one trigger point     (b)   has two trigger points  
  (c)   has a variable trigger point     (d)   is like a magnetic circuit    

   6.    In a comparator with hysteresis,  

   (a)   a bias voltage is applied between the two inputs  
  (b)   only one supply voltage is used  
  (c)   a portion of the output is fed back to the inverting input  
  (d)   a portion of the output is fed back to the noninverting input    
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   7.    Using output bounding in a comparator  

   (a)   makes it faster     (b)   keeps the output positive  
  (c)   limits the output levels     (d)   stabilizes the output    

   8.    A window comparator detects when the  

   (a)   input is between two specifi ed limits   
  (b)   input is not changing  
  (c)   input is changing too fast  
  (d)   amount of light exceeds a certain value    

   9.    A summing amplifi er can have  

   (a)   only one input       (b)   only two inputs       (c)   any number of inputs    

   10.    If the voltage gain for each input of a summing amplifi er with a 4.7 k� feedback resistor is 
unity, the input resistors must have a value of  

   (a)   4.7 k�  
  (b)   4.7 k� divided by the number of inputs  
  (c)   4.7 k� times the number of inputs    

   11.    An averaging amplifi er has fi ve inputs. The ratio  R f  > R in   must be  

   (a)   5       (b)   0.2       (c)   1    

   12.    In a scaling adder, the input resistors are  

   (a)   all the same value     (b)   all of different values  
  (c)   each proportional to the weight of its inputs     (d)   related by a factor of two    

   13.    In an integrator, the feedback element is a  

   (a)   resistor      (b)   capacitor      (c)   zener diode      (d)   voltage divider    

   14.    For a step input, the output of an integrator is a  

   (a)   pulse      (b)   triangular waveform      (c)   spike      (d)   ramp    

   15.    The rate of change of an integrator’s output voltage in response to a step input is set by  

   (a)   the  RC  time constant     (b)   the amplitude of the step input  
  (c)   the current through the capacitor     (d)   all of these    

   16.    In a differentiator, the feedback element is a  

   (a)   resistor     (b)   capacitor  
  (c)   zener diode     (d)   voltage divider    

   17.    The output of a differentiator is proportional to  

   (a)   the  RC  time constant   
  (b)   the rate at which the input is changing  
  (c)   the amplitude of the input   
  (d)   answers (a) and (b)    

   18.    When you apply a triangular waveform to the input of a differentiator, the output is  

   (a)   a dc level   
  (b)   an inverted triangular waveform  
  (c)   a square waveform   
  (d)   the fi rst harmonic of the triangular waveform     

  TROUBLESHOOTER’S QUIZ 
 Answers are at the end of the chapter. 

  Refer to  Figure   8–45   . 

  • If the value of  R  1  is larger than specifi ed,   

   1.    The hysteresis voltage will  

   (a)   increase      (b)   decrease       (c)   not change    

   2.    The sensitivity to noise voltage on the input will  

   (a)   increase      (b)   decrease      (c)   not change    
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  Refer to  Figure   8–48   . 

  • If  D  2  is open,   

   3.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   4.    The upper trigger point voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   5.    The hysteresis voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   8–50   . 

  • If the value of  R  1  is less than specifi ed,   

   6.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   7.    The voltage at the inverting input will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   8–52   . 

  • If  C  is open ,    

   8.    The rate of change of the output voltage in response to the step input will  

   (a)   increase      (b)   decrease      (c)   not change    

   9.    The maximum voltage at the output will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   8–53   . 

  • If  C  is open ,    

   10.    The output signal voltage in response to a periodic triangular input waveform will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If the value of  R  is larger than specifi ed,   

   11.    The output voltage in response to the periodic triangular input waveform will  

   (a)   increase      (b)   decrease      (c)   not change    

   12.    The period of the output will  

   (a)   increase      (b)   decrease      (c)   not change     

  PROBLEMS 
 Answers to odd-numbered problems are at the end of the book. 

   SECTION   8–1        Comparators  

   1.    A certain op-amp has an open-loop gain of 80,000. The maximum saturated output levels of this 
particular device are ;12 V when the dc supply voltages are ;15 V. If a differential voltage of 
0.15 mV rms is applied between the inputs, what is the peak-to-peak value of the output?   

   2.    Determine the output level (maximum positive or maximum negative) for each comparator in 
 Figure   8–44   .    
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 FIGURE 8–44        
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   3.    Calculate the  V  UTP  and  V  LTP  in  Figure   8–45   .  V out   ( max )  = -10 V.    

   4.    What is the hysteresis voltage in  Figure   8–45   ?   

   5.    Sketch the output voltage waveform for each circuit in  Figure   8–46    with respect to the input. 
Show voltage levels.    
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 FIGURE 8–47        

R1

–

+

Vout

D2D1

0

R2
47 k�

4.7 V 4.7 V

R3
10 k�

+3 V

–3 V
47 k�

Vin

 FIGURE 8–48        

   6.    Determine the hysteresis voltage for each comparator in  Figure   8–47   . The maximum output 
levels are ;11 V.    

   7.    A 6.2 V zener diode is connected from the output to the inverting input in  Figure   8–45    with the 
cathode at the output. What are the positive and negative output levels?   

   8.    Determine the output voltage waveform in  Figure   8–48   .    
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 FIGURE 8–46        
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   SECTION   8–2        Summing Amplifi ers  

   9.    Determine the output voltage for each circuit in  Figure   8–49   .    

   10.    Refer to  Figure   8–50   . Determine the following:  
   (a)     V R   1  and  V R   2   
  (b)   Current through  R f    
  (c)     V  OUT      

   11.    Find the value of  R f   necessary to produce an output that is fi ve times the sum of the inputs in 
 Figure   8–50   .   

   12.    Design a summing amplifi er that will average eight input voltages. Use input resistances of 
10 kÆ each.   

   13.    Find the output voltage when the input voltages shown in  Figure   8–51    are applied to the scaling 
adder. What is the current through  R f ?     
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   14.    Determine the values of the input resistors required in a six-input scaling adder so that the low-
est weighted input is 1 and each successive input has a weight twice the previous one. Use 
 R f   = 100 kÆ.   

   SECTION   8–3        Integrators and Differentiators  

   15.    Determine the rate of change of the output voltage in response to the step input to the integrator 
in  Figure   8–52   .    
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 FIGURE 8–52        
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   16.    A triangular waveform is applied to the input of the circuit in  Figure   8–53    as shown. Determine 
what the output should be and sketch its waveform in relation to the input.    

   17.    What is the magnitude of the capacitor current in Problem 16?   

   18.    A triangular waveform with a peak-to-peak voltage of 2 V and a period of 1 ms is applied to the 
differentiator in  Figure   8–54   (a). What is the output voltage?    

   19.    Beginning in position 1 in  Figure   8–54   (b), the switch is thrown into position 2 and held there 
for 10 ms, then back to position 1 for 10 ms, and so forth. Sketch the resulting output waveform. 
The saturated output levels of the op-amp are ;12 V.   

   SECTION   8–4        Converters and Other Op-Amp Circuits  

   20.    Determine the load current in each circuit of  Figure   8–55   . (Hint: Thevenize the circuit to the left 
of  R i  .)    
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 FIGURE 8–55        

   21.    Devise a circuit for remotely sensing temperature and producing a proportional voltage that can 
then be converted to digital form for display. A thermistor can be used as the temperature-
sensing element.   

   SECTION   8–5        Troubleshooting  

   22.    The waveforms given in  Figure   8–56   (a) are observed at the indicated points in  Figure   8–56   (b). 
Is the circuit operating properly? If not, what is a likely fault?    
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   23.    The waveforms shown for the window comparator in  Figure   8–57    are measured. Determine if 
the output waveform is correct and, if not, specify the possible fault(s).    
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   24.    The sequences of voltage levels shown in  Figure   8–58    are applied to the summing amplifi er and 
the indicated output is observed. First, determine if this output is correct. If it is not correct, 
determine the fault.    
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   25.    The given ramp voltages are applied to the op-amp circuit in  Figure   8–59   . Is the given output 
correct? If it isn’t, what is the problem?    

   26.    The ADC board from System Example 8–2 has just come off the assembly line and a pass/fail 
test indicates that it doesn’t work. The board now comes to you for troubleshooting. What is the 
very fi rst thing you should do? Can you isolate the problem(s) by this fi rst step in this case?    
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  MULTISIM TROUBLESHOOTING 
PROBLEMS 
   27.    Open fi le P08-27 and determine the fault.   

   28.    Open fi le P08-28 and determine the fault.   

   29.    Open fi le P08-29 and determine the fault.   

   30.    Open fi le P08-30 and determine the fault.   

   31.    Open fi le P08-31 and determine the fault.   

   32.    Open fi le P08-32 and determine the fault.   

   33.    Open fi le P08-33 and determine the fault.    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   8–1     

   1.     (a)    V  = (10 kÆ>110 kÆ)15 V = 1.36 V  
  (b)    V  = (22 kÆ>69 kÆ)(-12 V) = -3.83 V    

   2.   Hysteresis makes the comparator noise-free.  

   3.   Bounding limits the output amplitude to a specifi ed level.

 4. The divider string sets up a separate threshold voltage for each comparator.  

   SECTION   8–2     

   1.   The summing point is the point where the input resistors are commonly connected.  

   2.    R f  > R  = 1>5 = 0.2  

   3.   5 kÆ
 4. The fi xed resistors set the maximum gain for the channel.  

MULTISIM
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   SECTION   8–3     

   1.   The feedback element in an integrator is a capacitor.  

   2.   The capacitor voltage is linear because the capacitor current is constant.  

   3.   The feedback element in a differentiator is a resistor.  

   4.   The output of a differentiator is proportional to the rate of change of the input.  

   SECTION   8–4     

   1.    I  L  = 6.8 V>10 kÆ = 0.68 mA; same value to 5 kÆ load.  

   2.   The feedback resistor is the constant of proportionality.  

   SECTION   8–5     

   1.   An op-amp can fail with a shorted output.  

   2.   Replace suspected components one by one.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   8–1   1.96 V  

   8–2   +3.83 V, -3.83 V,  V  HYS  = 7.65 V  

   8–3   +1.81 V, -1.81 V  

   8–4   -12.5 V  

   8–5   -5.73 V  

   8–6   Changes require an additional 100 k� input resistor and a change of  R f   to 20 kÆ.  

   8–7   0.45, 0.12, 0.18;  V  OUT  = -3.03 V  

   8–8   Change  C  to 5000 pF or change  R  to 5.0 kÆ.  

   8–9   Same waveform with an amplitude of 6.6 V  

  8–10   A pulse from -0.88 V to +7.79 V  

  8–11   -3.76 V  

  8–12   Change  R  6  to 25 kÆ.   

  ANSWERS TO SELF-TEST 
   1.   (c)     2.   (a)     3.   (c)     4.   (e)     5.   (b)     6.   (d)     7.   (c)  

   8.   (a)     9.   (c)     10.   (a)     11.   (b)     12.   (c)     13.   (b)     14.   (d)   

   15.   (d)     16.   (a)     17.   (d)     18.   (c)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   decrease     2.   increase     3.   increase     4.   increase  

   5.   increase     6.   increase     7.   not change     8.   increase  

   9.   not change     10.   decrease     11.   increase     12.   not change     
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     9–3  Active Low-Pass Filters      

     9–4  Active High-Pass Filters      

     9–5  Active Band-Pass Filters      

     9–6  Active Band-Stop Filters      

     9–7  Filter Response Measurements       

  OBJECTIVES 
  •   Describe the gain-versus-frequency responses of 

the basic fi lters  

  •   Describe the three basic fi lter response character-
istics and other fi lter parameters  

  •   Understand active low-pass fi lters  

  •   Understand active high-pass fi lters  

  •   Understand active band-pass fi lters  

  •   Understand active band-stop fi lters  

  •   Discuss two methods for measuring frequency 
response   

  KEY TERMS 
    Filter   
   Critical frequency   
   Low-pass fi lter   
   Pole   
   Roll-off   

   High-pass fi lter   
   Band-pass fi lter   
   Band-stop fi lter   
   Damping factor   
   Order     

  INTRODUCTION 
 Power supply fi lters were introduced in  Chapter   2   . In 
this chapter, active fi lters used for signal processing are 
introduced. Filters are circuits that are capable of pass-
ing input signals with certain selected frequencies 
through to the output while rejecting signals with other 
frequencies. This property is called  selectivity.  

 Active fi lters use devices such as transistors or op-
amps combined with passive  RC ,  RL , or  RLC  networks. 
The active devices provide voltage gain and the passive 
networks provide frequency selectivity. In terms of gen-
eral response, there are four basic categories of active 
fi lters: low-pass, high-pass, band-pass, and band-stop. In 
this chapter, you will study active fi lters using op-amps 
and  RC  networks.    

 VISIT THE WEBSITE 
 Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd  

http://pearsonhighered.com/floyd
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   Filters are usually categorized by the manner in which the output voltage varies with the fre-
quency of the input voltage. The categories of active fi lters are low-pass, high-pass, band-pass, 
and band-stop. We will examine each of these general responses in this section.  

   After completing this section, you should be able to  

  •   Describe the gain-versus-frequency responses of the basic fi lters 

   •   Explain the low-pass response  

  •   Determine the critical frequency and bandwidth of a low-pass fi lter  

  •   Explain the high-pass response  

  •   Determine the critical frequency of a high-pass fi lter  

  •   Explain the band-pass response  

  •   Explain the signifi cance of the quality factor  

  •   Determine the critical frequency, bandwidth, quality factor, and damping factor of a 
band-pass fi lter  

  •   Explain the band-stop response     

      9–1  BASIC FILTER RESPONSES 

  Low-Pass Filter Response 
 A  fi lter  is a circuit that passes certain frequencies and attenuates or rejects all other fre-
quencies. The  passband  of a fi lter is the region of frequencies that are allowed to pass 
through the fi lter with minimum attenuation (usually defi ned as less than -3 dB). The 
 critical frequency,  f c    (also called the  cutoff frequency ), defi nes the end of the passband and 
is normally specifi ed at the point where the response drops -3 dB (70.7%) from the pass-
band response. Following the passband is a region called  the transition region  that leads 
into a region called the  stopband.  There is no precise point between the transition region 
and the stopband. 

 A  low-pass fi lter  is one that passes frequencies from dc to  f c   and signifi cantly attenu-
ates all other frequencies. The passband of the ideal low-pass fi lter is shown in the blue 
shaded area of  Figure   9–1   (a); the response drops to zero at frequencies beyond the pass-
band. This ideal response is sometimes referred to as a “brick wall” because nothing gets 
through beyond the wall. The bandwidth of an ideal low-pass fi lter is equal to  f c .  

    BW = fc  (9–1)     

 The ideal response shown in  Figure   9–1   (a) is not attainable by any practical fi lter. 
Actual fi lter responses depend on the number of  poles , a term used with fi lters to describe 
the number of bypass circuits contained in the fi lter.  1   The most basic low-pass fi lter is a 
simple  RC  network consisting of just one resistor and one capacitor; the output is taken 
across the capacitor as shown in  Figure   9–1   (b). This basic  RC  fi lter has a single pole and it 
rolls off at -20 dB/decade beyond the critical frequency. The actual response is indicated 
by the colored line in  Figure   9–1   (a). The response is plotted on a standard log plot that is 
used for fi lters to show details of the curve as the gain drops. Notice that the gain is almost 
constant until the frequency is at the critical frequency; after this, the gain drops rapidly at 
a fi xed  roll-off  rate.  

 The -20 dB/decade roll-off rate for the gain of a basic  RC  fi lter means that at a fre-
quency of 10 f c ,  the output will be -20 dB (10%) of the input. This rather gentle roll-off is 
not a particularly good fi lter characteristic because too much of the unwanted frequencies 
(beyond the passband) are allowed through the fi lter. 

 The critical frequency of the simple low-pass  RC  fi lter occurs when  X C  = R,  where 

   fc =
1

2pRC
   

 1  A pole is also used to describe certain complex mathematical characteristics of the transfer function for the fi lter. 
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 Recall from your basic dc/ac course that the output at the critical frequency is 70.7% of the 
input. This response is equivalent to an attenuation of -3 dB. 

  Figure   9–1   (c) illustrates several idealized low-pass response curves, including the 
basic one pole response (-20 dB/decade). The approximations show a  fl at  response to the 
cutoff frequency and a roll-off at a constant rate after the cutoff frequency. Actual fi lters do 
not have a perfectly fl at response to the cutoff frequency but have dropped to -3 dB at this 
point as described previously. 

 In order to produce a fi lter that has a steeper transition region (and hence form a more 
effective fi lter), it is necessary to add additional circuitry to the basic fi lter. Responses that 
are steeper than -20 dB/decade in the transition region cannot be obtained by simply cas-
cading identical  RC  stages (due to loading effects). However, by combining an op-amp 
with frequency-selective feedback networks, fi lters can be designed with roll-off rates of 
-40, -60, or more dB/decade. Filters that include one or more op-amps in the design are 
called  active fi lters . These fi lters can optimize the roll-off rate or other attribute (such as 
phase response) with a particular fi lter design. In general, the more poles the fi lter uses, the 
steeper its transition region will be. The exact response depends on the type of fi lter and 
the number of poles.  

  High-Pass Filter Response 
 A  high-pass fi lter  is one that signifi cantly attenuates or rejects all frequencies below  f c   and 
passes all frequencies above  f c .  The critical frequency is, again, the frequency at which the 
output is 70.7% of the passband (or -3 dB) as shown in  Figure   9–2   (a). The ideal response, 
indicated by the color-shaded area, has an instantaneous drop at  f c ,  which, of course, is not 
achievable. Ideally, the passband of a high-pass fi lter is all frequencies above the critical 
frequency. The high-frequency response of practical circuits is limited by the op-amp or 
other components that make up the fi lter.  

Comparison of an ideal low-pass filter response with actual response
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 FIGURE 9–1         Low-pass fi lter responses.   
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 A simple  RC  network consisting of a single resistor and capacitor can be confi gured 
as a high-pass fi lter by taking the output across the resistor as shown in  Figure   9–2   (b). As 
in the case of the low-pass fi lter, the basic  RC  network has a roll-off rate of -20 dB/decade 
as indicated by the colored line in  Figure   9–2   (a). Also, the critical frequency for the basic 
high-pass fi lter occurs when  X C  = R,  where 

   fc =
1

2pRC
   

  Figure   9–2   (c) illustrates several idealized high-pass response curves including the 
basic one pole response (-20 dB/decade) for a basic  RC  network. As in the case of the low-
pass fi lter, the approximations show a  fl at  response to the cutoff frequency and a roll-off at 
a constant rate after the cutoff frequency. Actual high-pass fi lters do not have the perfectly 
fl at response indicated or the precise roll-off rate shown. Responses that are steeper than 
-20 dB/decade in the transition region are also possible with active high-pass fi lters; the 
particular response depends on the type of fi lter and the number of poles.  

  Band-Pass Filter Response 
 A  band-pass fi lter  passes all signals lying within a band between a lower-frequency limit 
and an upper-frequency limit and essentially rejects all other frequencies that are outside 
this specifi c band. The high-frequency tuned amplifi ers introduced in  Section   5–2    used 
tuned circuits as band-pass fi lters. A generalized band-pass response curve is shown in 
 Figure   9–3   . The  bandwidth (BW)  is defi ned as the difference between the upper critical 
frequency (  f c   2 ) and the lower critical frequency (  f c   1 ). 

    BW = fc2 - fc1  (9–2)     

Comparison of an ideal high-pass filter response with actual response
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 FIGURE 9–2         High-pass fi lter responses.   
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  E X A M P L E  9 – 1 

 A certain band-pass fi lter has a center frequency of 15 kHz and a bandwidth of 
1 kHz. Determine the  Q  and classify the fi lter as narrow-band or wide-band. 

  S O L U T I O N 

   Q =
f0

BW
=

15 kHz

1 kHz
= 15   

 Because  Q  > 10, this is a  narrow-band  fi lter.  

  P R A C T I C E  E X E R C I S E * 

 If the  Q  of the fi lter is doubled, what will the bandwidth be? 

  * Answers are at the end of the chapter.      

0.707

1

Vout (normalized to 1)

BW

fc1 f0 fc2

f 

 FIGURE 9–3         General band-
pass response curve.   

  Band-Stop Filter Response 
 Another category of active fi lter is the  band-stop fi lter , also known as the  notch, band-
reject,  or  band-elimination fi lter.  A general response curve for a band-stop fi lter is shown 

 The critical frequencies are the points at which the response curve is 70.7% of its maxi-
mum. These critical frequencies are also called  3 dB frequencies.  The frequency about 
which the passband is centered is called the  center frequency, f  0 , defi ned as the geometric 
mean of the critical frequencies. 

    f0 = 2fc1 fc2  (9–3)    

  QUALITY FACTOR     Recall from  Section   5–2    that the quality factor  (Q)  of a band-
pass fi lter was defi ned as the ratio of the center frequency to the bandwidth. 

    Q =
f0

BW
  (9–4)    

 The value of  Q  is an indication of the selectivity of a band-pass fi lter. The higher the 
value of  Q,  the narrower the bandwidth and the better the selectivity for a given value of  f  0 . 
Band-pass fi lters are sometimes classifi ed as narrow-band ( Q  7 10) or wide-band ( Q  6 10). 
The  Q  can also be expressed in terms of the damping factor  (DF)  of the fi lter as 

    Q =
1

DF
   

 You will study the damping factor in  Section   9–2   . 



430   CHAPTER 9  •   ACTIVE FILTERS

in  Figure   9–4   . Notice that the bandwidth is the band of frequencies between the 3 dB 
points, just as in the case of the band-pass fi lter response. You can think of the operation as 
opposite to that of the band-pass fi lter because frequencies within a certain bandwidth are 
rejected, and frequencies outside the bandwidth are passed.            

–3

Gain (dB)

fc1 f0 fc2

f

0

BW

 FIGURE 9–4         General band-
stop fi lter response.   

 There is a less known category of active fi lter referred to as an  all-pass fi lter . A basic schematic 
of a second-order all-pass fi lter is shown in  Figure   SN9–1   . As the name implies, an all-pass 
fi lter has constant gain across its entire frequency range. Instead of attenuating some range of 
frequencies, the all-pass fi lter introduces a phase shift that is linear with frequency. Phase shift 
is 0° at the low end of its frequency range and -180° at the high end (or -180° to -360°). All-
pass fi lters are usually described by the frequency at which the phase shift between input and 
output signals equals -90°, or one-quarter wavelength. Like other types of fi lters, all-pass fi lters 
can be cascaded to produce higher-order fi lters. 

 S Y S T E M  N O T E 

–

+

–

+ VOUT

Vin
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R3

C1

C2R1

 FIGURE SN9–1         A second-order all-pass fi lter schematic   

 One common system application for all-pass fi lters is in active audio  used in stereo 
systems. An active crossover uses low-pass and high-pass active fi lters to separate the signals 
to the high-frequency amplifi er that drives the tweeters and the low-frequency amplifi er that 
drives the woofers. These fi lters introduce phase shift, and properly designed all-pass fi lters 
can be used to realign the phase of the low-and high-frequency signals. All-pass fi lters are also 
used extensively in digital audio signal processing and in high-frequency communication sys-
tems such as single-sideband suppressed carrier (SSB-SC) systems, which are used by the 
military and radio amateurs.. 
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  9–2  FILTER RESPONSE CHARACTERISTICS 
  Each type of fi lter (low-pass, high-pass, band-pass, or band-stop) can be tailored by circuit 
component values to have either a Butterworth, Chebyshev, or Bessel characteristic. Each of 
these characteristics is identifi ed by the shape of the response curve, and each has an advan-
tage in certain applications.  

   After completing this section, you should be able to  

  •   Describe the three basic fi lter response characteristics and other fi lter parameters 

   •   Describe the Butterworth characteristic  

  •   Describe the Chebyshev characteristic  

  •   Describe the Bessel characteristic  

  •   Defi ne  damping factor  and discuss its signifi cance  

  •   Calculate the damping factor of a fi lter  

  •   Discuss the order of a fi lter and its effect on the roll-off rate     

 Butterworth, Chebyshev, or Bessel response characteristics can be realized with most 
active fi lter circuit confi gurations by proper selection of certain component values. A 
general comparison of the three response characteristics for a low-
pass fi lter response curve is shown in  Figure   9–5   . High-pass, band-
pass, and band-stop fi lters can also be designed to have any one of the 
characteristics.  

     THE BUTTERWORTH CHARACTERISTIC     The  Butter-
worth  characteristic provides a very fl at amplitude response in the 
passband and a roll-off rate of -20 dB/decade/pole. The phase response 
is not linear, however, and the phase shift (thus, time delay) of signals 
passing through the fi lter varies nonlinearly with frequency. There-
fore, a pulse applied to a fi lter with a Butterworth response will cause 
overshoots on the output because each frequency component of the 
pulse’s rising and falling edges experiences a different time delay. Fil-
ters with the Butterworth response are normally used when all fre-
quencies in the passband must have the same gain. The Butterworth 
response is often referred to as a  maximally fl at response.   

  THE CHEBYSHEV CHARACTERISTIC     Filters with the  Chebyshev  response 
characteristic are useful when a rapid roll-off is required because it provides a roll-off rate 
greater than -20 dB/decade/pole. This is a greater rate than that of the Butterworth, so fi l-
ters can be implemented with the Chebyshev response with fewer poles and less complex 
circuitry for a given roll-off rate. This type of fi lter response is characterized by overshoot 
or ripples in the passband (depending on the number of poles) and an even less linear 
phase response than the Butterworth.  

  1.    What determines the bandwidth of a low-pass fi lter?   

  2.    What limits the bandwidth of an active high-pass fi lter?   

  3.    How are the  Q  and the bandwidth of a band-pass fi lter related? 
Explain how the selectivity is affected by the  Q  of a fi lter.

4. What is an all-pass fi lter and what characteristic is used to 
specify it?   

    SECTION 9–1 CHECKUP* 

  * Answers are at the end of the chapter.     

Butterworth
Bessel
Chebyshev

Av

f

 FIGURE 9–5         Comparative plots of three types of 
fi lter response characteristics.   
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  THE BESSEL CHARACTERISTIC     The  Bessel  response 
exhibits a linear phase characteristic, meaning that the phase shift 
increases linearly with frequency. The result is almost no overshoot on 
the output with a pulse input. For this reason, fi lters with the Bessel 
response are used for fi ltering pulse waveforms without distorting the 
shape of the waveform.   

  The Damping Factor 
 As mentioned, an active fi lter can be designed to have either a Butter-
worth, Chebyshev, or Bessel response characteristic regardless of whether 
it is a low-pass, high-pass, band-pass, or band-stop type. The  damping 
factor  (DF)   of an active fi lter circuit determines which response character-
istic the fi lter exhibits. To explain the basic concept, a generalized active fi lter is shown in  Fig-
ure   9–6   . It includes an amplifi er, a negative feedback network, and a fi lter section. The amplifi er 
and feedback network are connected in a noninverting confi guration. The damping factor is 
determined by the negative feedback network and is defi ned by the following equation: 

    DF = 2 -
R1

R2
  (9–5)     

 Basically, the damping factor affects the fi lter response by negative feedback action. 
Any attempted increase or decrease in the output voltage is offset by the opposing effect of 
the negative feedback. This tends to make the response curve fl at in the passband of the 
fi lter if the value for the damping factor is precisely set. By advanced mathematics, which 
we will not cover, values for the damping factor have been derived for various orders of 
fi lters to achieve the maximally fl at response of the Butterworth characteristic. 

 The value of the damping factor required to produce a desired response characteristic 
depends on the  order  (number of poles) of the fi lter. Recall that the more poles a fi lter has, the 
faster its roll-off rate is. To achieve a second-order Butterworth response, for example, the damp-
ing factor must be 1.414. To implement this damping factor, the feedback resistor ratio must be 

   
R1

R2
= 2 - DF = 2 - 1.414 = 0.586   

 This ratio gives the closed-loop gain of the noninverting fi lter amplifi er,  A   cl (NI) , a value of 
1.586, derived as follows: 

   Acl(NI) =
1

B
=

1

R2>(R1 + R2)
=

R1 + R2

R2
=

R1

R2
+ 1 = 0.586 + 1 = 1.586    

+

–
R1

R2

Frequency-
selective

RC network
Vin

Amplifier

Vout

Negative feedback network

  E X A M P L E  9 – 2 

 If resistor  R  2  in the feedback network of an active two-pole fi lter of the type in  Figure 
  9–6    is 10 kÆ, what value must  R  1  be to obtain a maximally fl at Butterworth response? 

  S O L U T I O N 

   
R1

R2
= 0.586    

   R1 = 0.586 R2 = 0.586(10 k�) = 5.86 k�   

 Using the nearest standard 5 percent value of 5600 Æ will get very close to the 
ideal Butterworth response.  

  P R A C T I C E  E X E R C I S E 

 What is the damping factor for  R  2  = 10 k� and  R  1  = 5.6 kÆ?    

 FIGURE 9–6         General dia-
gram of an active fi lter. Note 
that R 1  corresponds to R f  and 
R 2  corresponds to R i  as defi ned 
in  Chapter   6   .   
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 Critical Frequency and Roll-Off Rate 
 The critical frequency is determined by the values of the resistor and capacitors in the 
 RC  network, as shown in  Figure   9–6   . For a single-pole (fi rst-order) fi lter, as shown in 
 Figure   9–7   , the critical frequency is 

   fc =
1

2pRC
    

 Although we show a low-pass confi guration, the same formula is used 
for the  f c   of a single-pole high-pass fi lter. The number of poles deter-
mines the roll-off rate of the fi lter. A Butterworth response produces 
-20 dB/decade/pole. So a fi rst-order (one-pole) fi lter has a roll-off 
of -20 dB/decade; a second-order (two-pole) fi lter has a roll-off rate 
of -40 dB/decade; a third-order (three-pole) fi lter has a roll-off rate of 
-60 dB/decade; and so on. 

 Generally, to obtain a fi lter with three poles or more, one-pole or 
two-pole fi lters are cascaded, as shown in  Figure   9–8   . To obtain a third-
order fi lter, for example, cascade a second-order and a fi rst-order fi lter; 
to obtain a fourth-order fi lter, cascade two second-order fi lters; and so 
on. Each fi lter in a cascaded arrangement is called a  stage  or  section.   

+

– R1

R2

Vin

Vout

Single-pole
low-pass network

R

C

 FIGURE 9–7         First-order (one-pole) low-pass fi lter.   

 TABLE 9–1 •   Values for the Butterworth response. 

   
ORDER 

   ROLL-OFF 
DB/DECADE 

 1ST STAGE 

  POLES       DF     R  1 , R  2  

 2ND STAGE 

  POLES    DF     R  3 , R  4  

 3RD STAGE 

  POLES     DF     R  5 , R  6  

 1   -20  1  Optional               

 2   -40  2  1.414  0.586             

 3   -60  2  1.00  1  1   1.00  1       

 4   -80  2  1.848  0.152  2  0.765  1.235       

 5  -100  2  1.00  1  2  1.618  0.382  1  0.618  1.382 

 6  -120  2  1.932  0.068  2  1.414  0.586  2  0.518  1.482 

+

–

Vout

+

–

+

–

Vin
RC

network
RC

network
RC

network

R1 R3 R5

R2 R4 R6

 FIGURE 9–8         The number of fi lter poles can be increased by cascading.   

 Because of its maximally fl at response, the Butterworth characteristic is the most 
widely used. Therefore, we will limit our coverage to the Butterworth response to illustrate 
basic fi lter concepts.  Table   9–1    lists the roll-off rates, damping factors, and feedback resis-
tor ratios for up to sixth-order Butterworth fi lters.  
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9–3 ACTIVE LOW-PASS FILTERS
Filters that use op-amps as the active element provide several advantages over passive fi lters 
(R, L, and C elements only). The op-amp provides gain so that the signal is not attenuated as it 
passes through the fi lter. The high input impedance of the op-amp prevents excessive loading 
of the driving source, and the low output impedance of the op-amp prevents the fi lter from 
being affected by the load that it is driving. Active fi lters are also easy to adjust over a wide 
frequency range without altering the desired response.

After completing this section, you should be able to

• Understand active low-pass fi lters

• Identify a single-pole fi lter and determine its gain and critical frequency

• Identify a two-pole Sallen-Key fi lter and determine its gain and critical frequency

• Explain how a higher roll-off rate is achieved by cascading low-pass fi lters

A Single-Pole Filter
Figure 9–9(a) shows an active fi lter with a single low-pass RC network that provides a roll-
off of -20 dB/decade above the critical frequency, as indicated by the response curve in 
Figure 9–9(b). The critical frequency of the single-pole fi lter is fc = 1>2pRC. The op-amp 
in this fi lter is connected as a noninverting amplifi er with the closed-loop voltage gain in 
the passband set by the values of R1 and R2.

Acl(NI) =
R1

R2
+ 1  

 Open fi le F09-09 found on the 
companion website. This 
simulation demonstrates the 
operation of a single-pole low-
pass active fi lter using a Bode 
plotter to measure frequency 
and phase response. 

MULTISIM

1. Explain how Butterworth, Chebyshev, and Bessel responses 
differ.

2. What determines the response characteristic of a fi lter?

3. Name the basic parts of an active fi lter.

SECTION 9–2 CHECKUP

+

– R1

R2

Vin

Vout

One pole

R
C

–20 dB/decade

–20

–3

Gain (dB) (normalized to 1 or 0 dB)

0

fc 10 fc

f 

(b)(a)

 FIGURE 9–9         Single-pole active low-pass fi lter and response curve.   
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The Sallen-Key Low-Pass Filter
The Sallen-Key is one of the most common confi gurations for a second-order (two-pole) 
fi lter. It is also known as a VCVS (voltage-controlled voltage source) fi lter. A low-pass 
version of the Sallen-Key fi lter is shown in Figure 9–10. Notice that there are two low-pass 
RC networks that provide a roll-off of -40 dB/decade above the critical frequency (assum-
ing a Butterworth characteristic). One RC network consists of RA and CA, and the second 
network consists of RB and CB. A unique feature is the capacitor CA that provides feedback 
for shaping the response near the edge of the passband. The critical frequency for the sec-
ond-order Sallen-Key fi lter is

 fc =
1

2p1RARBCACB
 (9–6) 

For simplicity, the component values can be made equal so that RA = RB = R and CA = 
CB = C. In this case, the expression for the critical frequency simplifi es to fc = 1>2pRC.

As in the single-pole fi lter, the op-amp in the second-order Sallen-Key fi lter acts as a 
noninverting amplifi er with the negative feedback provided by the R1>R2 network. As you 
have learned, the damping factor is set by the values of R1 and R2, thus making the fi lter 
response either Butterworth, Chebyshev, or Bessel. For example, from Table 9–1, the 
R1>R2 ratio must be 0.586 to produce the damping factor of 1.414 required for a second-
order Butterworth response.

+

– R1

R2

Vin

Vout

RBRA

Two-pole low-pass network

CB

CA

 FIGURE 9–10         Basic Sallen-
Key second-order low-pass fi lter.   

E X A M P L E  9 – 3

Determine the critical frequency of the low-pass fi lter in Figure 9–11, and set the 
value of R1 for an approximate Butterworth response.

+

– R1

R2
1.0 k�

RBRA

CA

0.02 μF

1.0 k�1.0 k�

0.02 μF

CB

Vin

Vout

 FIGURE 9–11        
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Cascaded Low-Pass Filters Achieve 
a Higher Roll-Off Rate
A three-pole fi lter is required to get a third-order low-pass response (-60 dB/decade). This 
is done by cascading a two-pole low-pass fi lter and a single-pole low-pass fi lter, as shown 
in Figure 9–12(a). Figure 9–12(b) shows a four-pole confi guration obtained by cascading 
two two-pole fi lters. 

 Open fi le F09-11 found on 
the companion website. This 
simulation demonstrates the 
operation of a Sallen-Key 
low-pass fi lter. 

MULTISIM

 S O L U T I O N

Since RA = RB = 1.0 kÆ and CA = CB = 0.02 mF,

fc =
1

2pRC
=

1

2p(1.0 k�)(0.02 mF)
= 7.96 kHz

For a Butterworth response, R1>R2 = 0.586.

R1 = 0.586R2 = 0.586(1.0 k�) = 586 �

Select a standard value as near as possible to this calculated value.

P R A C T I C E  E X E R C I S E

Determine fc for Figure 9–11 if RA = RB = R2 = 2.2 kÆ and CA = CB = 
0.01 mF. Also determine the value of R1 for a Butterworth response. 

+

– R3

R4

RA2

CA2

+

– R1

R2

RB1

CB1

RA1

CA1

1 pole2 poles

(a) Third-order configuration

Vin

Vout

+

– R3

R4

CB2

+

– R1

R2

RB1

CB1

RA1

CA1

2 poles2 poles

(b) Fourth-order configuration

CA2

RB2RA2
Vin

Vout

 FIGURE 9–12         Cascaded low-pass fi lters.   
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 AN RFID SYSTEM 
 The system in this example uses both analog and digital signals together. The system is for 
radio-frequency identifi cation (RFID), which is widely used for tracking objects. 

RFID systems are used in a number of applications including:

• Metering applications such as electronic toll collection

• Inventory control and tracking such as merchandise control

• Asset tracking and recovery

• Tracking parts moving through a manufacturing process

• Tracking goods in a supply chain

Typically, an RFID system contains an RFID tag that consists of an IC chip  attached to the 
object being tracked, an RFID reader that receives transmitted data from the tag, and a 
data-processing system that processes and stores the data passed to it by the reader. A 
basic block diagram is shown in Figure SE9–1.

Data is stored on the RFID tag in digital form. When interrogated, the tag transmits 
the data to the reader via a radio signal. The system described here uses amplitude shift 
keying (ASK), in which a carrier signal is varied (modulated) by the digital data, in 
“bursts” that represent a stream of 1s and 0s. The digital waveform in Figure SE9–2(a) is 

 S Y S T E M  E X A M P L E  9 – 1 

E X A M P L E  9 – 4

For the four-pole fi lter in Figure 9–12(b), determine the capacitance values 
required to produce a critical frequency of 2680 Hz if all the resistors in the RC 
low-pass networks are 1.8 kÆ. Also select values for the feedback resistors to get 
a Butterworth response.

S O L U T I O N

Both stages must have the same fc. Assuming equal-value capacitors,

 fc =
1

2pRC

 C =
1

2pRfc
=

1

2p(1.8 k�)(2680 Hz)
= 0.033 mF

 CA1 = CB1 = CA2 = CB2 = 0.033 MF

Also select R2 = R4 = 1.8 kÆ for simplicity. Refer to Table 9–1. For a But-
terworth response in the fi rst stage, DF = 1.848 and R1>R2 = 0.152. Therefore,

R1 = 0.152R2 = 0.152(1800 �) = 274 �

Choose R1 = 270 Æ.
In the second stage, DF = 0.765 and R3>R4 = 1.235. Therefore,

R3 = 1.235R4 = 1.235(1800 �) = 2.22 k�

Choose R3 = 2.2 k�.

P R A C T I C E  E X E R C I S E

For the fi lter in Figure 9–12(b), determine the capacitance values for fc = 1 kHz 
if all the fi lter resistors are 680 �. Also specify the values for the feedback resis-
tors to produce a Butterworth response.
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the signal of interest but the carrier enables it to be transmitted to the receiver. The modu-
lated signal shown in (b) and is the signal received by the receiver. 

RFID reader
Data
processor

RFID tag

 FIGURE SE9–1         Basic block 
diagram of an RFID system.   

The block diagram of the receiver is shown in Figure SE9–3. The band-pass fi lter 
allows the 123 kHz signal to pass and reduces high-frequency noise and other signal sources. 
The amplifi er increases the very small signal from the tag; the rectifi er eliminates the nega-
tive portions of the modulated signal; the low-pass fi lter eliminates the 123 kHz carrier fre-
quency but passes the digital modulating signal; and the comparator restores the digital signal 
to a usable stream of digital data. Our focus here is the low-pass fi lter in the system.

0 0 0 0 0 0 01 1 1 1 1 1

(b) ASK signal to allow
      a simple text reference

(a) Digital
      modulating signal

 FIGURE SE9–2         Example of ASK modulation transmitted by an RFID tag.   

ASK signal
from RFID tag

Amplifier
Low-pass

filter
fc = 14.5 kHz

Comparator
Digital date
to processorRectifier

123 kHz
band-pass

filter

 FIGURE SE9–3         Block diagram of RFID reader.   

The schematic for the low-pass fi lter is shown in Figure SE9–4. Component number-
ing for this schematic is taken from the overall receiver circuit, which is on the companion 
website as a Multisim fi le. Because R9 = R10 and C3 = C4, the cutoff frequency can be 
found from

fc =
1

2pRC
=

1

2p(1.1 kHz)(10 nF)
= 14.5 kHz

R11

R10R9

C4

C3

1.1k�

560 �

R12

1.0 k�

10 nF

To comparator

Signal from
rectifier

10 nF

1.1k�

+

–

OP27

 FIGURE SE9–4         Low-pass 
 fi lter for RFID reader   

 Open fi le SE09-03 found on the 
companion website. This fi le has 
the entire schematic for the 
RFID reader, which allows you 
to view the signal at the output 
of each stage. 

MULTISIM
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The 14.5 kHz cutoff will pass the basic shape of the digital signal, but with poor rise 
and fall times because the rise and fall times have the highest frequency components asso-
ciated with them. The last step before processing is to send the signal to a comparator, 
where it is converted to a usable digital signal. The processor can then process the informa-
tion to identify the object     .  

1. How many poles does a second-order low-pass fi lter have? 
How many resistors and how many capacitors are used in the 
frequency-selective network?

2. Why is the damping factor of a fi lter important?

3. What is the primary purpose of cascading low-pass fi lters?      

SECTION 9–3 CHECKUP

9–4 ACTIVE HIGH-PASS FILTERS
In high-pass fi lters, the roles of the capacitor and resistor are reversed in the RC networks. 
Otherwise, the basic parameters are the same as for the low-pass fi lters.

After completing this section, you should be able to

• Understand active high-pass fi lters

• Identify a single-pole fi lter and determine its gain and critical frequency

• Identify a two-pole Sallen-Key fi lter and determine its gain and critical frequency

• Explain how a higher roll-off rate is achieved by cascading high-pass fi lters

A Single-Pole Filter
A high-pass active fi lter with a -20 dB/decade roll-off is shown in Figure 9–13(a). Notice 
that the input circuit is a single high-pass RC network. The negative feedback network is 
the same as for the low-pass fi lters previously discussed. The high-pass response curve is 
shown in Figure 9–13(b). 

)
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– R1

R2
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C

f

(b)
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–20

–3

0

–20
 dB

/de
ca

de
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Vin

Vout

Gain (dB) (normalized to 1 or 0 dB)

 FIGURE 9–13         Single-pole active high-pass fi lter and response curve.   
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Ideally, a high-pass fi lter passes all frequencies above fc without limit, as indicated in 
Figure 9–14(a), although in practice, this is not the case. As you have learned, all op-amps 
inherently have internal RC networks that limit the amplifi er’s response at high frequen-
cies. Therefore, there is an upper-frequency limit on the high-pass fi lter’s response which, 
in effect, makes it a band-pass fi lter with a very wide bandwidth. In the majority of appli-
cations, the internal high-frequency limitation is so much greater than that of the fi lter’s 
fc that the limitation can be neglected. In some applications, special current-feedback 
op-amps or discrete transistors are used for the gain element to increase the high-frequency 
limitation beyond that realizable with standard op-amps. 

The Sallen-Key High-Pass Filter
A high-pass second-order Sallen-Key confi guration is shown in Figure 9–15. The compo-
nents RA, CA, RB, and CB form the two-pole frequency-selective network. Notice that the 
positions of the resistors and capacitors in the frequency-selective network are opposite to 
those in the low-pass confi guration. As with the other fi lters, the response characteristic 
can be optimized by proper selection of the feedback resistors, R1 and R2.

+

– R1

R2

Vin

Vout

RA

RB

CB

Two-pole high-pass network

CA

FIGURE 9–15 Basic Sallen-Key second-order high-
pass fi lter.

fc
f

Av

(a) Ideal

fc
f

Av

(b) Nonideal

Inherent
internal
op-amp
roll-off

 FIGURE 9–14         High-pass fi lter response.   
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E X A M P L E  9 – 5

Choose values for the Sallen-Key high-pass fi lter in Figure 9–15 to implement an 
equal-value second-order Butterworth response with a critical frequency of 
approximately 10 kHz.

S O L U T I O N

Start by selecting a value for RA and RB (R1 or R2 can also be the same value as RA 
and RB for simplicity).

R = RA = RB = R2 = 3.3 k�  (an arbitrary selection)

Next, calculate the capacitance value from fc = 1>2pRC.

C = CA = CB =
1

2pRfc
=

1

2p(3.3 k�)(10 kHz)
= 0.0048 MF

For a Butterworth response, the damping factor must be 1.414 and R1>R2 = 0.586.

R1 = 0.586R2 = 0.586(3.3 k�) = 1.93 k�

If you had chosen R1 = 3.3 k�, then

R2 =
R1

0.586
=

3.3 k�

0.586
= 5.63 k�

Either way, an approximate Butterworth response is realized by choosing the 
nearest standard values.

P R A C T I C E  E X E R C I S E

Select values for all the components in the high-pass fi lter of Figure 9–15 to 
obtain an fc = 300 Hz. Use equal-value components and optimize for a Butter-
worth response.

Cascading High-Pass Filters
As with the low-pass confi guration, fi rst- and second-order high-pass fi lters can be cas-
caded to provide three or more poles and thereby create faster roll-off rates. Figure 9–16 
shows a six-pole high-pass fi lter consisting of three two-pole stages. With this confi gura-
tion optimized for a Butterworth response, a roll-off of -120 dB/decade is achieved.
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FIGURE 9–16 Sixth-order high-pass fi lter.
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1. How does a high-pass Sallen-Key fi lter differ from the low-
pass confi guration?

2. To increase the critical frequency of a high-pass fi lter, would 
you increase or decrease the resistor values?

3. If three two-pole high-pass fi lters and one single-pole high-
pass fi lter are cascaded, what is the resulting roll-off?

SECTION 9–4 CHECKUP

9–5 ACTIVE BAND-PASS FILTERS
As mentioned, band-pass fi lters pass all frequencies bounded by a lower-frequency limit and 
an upper-frequency limit and reject all others lying outside this specifi ed band. A band-pass 
response can be thought of as the overlapping of a low-frequency response curve and a high-
frequency response curve.

After completing this section, you should be able to

• Understand active band-pass fi lters

• Describe a band-pass fi lter composed of a low-pass and a high-pass fi lter

• Determine the critical frequencies and center frequency of a cascaded band-pass fi lter

• Determine center frequency, bandwidth, and gain of multiple-feedback band-pass fi lters

• Explain the operation of a state-variable band-pass fi lter

Cascaded Low-Pass and High-Pass Filters 
Achieve a Band-Pass Response
One way to implement a band-pass fi lter is a cascaded arrangement of a high-pass fi lter 
and a low-pass fi lter, as shown in Figure 9–17(a), as long as the critical frequencies are 
suffi ciently separated. Each of the fi lters shown is a two-pole Sallen-Key Butterworth con-
fi guration so that the roll-off rates are -40 dB/decade, indicated in the composite response 
curve of Figure 9–17(b). The critical frequency of each fi lter is chosen so that the response 
curves overlap suffi ciently, as indicated. The critical frequency of the high-pass fi lter must 
be suffi ciently lower than that of the low-pass stage.

The lower frequency, fc1, of the passband is the critical frequency of the high-pass 
fi lter. The upper frequency, fc2, is the critical frequency of the low-pass fi lter. Ideally, as 
discussed earlier, the center frequency, f0, of the passband is the geometric mean of fc1 
and fc2. The following formulas express the three frequencies of the band-pass fi lter in 
Figure 9–17.

fc1 =
1

2p2RA1RB1CA1CB1

fc2 =
1

2p2RA2RB2CA2CB2

f0 = 2fc1 fc2

Of course, if equal-value components are used in implementing each fi lter, the critical 
frequency equations simplify to the form fc = 1>2pRC.
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FIGURE 9–17 Band-pass fi lter formed by cascading a two-pole high-pass and a two-pole 
low-pass fi lter (it does not matter in which order the fi lters are cascaded).

Open fi le F09-17 found on 
the companion website. This 
simulation demonstrates the 
operation of a two-stage band-
pass fi lter.

MULTISIM

Multiple-Feedback Band-Pass Filter
Another type of fi lter confi guration, shown in Figure 9–18, is a multiple-
feedback band-pass fi lter. The two feedback paths are through R2 and 
C1. Components R1 and C1 provide the low-pass response, and R2 and 
C2 provide the high-pass response. The maximum gain, A0, occurs at 
the center frequency. Q values of less than 10 are typical in this type of 
fi lter. An expression for the center frequency follows, recognizing that 
R1 and R3 appear in parallel as viewed from the C1 feedback path (with 
the Vin source replaced by a short).

f0 =
1

2p2(R1 }R3)R2C1C2

Making C1 = C2 = C gives the following formula (derived in Appendix A):

 f0 =
1

2pCA

R1 + R3

R1R2R3
 (9–7)

A convenient value for the capacitors is chosen; then the three resistor values are 
calculated based on the desired values for f0, BW, and A0. As you know, the Q can be deter-
mined from the relation Q = f0>BW, and the resistors are found using the following for-
mulas (stated without derivation).

–

+

Vin

Vout

R3

C2

C1

R1

R2

FIGURE 9–18 Multiple-
feedback band-pass fi lter.
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R1 =
Q

2pf0CA0

R2 =
Q

pf0C

R3 =
Q

2pf0C(2Q2 - A0)

To develop a gain expression, we solve for Q in the fi rst two equations above.

Q = 2pf0A0CR1

Q = pf0CR2

Then,

2pf0A0CR1 = pf0CR2

An expression for the maximum gain at the center frequency is

 A0 =
R2

2R1
 (9–8)

In order for the denominator of the equation R3 = Q>[2pf0C(2Q2 - A0)] to be posi-
tive, A0 6 2Q2, which imposes a limitation on the gain.

Open fi le F09-19 found on 
the companion website. This 
simulation demonstrates the 
operation of a multiple-
feedback band-pass fi lter.

MULTISIM

E X A M P L E  9 – 6

Determine the center frequency, maximum gain, and bandwidth for the fi lter in 
Figure 9–19.

S O L U T I O N

 f0 =
1

2pCA

R1 + R3

R1R2R3
=

1

2p(0.01 mF)
 
A

68 k� + 2.7 k�

(68 k�)(180 k�)(2.7 k�)
= 736 Hz

 A0 =
R2

2R1
=

180 k�

2(68 k�)
= 1.32

 Q = pf0CR2 = p(736 Hz)(0.01 mF)(180 k�) = 4.16

 BW =
f0
Q

=
736 Hz

4.16
= 177 Hz

P R A C T I C E  E X E R C I S E

If R2 in Figure 9–19 is increased to 330 k�, how does this affect the gain, center 
frequency, and bandwidth of the fi lter?

–

+

Vin

Vout

R2

R3
2.7 k�

R1
180 k�

0.01 μF

68 k� 0.01 μF

C1

C2

FIGURE 9–19 
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State-Variable Band-Pass Filter
The state-variable or universal active fi lter is widely used for band-pass applications. As 
shown in Figure 9–20, it consists of a summing amplifi er and two op-amp integrators 
(which act as single-pole low-pass fi lters) that are combined in a cascaded arrangement to 
form a second-order fi lter. Although used primarily as a band-pass (BP) fi lter, the state-
variable confi guration also provides low-pass (LP) and high-pass (HP) outputs. The center 
frequency is set by the RC networks in both integrators. When used as a band-pass fi lter, 
the critical frequencies of the integrators are usually made equal, thus setting the center 
frequency of the passband.

S Y S T E M  E X A M P L E  9 – 2

System Example 9-1 introduced a radio-frequency identifi cation system (RFID). The block 
diagram for the receiver is shown again here as Figure SE9-5, but this time the emphasis is 
on the input block, which is a multiple feedback band-pass fi lter. The center frequency is set 
to 123 kHz to allow the high-frequency signal to pass and the bandwidth is set fairly wide. 

FIGURE SE9–6 Band-pass 
fi lter for RFID reader

ASK Signal
from RFID 
tag To amplifier

C1

R2

R3

R1

1.3 k�

1.0 k�

3.6 k�

910 pF

910 pF
+

–

OP27

C2

FIGURE SE9–5 Basic block diagram of the RFID reader.

ASK signal
from RFID tag

Amplifier
Low-pass

filter
fc = 14.5 kHz

Comparator
Digital date
to processorRectifier

123 kHz
band-pass

filter

Recall that the band-pass fi lter passes the 123 kHz signal and therefore reduces sig-
nals and noise that are outside this band. Our focus in this example is the band-pass fi lter 
in the fi rst block of the system. The schematic for the band-pass fi lter is shown in Figure 
SE9-6. Component numbering for this schematic is taken from the overall receiver circuit, 
which is on the companion website as a Multisim fi le. The center frequency is

f0 =
1

2pCA

R1 + R3

R1R2R3
=

1

2p(910 pF)A

1.3 k� + 1.0 k�

(1.3 k�)(3.6 k�)(1.0 k�)
= 123 kHz

The Q is

Q = pf0CR2 = p(123 kHz)(910 pF)(3.6 k�) = 1.26

The BW is

BW =
f0
Q

=
123 kHz

1.26
= 97.2 kHz

The low-Q is reasonable to pass harmonic content of the overall signal. You can test 
the actual circuit and view the frequency response using the Bode plotter in Multisim.
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BASIC OPERATION At input frequencies below fc, the input signal passes through 
the summing amplifi er and integrators and is fed back 180° out-of-phase. Thus, the feed-
back signal and input signal cancel for all frequencies below approximately fc. As the low-
pass response of the integrators rolls off, the feedback signal diminishes, thus allowing the 
input to pass through to the band-pass output. Above fc, the low-pass response disappears, 
thus preventing the input signal from passing through the integrators. As a result, the band-
pass output peaks sharply at fc, as indicated in Figure 9–21. Stable Qs up to 100 can be 
obtained with this type of fi lter. The Q is set by the feedback resistors R5 and R6 according 
to the following equation.

Q =
1

3
aR5

R6
+ 1b

The state-variable fi lter cannot be optimized for low-pass, high-pass, and band-pass 
performance simultaneously for this reason: To optimize for a low-pass or a high-pass 
Butterworth response, DF must equal 1.414. Since Q = 1>DF, a Q of 0.707 will result. 
Such a low Q provides a very poor band-pass response (large BW and poor selectivity). For 
optimization as a band-pass fi lter, the Q must be set high.

–

+

Vout(LP)
R5

C2

R7

Integrator

R6

–

+

C1

R4

Integrator

–

+

Vin

Summing amplifier

R2

R3

Vout(BP)Vout(HP)
R1

FIGURE 9–20 State-variable band-pass fi lter.

Gain

LP HP

fc = f0

BP

f

FIGURE 9–21 General state-variable response curves.

E X A M P L E  9 – 7

Determine the center frequency, Q, and BW for the band-pass output of the state-
variable fi lter in Figure 9–22.



9–5 ACTIVE BAND-PASS FILTERS   447

–

+
R5
100 k�

C2

R7
–

+

C1

R4
–

+

Vin

R1
10 k�

R2

R3

Vout

10 k�

10 k�

1.0 k�

1.0 k�

R6
1.0 k�

0.022 μF0.022 μF

FIGURE 9–22 

Open fi le F09-22 found on the 
companion website. This 
simulation demonstrates the 
operation of the state-variable 
fi lter as a band-pass fi lter.

MULTISIM

One system application for band-pass fi lters is found in microwave repeaters. A repeater can 
be thought of as a rebroadcast station. Microwave systems use line-of-sight transmission, so if 
there is an obstruction between the transmitter and receiver the signal will not be received. A 
terrestrial repeater is usually mounted in a high-elevation location such as on a tall building, 
tower, or mountain top. Microwave repeaters can also be space-based on a satellite. To 
increase the reliability of a repeater, a technique called frequency diversity can be used. Two 
different RF carriers are modulated by the same IF intelligence. Temporary atmospheric con-
ditions that can degrade an RF signal can be very frequency specifi c, so using more than one 
carrier frequency increases reliability. Here is how the system works.

At the transmitter the IF frequency is split in half; one half modulates carrier frequency 
A and the other modulates carrier frequency B. The output from each modulator is then sent 
through a band-pass fi lter tuned to that specifi c carrier frequency. The outputs of both fi lters 
are then combined by a channel-combining network and fed to the transmit antenna. At the 
receive end a channel separator splits the two carriers and each is passed through another 
band-pass fi lter. The output from each BPF is down-converted to IF and fed to a quality detec-
tor circuit that determines which signal is strongest. The strongest IF signal is then fed to the 
rest of the system for further demodulation, amplifi cation, and/or signal processing.

S Y S T E M  N O T E

S O L U T I O N

For each integrator,

fc =
1

2pR4C1
=

1

2pR7C2
=

1

2p(1.0 k�)(0.022 mF)
= 7.23 kHz

The center frequency is approximately equal to the critical frequencies of 
the integrators.

 f0 = fc = 7.23 kHz

 Q =
1

3
aR5

R6
+ 1b =

1

3
 a 100 k�

1.0 k�
+ 1b = 33.7

 BW =
f0
Q

=
7.23 kHz

33.7
= 215 Hz

P R A C T I C E  E X E R C I S E

Determine f0, Q, and BW for the fi lter in Figure 9–22 if R4 = R6 = R7 = 330 � 
with all other component values the same as shown on the schematic.
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9–6 ACTIVE BAND-STOP FILTERS
Band-stop fi lters reject a specifi ed band of frequencies and pass all others. The response is 
opposite to that of a band-pass fi lter.

After completing this section, you should be able to

• Understand active band-stop fi lters

• Identify a multiple-feedback band-stop fi lter

• Explain the operation of a state-variable band-stop fi lter

Multiple-Feedback Band-Stop Filter
Figure 9–23 shows a multiple-feedback band-stop fi lter. Notice that this confi guration is 
similar to the band-pass version except that R3 has been moved and R4 has been added.

State-Variable Band-Stop Filter
Summing the low-pass and the high-pass responses of the state-variable fi lter covered in 
Section 9–5 creates a band-stop response as shown in Figure 9–24.

1. What determines selectivity in a band-pass fi lter?

2. One fi lter has a Q = 5 and another has a Q = 25. Which has 
the narrower bandwidth?

3. List the elements that make up a state-variable fi lter.

4. What is the gain of the BP fi lter in Figure SE9-6?

SECTION 9–5 CHECKUP
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Vin R3
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C2
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+

FIGURE 9–23 Multiple-
feedback band-stop fi lter.
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+

Band-stop
output

R3

R1

Vin R2
State-variable

filter

LP

HP

Summing
amplifier

FIGURE 9–24 State-variable 
band-stop fi lter.
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In Section 4–7 you were introduced to switched-capacitor circuits. Switched-capacitor tech-
nology is also used in active fi lters. There are many advantages to using monolithic switched-
capacitor ICs over discrete op-amps. Switched-capacitor fi lters do not require external 
precision capacitors, their cutoff frequency accuracy is extremely high, and they are less sensi-
tive to temperature variations. A number of parameters such as Q or gain can be controlled 
with a few external resistors. Another major advantage of switched-capacitor fi lters is that 
their cutoff frequency can be varied over a wide range simply by changing the frequency of the 
external clock, and thus changing the value of the switched-capacitor resistance values.

One example of a switched-capacitor fi lter IC is the LMF100. This device contains two 
switched-capacitor fi lter blocks confi gured in a manner similar to state-variable fi lters. Each fi lter 
block has three outputs, one for all-pass, high-pass, or band-stop functions. The other two perform 
band-pass and low-pass functions. With the use of two to four external resistors and an external 
clock, each block can produce fi rst or second-order fi lters. By cascading the blocks a single LMF100 
can produce a fourth-order fi lter, and higher-order fi lters can be realized by cascading ICs. A clock 
frequency of 3.5 MHz produces the maximum cutoff frequency of 100 kHz with an accuracy of 
{0.2%. It has an f0 * Q range of up to 1.8 MHz, which means that even at 100 kHz the fi lter Q 
will be a minimum of 18. All basic fi lters such as Butterworth, Bessel, and Chebyshev can be pro-
duced using the LMF100. The data sheet for the LMF100 can be found at www.national.com.

S Y S T E M  N O T E

Open fi le F09-25 found on the 
companion website. This 
simulation demonstrates the 
operation of the state-variable 
fi lter as a band-stop fi lter.

MULTISIM

S O L U T I O N

f0 equals the fc of the integrator stages.

f0 =
1

2pR4C1
=

1

2pR7C2
=

1

2p(12 k�)(0.22 mF)
= 60.3 Hz

You can obtain a Q = 10 by choosing R6 and then calculating R5.

Q =
1

3
 aR5

R6
+ 1b   R5 = (3Q - 1)R6

Choose R6 = 3.3 k�. Then

R5 = [3(10) - 1]3.3 k� = 95.7 k�

Choose 100 k� as the nearest standard value.

P R A C T I C E  E X E R C I S E

How would you change the center frequency to 120 Hz in Figure 9–25?

E X A M P L E  9 – 8

Verify that the band-stop fi lter in Figure 9–25 has a center frequency of 60 Hz, and optimize the fi lter for a Q of 10.
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  Discrete Point Measurement 
  Figure   9–26    shows an arrangement for taking fi lter output voltage measurements at dis-
crete values of input frequency using common laboratory instruments. The general proce-
dure is as follows:  

    1.   Set the amplitude of the sine wave generator to a desired voltage level.  

   2.    Set the frequency of the sine wave generator to a value well below the 
expected critical frequency of the fi lter under test. For a low-pass fi lter, 
set the frequency as near as possible to 0 Hz. For a band-pass fi lter, set 
the frequency well below the expected lower critical frequency.  

   3.    Increase the frequency in predetermined steps suffi cient to allow enough 
data points for an accurate response curve.  

   4.   Maintain a constant input voltage amplitude while varying the frequency.  

   5.   Record the output voltage at each value of frequency.  

   6.    After recording a suffi cient number of points, plot a graph of output 
voltage versus frequency.   

 If the frequencies to be measured exceed the response of the DMM, an oscilloscope may 
have to be used instead.  

  Swept Frequency Measurement 
 The swept frequency method requires more elaborate test equipment than does the discrete 
point method, but it is much more effi cient and can result in a more accurate response 
curve. A general test setup is shown in  Figure   9–27   (a) using a swept frequency generator 
and a spectrum analyzer.  Figure   9–27   (b) shows how the test can be made with an oscillo-
scope instead of a spectrum analyzer.  

 The swept frequency generator produces a constant amplitude output signal whose fre-
quency increases linearly between two preset limits, as indicated in  Figure   9–27   . In part (a), 

1. How does a band-stop response differ from a band-pass 
response?

2. How is a state-variable band-pass fi lter converted to a band-
stop fi lter?

3. How can you change the frequency response of a switched 
capacitor fi lter?

SECTION 9–6 CHECKUP

  In this section, we discuss two methods of determining a fi lter’s response by measurement—
discrete point measurement and swept frequency measurement.  

   After completing this section, you should be able to  

  •   Discuss two methods for measuring frequency response 

   •   Explain the discrete point measurement method  

  •   Explain the swept frequency measurement method     

   9–7  FILTER RESPONSE MEASUREMENTS 

–+

–+

V

Output

V

Input

Sine wave
generator

Filter

 FIGURE 9–26         Test setup for 
discrete point measurement of 
the fi lter response. (Readings 
are arbitrary and for display 
only.)   



9–7 FILTER RESPONSE MEASUREMENTS   451
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(a) Test setup for a filter response using a spectrum analyzer

(b) Test setup for a filter response using an oscilloscope. The scope is put in X-Y mode. The sawtooth waveform
from the sweep generator drives the X-channel of the oscilloscope.

Vout

 FIGURE 9–27         Test setup for swept frequency measurement of the fi lter response.   

 FILTER BOARD FOR AN FM STEREO 
RECEIVER 
 The radio signal that an FM stereo receiver must process is called a multiplex signal. In 
this example the emphasis is the fi lter board, which is part of the channel separation circuit 
of an FM stereo receiver. 

 It was in the late 1950s that stereo FM broadcasting was fi rst introduced. At that time 
there were still many monaural receivers in use, so the stereo broadcast had to be compatible 
with mono receivers. For this reason the left and right channels of the stereo FM signal are 
encoded as sum (L + R) and difference (L - R) signals. The mono receivers would simply 
use the L + R signal to hear both channels through a single speaker. A stereo receiver must 
do a little more work to recover the original two channels. The left channel is recovered by 

 S Y S T E M  E X A M P L E  9 – 3 

the spectrum analyzer is an instrument that can be calibrated for a desired  frequency 
span / division  rather than for the usual  time / division  setting. Therefore, as the input frequency 
to the fi lter sweeps through a preselected range, the response curve is traced out on the screen 
of the spectrum analyzer. The test setup for using an oscilloscope to display the response 
curve is shown in part (b). 
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Channel filtersFM detectorIF amplifierMixerRF amplifier

Demodulator
frequency
doubler, and
matrix

Left/right
channel audio
amplifier

Power supply
Local
oscillator

Channel separation circuits–12 V+12 V

30 15k 19k 23k 38k 53k
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   FIGURE SE9–7         FM stereo receiver block diagram.   

 adding  the sum signal to the difference signal (2L), and the right channel is recovered by 
 subtracting  the difference signal from the sum signal (2R). A full description of how a mul-
tiplex signal is produced and demodulated is quite complex      . 

  A Brief Description of the System 
 Stereo FM ( frequency modulation ) signals are transmitted on  carrier  frequencies of 
88 MHz to 108 MHz. The standard transmitted stereo signal consists of three modulating 
signals. These are the sum of the left and right channel audio (L + R), the difference of 
the left and right channel audio (L - R), and a 19 kHz pilot subcarrier. The L + R audio 
extends from 30 Hz to 15 kHz and the L - R signal is contained in two sidebands cen-
tered on 38 kHz extending from 23 kHz to 53 kHz as indicated in  Figure   SE9–5   . These 
frequencies come from the FM detector and are processed by the fi lter circuits where they 
are separated. 

 The demodulator uses the frequency-doubled 19 kHz subcarrier to extract the audio 
signal from the 23 kHz to 53 kHz sidebands, after which the 30 Hz to 15 kHz L - R base-
band signal is passed through a fi lter. The L + R and L - R audio signals are then sent to 
the matrix where they are applied to the summing circuits to produce the left and right 
channel audio (-2L and -2R). As stated earlier, our focus in this system example is on the 
fi lters. 

 Refer to the schematic of the left and right channel separation circuit shown in  Figure 
  SE9–6   . There are four fi lter circuits in this schematic, two low-pass fi lters and two band-
pass fi lters. IC1 is a low-pass fi lter that removes everything but the L + R signal from 
30 Hz to 15 kHz. This signal is sent to the two inverting summing amplifi ers IC6 and IC8. 
The IC6 summing amplifi er adds the L + R signal to the L - R signal and the output is 
equal to -2L. 

 The band-pass fi lter comprised of IC2 and IC4 (cascaded two-pole low-pass and 
high-pass fi lters, respectively) reject everything but the L - R signal sidebands. The mul-
tiple feedback band-pass fi lter (IC3) passes only the 19 kHz pilot subcarrier, which is 
doubled in frequency and used by the demodulator to extract the L - R baseband signal 
from the two sidebands. The low-pass fi lter (IC5) removes any harmonics from the L - R 
baseband signal and its output is sent to the sum and difference amplifi ers. The inverting 
amplifi er IC7 converts the summing amplifi er IC8 into a difference amplifi er or subtractor. 
IC7 inverts the L - R signal so the output from the inverting summing amplifi er IC8 is 
equal to -2R. These three circuits (IC6, IC7, and IC8) comprise the matrix.  
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     SUMMARY 
   •   The bandwidth in a low-pass fi lter equals the critical frequency because the response extends to 0 Hz.  

  •   The bandwidth in a high-pass fi lter extends above the critical frequency and is limited only by the 
inherent frequency limitation of the active circuit.  

  •   A band-pass fi lter passes all frequencies within a band between a lower and an upper critical fre-
quency and rejects all others outside this band.  

  •   The bandwidth of a band-pass fi lter is the difference between the upper critical frequency and the 
lower critical frequency.  

  •   A band-stop fi lter rejects all frequencies within a specifi ed band and passes all those outside this 
band.  
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 FIGURE SE9–8         Left and right channel separation circuits.   

  1.    What is the purpose of the two tests discussed in this section?     2.    Name one disadvantage and one advantage of each test method.                        

    SECTION 9–7 CHECKUP 
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  •   Filters with the Butterworth response characteristic have a very fl at response in the passband, 
exhibit a roll-off of -20 dB/decade/pole, and are used when all the frequencies in the passband 
must have the same gain.  

  •   Filters with the Chebyshev characteristic have ripples or overshoot in the passband and exhibit 
a faster roll-off per pole than fi lters with the Butterworth characteristic.  

  •   Filters with the Bessel characteristic are used for fi ltering pulse waveforms. Their linear phase 
characteristic results in minimal waveshape distortion. The roll-off rate per pole is slower than 
for the Butterworth.  

  •   In fi lter terminology, a single  RC  network is called a  pole.   

  •   Each pole in a Butterworth fi lter causes the output to roll off at a rate of -20 dB/decade.  

  •   The quality factor  Q  of a band-pass fi lter determines the fi lter’s selectivity. The higher the  Q,  the 
narrower the bandwidth and the better the selectivity.  

  •   The damping factor determines the fi lter response characteristic (Butterworth, Chebyshev, or 
Bessel).    

  KEY TERMS   
  Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary.  

            Band-pass fi lter      A type of fi lter that passes a range of frequencies lying between a certain lower 
frequency and a certain higher frequency.   

  Band-stop fi lter      A type of fi lter that blocks or rejects a range of frequencies lying between a 
certain lower frequency and a certain higher frequency.   

  Critical frequency ( f c  )      The frequency that defi nes the end of the passband of a fi lter; also called 
 cutoff frequency.    

  Damping factor ( DF )      A fi lter characteristic that determines the type of response.   

  Filter      A circuit that passes certain frequencies and attenuates or rejects all other frequencies.   

  High-pass fi lter      A type of fi lter that passes frequencies above a certain frequency while rejecting 
lower frequencies.   

  Low-pass fi lter      A type of fi lter that passes frequencies below a certain frequency while rejecting 
higher frequencies.   

  Order      The number of poles in a fi lter.   

  Pole      A network containing one resistor and one capacitor that contributes -20 dB/decade to a fi lter’s 
roll-off rate.   

  Roll-off      The rate of decrease in gain below or above the critical frequencies of a fi lter.    

  KEY FORMULAS 
   (9–1) BW � fc       Low-pass bandwidth 

   (9–2) BW � fc2 � fc1       Filter bandwidth of a band-pass fi lter 

   (9–3) f0 � !fc1 fc2       Center frequency of a band-pass fi lter 

   (9–4)  Q �
f0

BW
       Quality factor of a band-pass fi lter 

   (9–5) DF � 2 �
R1

R2
       Damping factor 

   (9–6) fc �
1

2P!RARBCACB

       
Critical frequency for a second-order Sallen-Key 

  

fi lter 

   (9–7) f0 �
1

2PC
 
Å

R1 � R3

R1R2R3
       Center frequency of a multiple-feedback fi lter  

   (9–8) A0 �
R2

2R1
       Gain of a multiple-feedback fi lter  
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  SELF-TEST 
  Answers are at the end of the chapter.  

   1.    The term  pole  in fi lter terminology refers to  

   (a)   a high-gain op-amp     (b)   one complete active fi lter  
  (c)   a single  RC  network     (d)   the feedback circuit    

   2.    A single resistor and a single capacitor can be connected to form a fi lter with a roll-off rate of  

   (a)   -20 dB/decade     (b)   -40 dB/decade  
  (c)   -6 dB/octave     (d)   answers (a) and (c)    

   3.    A band-pass response has  

   (a)   two critical frequencies     (b)   one critical frequency  
  (c)   a fl at curve in the passband     (d)   a wide bandwidth    

   4.    The lowest frequency passed by a low-pass fi lter is  

   (a)   1 Hz     (b)   0 Hz  
  (c)   10 Hz     (d)   dependent on the critical frequency    

   5.    The  Q  of a band-pass fi lter depends on  

   (a)   the critical frequencies   
  (b)   only the bandwidth  
  (c)   the center frequency and the bandwidth   
  (d)   only the center frequency    

   6.    The damping factor of an active fi lter determines the  

   (a)   voltage gain     (b)   critical frequency  
  (c)   response characteristic     (d)   roll-off rate    

   7.    A maximally fl at frequency response is known as  

   (a)   Chebyshev     (b)   Butterworth  
  (c)   Bessel     (d)   Colpitts    

   8.    The damping factor of a fi lter is set by the  

   (a)   negative feedback circuit   
  (b)   positive feedback circuit  
  (c)   frequency-selective circuit    
(d)   gain of the op-amp    

   9.    The number of poles in a fi lter affect the  

   (a)   voltage gain     (b)   bandwidth  
  (c)   center frequency     (d)   roll-off rate    

   10.    Sallen-Key fi lters are  

   (a)   single-pole fi lters     (b)   second-order fi lters  
  (c)   Butterworth fi lters     (d)   band-pass fi lters    

   11.    When fi lters are cascaded, the roll-off rate  

   (a)   increases     (b)   decreases  
  (c)   does not change    

   12.    When a low-pass and a high-pass fi lter are cascaded to get a band-pass fi lter, the critical 
frequency of the low-pass fi lter must be  

   (a)   equal to the critical frequency of the high-pass fi lter  
  (b)   less than the critical frequency of the high-pass fi lter  
  (c)   greater than the critical frequency of the high-pass fi lter    

   13.    A state-variable fi lter consists of  

   (a)   one op-amp with multiple-feedback paths  
  (b)   a summing amplifi er and two integrators  
  (c)   a summing amplifi er and two differentiators  
  (d)   three Butterworth stages    

   14.    When the gain of a fi lter is minimum at its center frequency, it is   

   (a)   a band-pass fi lter     (b)   a band-stop fi lter  
  (c)   a notch fi lter     (d)   answers (b) and (c)     



  TROUBLESHOOTER’S QUIZ 
  Answers are at the end of the chapter.  

  Refer to  Figure   9–29   (a). 

  • If  C  1  is mistakenly replaced with a 0.15 mF capacitor instead of 0.015 mF,   

   1.    The bandwidth will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.    The number of poles will  

   (a)   increase      (b)   decrease      (c)   not change    

   3.    The roll-off rate will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   9–29   (b). 

  • If  C  2  is open,   

   4.    The ac output for a given ac input will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  R  4  is 10 k� instead of 1.0 k�,   

   5.    The damping factor will  

   (a)   increase      (b)   decrease      (c)   not change    

   6.    The critical frequency will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   9–29   (c). 

  • If  C  3  is open,   

   7.    The number of poles will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   9–33   (b). 

  • If  R  3  has an incorrect value of 1.0 k�,   

   8.    The passband gain will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  R  2  is less than the specifi ed value of 150 k�,   

   9.    The center frequency will  

   (a)   increase      (b)   decrease      (c)   not change    

   10.    The passband gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   11.    The bandwidth will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   9–33   (c). 

  • If  R  5  is larger than the specifi ed value of 560 k�,   

   12.    The bandwidth will  

   (a)   increase      (b)   decrease      (c)   not change     

  PROBLEMS 
  Answers to odd-numbered problems are at the end of the book.  

   SECTION   9–1    Basic Filter Responses     

   1.    Identify each type of fi lter response (low-pass, high-pass, band-pass, or band-stop) in  Figure   9–28   .    

   2.    A certain low-pass fi lter has a critical frequency of 800 Hz. What is its bandwidth?   
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 FIGURE 9–29        

   3.    A single-pole high-pass filter has a frequency-selective network with  R  = 2.2 k� and 
 C  = 0.0015 mF. What is the critical frequency? Can you determine the bandwidth from the 
available information?   

   4.    What is the roll-off rate of the fi lter described in Problem 3?   

   5.    What is the bandwidth of a band-pass fi lter whose critical frequencies are 3.2 kHz and 3.9 kHz? 
What is the  Q  of this fi lter?   

   6.    What is the center frequency of a fi lter with a  Q  of 15 and a bandwidth of 1.0 kHz?   

   SECTION   9–2    Filter Response Characteristics     

   7.    What is the damping factor in each active fi lter shown in  Figure   9–29   ? Which fi lters are approx-
imately optimized for a Butterworth response characteristic?    

   8.    For the fi lters in  Figure   9–29    that do not have a Butterworth response, specify the changes nec-
essary to convert them to Butterworth responses. (Use nearest standard values.)   

   9.    Response curves for second-order fi lters are shown in  Figure   9–30   . Identify each as Butter-
worth, Chebyshev, or Bessel.    
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   SECTION   9–3    Active Low-Pass Filters     

   10.    Is the four-pole fi lter in  Figure   9–31    approximately optimized for a Butterworth response? 
What is the roll-off rate?    

   11.    Determine the critical frequency in  Figure   9–31   .   

   12.    Without changing the response curve, adjust the component values in the fi lter of  Figure   9–31    
to make it an equal-value fi lter.   

   13.    Modify the fi lter in  Figure   9–31    to increase the roll-off rate to -120 dB/decade while maintain-
ing an approximate Butterworth response.   

   14.    Using a block diagram format, show how to implement the following roll-off rates using single-
pole and two-pole low-pass fi lters with Butterworth responses. 
   (a)   -40 dB/decade   
  (b)   -20 dB/decade   
  (c)   -60 dB/decade  
  (d)   -100 dB/decade   
  (e)   -120 dB/decade     
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   SECTION   9–4    Active High-Pass Filters     

   15.    Convert the equal-value fi lter from Problem 12 to a high-pass with the 
same critical frequency and response characteristic.   

   16.    Make the necessary circuit modifi cation to reduce by half the critical 
frequency in Problem 15.   

   17.    For the fi lter in  Figure   9–32   ,  
   (a)   How would you increase the critical frequency?  
  (b)   How would you increase the gain?     

   SECTION   9–5    Active Band-Pass Filters     

   18.    Identify each band-pass fi lter confi guration in  Figure   9–33   .    

   19.    Determine the center frequency and bandwidth for each fi lter in  Figure 
  9–33   .   

   20.    Optimize the state-variable fi lter in  Figure   9–34    for  Q  = 50. What bandwidth is achieved?    
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   SECTION   9–6    Active Band-Stop Filters     

   21.    Show how to make a notch (band-stop) fi lter using the basic circuit in  Figure   9–34   .   

   22.    Modify the band-stop fi lter in Problem 21 for a center frequency of 120 Hz.    
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 FIGURE 9–34        

  MULTISIM TROUBLESHOOTING 
PROBLEMS 
   23.    Open fi le P09-23 and determine the fault.   

   24.    Open fi le P09-24 and determine the fault.   

   25.    Open fi le P09-25 and determine the fault.   

   26.    Open fi le P09-26 and determine the fault.   

   27.    Open fi le P09-27 and determine the fault.   

   28.    Open fi le P09-28 and determine the fault.   

   29.    Open fi le P09-29 and determine the fault.   

   30.    Open fi le P09-30 and determine the fault.    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   9–1     

   1.   The critical frequency determines the bandwidth.  

   2.   The inherent frequency limitation of the op-amp limits the bandwidth.  

   3.    Q  and  BW  are inversely related. The higher the  Q,  the better the selectivity, and vice versa.

 4. An all-pass fi lter passes all frequencies but has a phase shift associated with  certain frequencies.     

SECTION   9–2     

   1.   Butterworth is very fl at in the passband and has a -20 dB/decade/pole roll-off. Chebyshev has 
ripples in the passband and has greater than -20 dB/decade/pole roll-off. Bessel has a linear 
phase characteristic and less than -20 dB/decade/pole roll-off.  

   2.   The damping factor determines the response characteristic.  

   3.   Frequency-selection network, gain element, and negative feedback network are the parts of an 
active fi lter.     

MULTISIM



SECTION   9–3     

   1.   A second-order fi lter has two poles. Two resistors and two capacitors make up the frequency-
selective network.  

   2.   The damping factor sets the response characteristic.  

   3.   Cascading increases the roll-off rate.     

SECTION   9–4     

   1.   The positions of the  R s and  C s in the frequency-selection network are opposite for low-pass and 
high-pass confi gurations.  

   2.   Decrease the  R  values to increase  f c .   

   3.   -140 dB/decade     

SECTION   9–5     

   1.    Q  determines selectivity.  

   2.    Q  = 25. Higher  Q  gives narrower  BW.   

   3.   A summing amplifi er and two integrators make up a state-variable fi lter.

 4. 1.38     

SECTION   9–6     

   1.   A band-stop rejects frequencies within the stopband. A band-pass passes frequencies within the 
passband.  

   2.   The low-pass and high-pass outputs are summed.     

SECTION   9–7     

   1.   To check the frequency response of a fi lter  

   2.   Discrete point measurement—tedious and less complete; simpler equipment. 
   Swept frequency measurement—uses more expensive equipment; more effi cient; can be more 

accurate and complete.

 3. Change the clock frequency.     

ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   9–1   500 Hz  

   9–2   1.44  

   9–3   7.23 kHz, 1.29 k�  

   9–4    C A   1  =  C A   2  =  C B   1  =  C B   2  = 0.234 mF;  R  2  =  R  4  = 680 �,  R  1  = 103 �,  R  3  = 840 �  

   9–5    R A   =  R B   =  R  2  = 10 k�,  C A   =  C B   = 0.053 mF , R  1  = 5.86 k�  

   9–6   Gain increases to 2.43, frequency decreases to 544 Hz, and bandwidth decreases to 96.5 Hz.  

   9–7    f  0  = 21.9 kHz,  Q  = 101,  BW  = 217 Hz  

   9–8   Decrease the input resistors or the feedback capacitors of the two integrator stages by half.     

ANSWERS TO SELF-TEST 
   1.   (c)     2.   (d)     3.   (a)     4.   (b)     5.   (c)     6.   (c)     7.   (b)    

 8.   (a)     9.   (d)     10.   (b)     11.   (a)     12.   (c)     13.   (b)     14.   (d)     

ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   decrease     2.   not change     3.   not change     4.   decrease  

   5.   increase     6.   not change     7.   decrease     8.   not change  

   9.   increase     10.   decrease     11.   increase     12.   decrease     
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     OUTLINE 
     10–1  The Oscillator      

     10–2  Feedback Oscillator Principles      

     10–3  Sinusoidal Oscillators with RC Feedback 
Circuits      

     10–4  Oscillators with LC Feedback Circuits      

     10–5  Relaxation Oscillator Principles      

     10–6  The 555 Timer as an Oscillator      

     10–7  The 555 Timer as a One-Shot       

  KEY TERMS 
    Feedback oscillator   
   Relaxation oscillator   
   Positive feedback   
   Wien-bridge oscillator   
   Phase-shift oscillator   

   Colpitts oscillator   
   Clapp oscillator   
   Hartley oscillator   
   Armstrong oscillator   
   Piezoelectric effect   

  OBJECTIVES 
  •   Describe the basic operating principles for all 

oscillators  

  •   Explain the operation of feedback oscillators  

  •   Describe and analyze the operation of basic  RC  
sinusoidal feedback oscillators  

  •   Describe and analyze the operation of  LC  sinusoidal 
feedback oscillators.  

  •   Describe and analyze the operation of basic 
relaxation oscillators  

  •   Use a 555 timer in an oscillation application  

  •   Use a 555 timer as a one-shot device   

  INTRODUCTION 
 Oscillators are circuits that generate a periodic waveform 
to perform timing, control, or communication functions. 
They are found in nearly all electronic systems, including 
analog and digital systems, and in most test instruments 
such as oscilloscopes and function generators. 

 Oscillators require a form of positive feedback, 
where a portion of the output signal is fed back to the 
input in a way that causes it to reinforce itself and thus 
sustain a continuous output signal. Although an external 
input is not strictly necessary, many oscillators use an 
external signal to control the frequency or to synchro-
nize it with another source. Oscillators are designed to 
produce a controlled oscillation with one of two basic 
methods: the unity-gain method used with feedback 
oscillators and the timing method used with relaxation 
oscillators. Both will be discussed in this chapter. 

 Different types of oscillators produce various types 
of outputs including sine waves, square waves, triangu-
lar waves, and sawtooth waves. In this chapter, several 
types of basic oscillator circuits using both op-amps and 
discrete transistors as the gain element are introduced. 
Also, a very popular integrated circuit, called the 555 
timer, is discussed.  

   Voltage-controlled 
oscillator (VCO)   

   Astable multivibrator   
   One-shot     

  VISIT THE WEBSITE 
 Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd    

 OSCILLATORS 
AND TIMERS 
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  An oscillator is a circuit that produces a periodic waveform on its output with only the dc sup-
ply voltage as a required input. A repetitive input signal is not required but is sometimes used 
to synchronize oscillations. The output voltage can be either sinusoidal or nonsinusoidal, 
depending on the type of oscillator. Two major classifi cations for oscillators are feedback oscil-
lators and relaxation oscillators.  

   After completing this section, you should be able to  

  •   Describe the basic operating principles for all oscillators 

   •   Explain the purpose of an oscillator  

  •   Discuss two important classifi cations for oscillators  

  •   List the basic elements of a feedback oscillator     

      10–1  THE OSCILLATOR 

  Types of Oscillators 
 Essentially, all  oscillators  convert electrical energy from the dc power supply to periodic 
waveforms that can be used for various timing, control, or signal-generating applications. 
A basic oscillator is illustrated in  Figure   10–1   . Oscillators are classifi ed according to the 
technique for generating a signal.  

dc supply voltage
Vout

Oscillator

or

or

 FIGURE 10–1         The basic oscillator concept showing three common types of output waveforms.   

  FEEDBACK OSCILLATORS     One type of oscillator is the  feedback oscillator  
which returns a fraction of the output signal to the input with no net phase shift, resulting 
in a reinforcement of the output signal. After oscillations are started, the loop gain is main-
tained at 1.0 to maintain oscillations. A feedback oscillator consists of an amplifi er for gain 
(either a discrete transistor or an op-amp) and a positive feedback network that produces 
phase shift and provides attenuation, as shown in  Figure   10–2   .   

VCC

Vout

Feedback
network

Attenuation
+

Phase shift

Feedback oscillator

Amplifier

 FIGURE 10–2         Basic elements 
of a feedback oscillator.   
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  RELAXATION OSCILLATORS     A second type of oscillator is the  relaxation 
oscillator . A relaxation oscillator uses an  RC  timing circuit to generate a waveform that is 
generally a square wave or other nonsinusoidal waveform. Typically, a relaxation oscilla-
tor uses a Schmitt trigger or other device that changes states to alternately charge and dis-
charge a capacitor through a resistor. Relaxation oscillators are discussed in  Section   10–5   . 

  Positive Feedback 
  Positive feedback  is characterized by the condition where an in-phase portion of the out-
put voltage of an amplifi er is fed back to the input. This basic idea is illustrated with the 
sinusoidal oscillator shown in  Figure   10–3   . As you can see, the in-phase feedback voltage 
is amplifi ed to produce the output voltage, which in turn produces the feedback voltage. 
That is, a loop is created in which the signal sustains itself and a continuous sinusoidal 
output is produced. This phenomenon is called  oscillation.    

Feedback
circuit

Noninverting
amplifier

VoutAv
Vf

In phase

 FIGURE 10–3         Positive feedback produces oscillation.   

  *Answers are at the end of the chapter.      

  1.    What is an oscillator?   

  2.    What type of feedback does a feedback oscillator require?   

  3.    What is the purpose of the feedback network?   

    SECTION 10–1 CHECKUP* 

   10–2  FEEDBACK OSCILLATOR PRINCIPLES 
  Feedback oscillator operation is based on the principle of positive feedback. In this section, we 
will examine this concept and look at the general conditions required for oscillation to occur. 
Feedback oscillators are widely used to generate sinusoidal waveforms.  

   After completing this section, you should be able to  

  •   Explain the operation of feedback oscillators 

   •   Explain positive feedback  

  •   Describe the conditions for oscillation  

  •   Discuss the start-up conditions     
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  Conditions for Oscillation 
 Two conditions, illustrated in  Figure   10–4   , are required to sustain oscillations:  

    1.   The phase shift around the feedback loop must be effectively 0°.  

   2.   The voltage gain,  A cl  , around the closed feedback loop (loop gain) must equal 1 (unity).   

Av

Feedback
circuit

Phase shift = 0°

In phase

(a) The phase shift around the loop is 0°.

Av

B

(b) The closed loop gain is 1.

Acl = AvB = 1

VoutVout

 FIGURE 10–4         Conditions for oscillation.   

 The voltage gain around the closed feedback loop,  A cl ,  is the product of the amplifi er 
gain,  A v ,  and the attenuation,  B,  of the feedback circuit. 

   Acl = AvB   

 If a sinusoidal wave is the desired output, a loop gain greater than 1 will rapidly 
cause the output to saturate at both peaks of the waveform, producing unacceptable distor-
tion. To avoid this, some form of gain control must be used to keep the loop gain at exactly 
1, once oscillations have started. For example, if the attenuation of the feedback network is 
0.01, the amplifi er must have a gain of exactly 100 to overcome this attenuation and not 
create unacceptable distortion (0.01 * 100 = 1.0). An amplifi er gain of greater than 100 
will cause the oscillator to limit both peaks of the waveform.  

  Start-Up Conditions 
 So far, you have seen what it takes for an oscillator to produce a continuous sinusoidal 
output. Now let’s examine the requirements for the oscillation to start when the dc supply 
voltage is turned on. As you know, the unity-gain condition must be met for oscillation to 
be sustained. For oscillation to  begin,  the voltage gain around the positive feedback loop 
must be greater than 1 so that the amplitude of the output can build up to a desired level. 
The gain must then decrease to 1 so that the output stays at the desired level and oscillation 
is sustained. (Several ways to achieve this reduction in gain after start-up are discussed in 
the next section.) The voltage-gain conditions for both starting and sustaining oscillation 
are illustrated in  Figure   10–5   .  

 A question that normally arises is this: If the oscillator is initially off and there is no 
output voltage, how does a feedback signal originate to start the positive feedback build-up 
process? Initially, a small positive feedback voltage develops from thermally produced 
broad-band noise in the resistors or other components or from power supply turn-on tran-
sients. The feedback circuit permits only a voltage with a frequency equal to the selected 
oscillation frequency to appear in phase on the amplifi er’s input. This initial feedback volt-
age is amplifi ed and continually reinforced, resulting in a buildup of the output voltage as 
previously discussed. 
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  1.    What are the conditions required for a circuit to oscillate?   

  2.    Defi ne positive feedback.   

  3.    What is the voltage gain condition for oscillator start-up?      

    SECTION 10–2 CHECKUP 

   10–3  SINUSOIDAL OSCILLATORS WITH RC 
FEEDBACK CIRCUITS 
  In this section, you will learn about three types of feedback oscillators that use RC circuits to 
produce sinusoidal outputs: the Wien-bridge oscillator, the phase-shift oscillator, and the twin-T 
oscillator. Generally, RC feedback oscillators are used for frequencies up to about 1 MHz. The 
Wien-bridge is by far the most widely used type of RC oscillator for this range of frequencies.  

   After completing this section, you should be able to  

  •   Describe and analyze the operation of basic  RC  sinusoidal feedback oscillators 

   •   Identify a Wien-bridge oscillator  

  •   Determine the resonant frequency of a Wien-bridge oscillator  

  •   Analyze oscillator feedback conditions  

  •   Analyze oscillator start-up conditions  

  •   Describe a self-starting Wien-bridge oscillator  

  •   Identify a phase-shift oscillator  

  •   Calculate the resonant frequency and analyze the feedback conditions for a phase-shift 
oscillator  

  •   Identify a twin-T oscillator and describe its operation     
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Vout
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 FIGURE 10–5         When oscillation starts at t 0 , the condition A cl  + 1 causes the sinusoidal output 
voltage amplitude to build up to a desired level. Then A cl  decreases to 1 and maintains the desired 
amplitude.    

  The Wien-Bridge Oscillator 
 One type of sinusoidal  RC  feedback oscillator is the  Wien-bridge oscillator . A fundamental 
part of the Wien-bridge oscillator is a lead-lag network like that shown in  Figure   10–6   (a).  R  1  
and  C  1  together form the lag portion of the network;  R  2  and  C  2  form the lead portion. The 



operation of this lead-lag network is as follows. At lower frequencies, the lead network 
dominates due to the high reactance of  C  2 . As the frequency increases,  X C   2  decreases, thus 
allowing the output voltage to increase. At some specifi ed frequency, the response of the lag 
network takes over, and the decreasing value of  X C   1  causes the output voltage to decrease.  

 The response curve for the lead-lag network shown in  Figure   10–6   (b) indicates that 
the output voltage peaks at a frequency called the resonant frequency,  f r .  At this point, the 
attenuation ( V out  > V in  ) of the network is 1>3 if  R  1  =  R  2  and  X C   1  =  X C   2  as stated by the fol-
lowing equation, which is derived in  Appendix   A   : 

    
Vout

Vin
=

1

3
  (10–1)    

 The formula for the resonant frequency is also derived in  Appendix   A    and is 

    fr =
1

2pRC
  (10–2)    

 To summarize, the lead-lag network in the Wien-bridge oscillator has a resonant fre-
quency,  f r ,  at which the phase shift through the network is 0° and the attenuation is 1>3. 
Below  f r ,  the lead network dominates and the output leads the input. Above  f r ,  the lag net-
work dominates and the output lags the input. 

  THE BASIC CIRCUIT     The lead-lag network is used in the positive feedback loop 
of an op-amp, as shown in  Figure   10–7   (a). A voltage divider is used in the negative feed-
back loop. The Wien-bridge oscillator circuit can be viewed as a noninverting amplifi er 

Vout(peak) = Vin
1
3
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 FIGURE 10–6         A lead-lag network and its response curve.   
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 FIGURE 10–7         Two ways to draw the schematic of a Wien-bridge oscillator.    
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confi guration with the input signal fed back from the output through the lead-lag network. 
Recall that the closed-loop gain of the amplifi er is determined by the voltage divider. 

   Acl =
1

B
=

1

R2>(R1 + R2)
=

R1 + R2

R2
    

 The circuit is redrawn in  Figure   10–7   (b) to show that the op-amp is connected across 
the bridge circuit. One leg of the bridge is the lead-lag network, and the other is the voltage 
divider.  

  POSITIVE FEEDBACK CONDITIONS FOR OSCILLATION     As you know, 
for the circuit to produce a sustained sinusoidal output (oscillate), the phase shift around 
the positive feedback loop must be 0° and the gain around the loop must equal unity (1). 
The 0° phase-shift condition is met when the frequency is  f r   because the phase shift through 
the lead-lag network is 0° and there is no inversion from the noninverting (+) input of the 
op-amp to the output. This is shown in  Figure   10–8   (a).  
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(b) The voltage gain around the loop is 1.
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(a) The phase shift around the loop is 0°.
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 FIGURE 10–8         Conditions for oscillation.   

 The unity-gain condition in the feedback loop is met when 

   Acl = 3   

 This offsets the 1>3 attenuation of the lead-lag network, thus making the total gain around 
the positive feedback loop equal to 1, as depicted in  Figure   10–8   (b). To achieve a closed-
loop gain of 3, 

   R1 = 2R2   

 Then 

   Acl =
R1 + R2

R2
=

2R2 + R2

R2
=

3R2

R2
= 3    

  START-UP CONDITIONS     Initially, the closed-loop gain of the amplifi er itself 
must be more than 3 ( A cl   7 3) until the output signal builds up to a desired level. Ideally, 
the gain of the amplifi er must then decrease to 3 so that the total gain around the loop is 1 
and the output signal stays at the desired level, thus sustaining oscillation. This is illus-
trated in  Figure   10–9   .  

 The circuit in  Figure   10–10    illustrates a method for achieving sustained oscillations. 
Notice that the voltage-divider network has been modifi ed to include an additional resistor 
 R  3  in parallel with a back-to-back zener diode arrangement. When dc power is fi rst applied, 



both zener diodes appear as opens. This places  R  3  in series with  R  1 , thus increasing the 
closed-loop gain of the amplifi er as follows ( R  1  = 2 R  2 ): 

   Acl =
R1 + R2 + R3

R2
=

3R2 + R3

R2
= 3 +

R3

R2
    

 Initially, a small positive feedback signal develops from noise or turn-on transients. 
The lead-lag network permits only a signal with a frequency equal to  f r   to appear in phase 
on the noninverting input. This feedback signal is amplifi ed and continually reinforced, 
resulting in a buildup of the output voltage. When the output signal reaches the zener 
breakdown voltage, the zeners conduct and effectively short out  R  3 . This lowers the ampli-
fi er’s closed-loop gain to 3. At this point the total loop gain is 1 and the output signal levels 
off and the oscillation is sustained. All practical methods to achieve stability for feedback 
oscillators require the gain to be self-adjusting. This requirement is a form of automatic 
gain control (AGC). The zener diodes in this example limit the gain at the onset of a non-
linearity, in this case, zener conduction. 

 Although the zener feedback network is simple, it suffers from the fact that nonline-
arity must occur to control gain; hence, it is diffi cult to achieve a clean sinusoidal wave-
form. Another method to control the gain uses a JFET as a voltage-controlled resistor in a 
negative feedback path. This method can produce an excellent sinusoidal waveform that is 
stable. Recall from  Section   4–2    that a JFET operating with a small or zero  V  DS  is operating 
in the ohmic region. As the gate voltage increases, the drain-source resistance increases. If 
the JFET is placed in the negative feedback path, automatic gain control can be achieved 
because of this voltage-controlled resistance. 

 A JFET stabilized Wien-bridge oscillator is shown in  Figure   10–11   . The gain of the 
op-amp is controlled by the components shown in the shaded box, which include the JFET. 
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 FIGURE 10–9         Oscillator start-up conditions.   
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 FIGURE 10–10         Self-starting 
Wien-bridge oscillator using 
back-to-back zener diodes.   
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The JFET’s drain-source resistance depends on the gate voltage. With no output signal, the 
gate is at zero volts, causing the drain-source resistance to be at the minimum. With this 
condition, the loop gain is greater than 1. Oscillations begin and rapidly build to a large 
output signal. Negative excursions of the output signal forward-bias  D  1 , causing capacitor 
 C  3  to charge to a negative voltage. This voltage increases the drain-source resistance of the 
JFET and reduces the gain (and hence the output). This is classic negative feedback at 
work. With the proper selection of components, the gain can be stabilized at the required 
level. You can explore this circuit further in Experiment 27 of the laboratory manual that 
accompanies this text. The following example illustrates a JFET stabilized oscillator.  
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 FIGURE 10–12        
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 FIGURE 10–11         Self-starting Wien-bridge oscillator using 
a JFET in the negative feedback loop.   

  E X A M P L E  1 0 – 1 

 Determine the frequency for the Wien-bridge oscillator in  Figure   10–12   . Also, 
calculate the setting for  R f   assuming the internal drain-source resistance,  r ¿  ds  , of 
the JFET is 500 � when oscillations are stable.  

  S O L U T I O N 

 For the lead-lag network,  R  1  =  R  2  =  R  = 10 k� and  C  1  =  C  2  =  C  = 0.01 mF. 
The frequency is 

   fr =
1

2pRC
=

1

2p(10 k�)(0.01 mF)
= 1.59 kHz   



  *Answers are at the end of the chapter.     

 Open fi le F10-12 found on 
the companion website. This 
simulation demonstrates 
the value of the feedback 
resistor affects the operation 
of a Wien-bridge. 

MULTISIM

10–3 SINUSOIDAL OSCILLATORS WITH RC  FEEDBACK CIRCUITS   471

 The closed-loop gain must be 3.0 for oscillations to be sustained. For an 
inverting amplifi er, the gain is that of a noninverting amplifi er. 

   Av =
Rf

Ri
+ 1   

  R i   is composed of  R  3  (the source resistor) and  r ¿  ds  . Substituting, 

   Av =
Rf

R3 + r�ds
+ 1   

 Rearranging and solving for  R f  , 

   Rf = (Av - 1)(R3 + r�ds) = (3 - 1)(1.0 k� + 500 �) = 3.0 k�    

  P R A C T I C E  E X E R C I S E * 

 What happens to the oscillations if the setting of  R f   is too high? What happens if 
the setting is too low?     

 TONE GENERATOR 
 High quality audio oscillators are often used in systems requiring a precise frequency 
standard. The system in this example is used by a musical instrument manufacturer to 
check the frequency of middle C, which is 261.625 Hz. The system is portable and uses 
two 9-V batteries. The overall system consists of a Wien-bridge oscillator, a voltage ampli-
fi er, a power amplifi er, and a speaker. To avoid noise, distortion, and drift, the Wien-
bridge and voltage amplifi er are constructed with precision components and located in a 
separate enclosure.  Figure   SE10–1   . shows the block diagram of the system. The focus of 
this example is the Wien-bridge oscillator and the voltage amplifi er.

 S Y S T E M  E X A M P L E  1 0 – 1 

The Wien-bridge oscillator and voltage amplifi er circuit is shown in Figure SE10–2. It 
uses the AD822 op-amp, which is a dual-precision, low-power and low-noise FET input 
op-amp. The fi rst half of the op-amp is used for the Wien-bridge oscillator; the second half 
is for the voltage amplifi er. The AD822 has very low offset drift over its specifi ed tem-
perature range (maximum input bias current drift of 10 pA for B Grade). It uses very low 
power, making it an excellent choice for a battery powered circuit. Notice that the rheo-
stats trim the frequency and are ganged. Assuming the rheostats are both set to 184 � of 
resistance, the frequency of the Wien-bridge is

f =
1

2pRC
=

1

2p(59 k� + 184 �) (0.1 mF)
= 261.6 Hz

The output of the bridge is isolated by the voltage amplifi er, which helps prevent any 
loading effects on the bridge circuit. In a low-level application, the voltage amplifi er could 
directly be connected to the speaker. In this system a power amplifi er is used to increase the 
signal strength.   

Power
amplifier

Voltage
amp.

Wien-bridge
oscillator
261 Hz

Speaker

 FIGURE SE10–1         Basic block diagram of an audio oscillator system.   
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     The Phase-Shift Oscillator 
 A type of sinusoidal feedback oscillator called the  phase-shift oscillator  is shown in  Figure 
  10–13   . Each of the three  RC  networks in the feedback loop can provide a maximum phase 
shift approaching 90°. Oscillation occurs at the frequency where the total phase shift 
through the three  RC  networks is 180°. The inversion of the op-amp itself provides the 
additional 180° to meet the requirement for oscillation of a 360° (or 0°) phase shift around 
the feedback loop.  
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 FIGURE 10–13         Op-amp phase-shift oscillator.   

Rf1
R1

C1

10 k� 
5.9 k� 

R5
500 � 

Frequency
Adjust

Gain

–

+

0.1 μF 

To power
amplifier

+

–

R6

500 � 

R2

5.9 k� 

R3

1.0 k� 

C2

0.1 μF C3
1.0 μF R4

10 k� 

Rf2

24 k� 

Ri2

10 k� 

D1

1N914Q1
2N4861

AD822
AD822

   FIGURE SE10–2 Wien-bridge oscillator circuit and amplifi er.       

 The attenuation  B  of the three-section  RC  feedback network is 

    B =
1

29
  (10–3)    

 where  B  =  R  3 >  R f  .  The derivation of this unusual result is given in  Appendix   A   . To meet 
the greater-than-unity loop gain requirement, the closed-loop voltage gain of the op-amp 
must be greater than 29 (set by  R f   and  R  3 ). The frequency of oscillation is also derived in 
 Appendix   A    and stated in the following equation, where  R  1  =  R  2  =  R  3  =  R  and 
 C  1  =  C  2  =  C  3  =  C.  

    fr =
1

2p16RC
  (10–4)    

Open fi le SE10-2 found on 
the companion website. This 
simulation allows you to fi ne 
tune the frequency of the 
Wien-bridge.

MULTISIM
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 In  Chapter   9    you were introduced to the state-variable fi lter. These fi lters can be confi gured to 
act as state-variable oscillators by introducing positive feedback from the output of the third 
stage to the input of the fi rst. If you refer back to  Figure   9–20    you will see that the state-varia-
ble fi lter is comprised of an inverting amplifi er and two integrators. The inverting amplifi er 
introduces 180° of phase shift and each integrator adds 90°. This provides the 360° (0°) of 
phase shift required for positive feedback. State-variable oscillators are preferred in many 
types of systems because they have a more reliable start-up than single-stage RC oscillators. 
They also have low settling time and are reasonably immune to stray capacitance. 

 S Y S T E M  N O T E 

  E X A M P L E  1 0 – 2 

   (a)   Determine the value of  R f   necessary for the circuit in  Figure   10–14    to operate 
as an oscillator.   

  (b)   Determine the frequency of oscillation.   

  S O L U T I O N 

   (a)   A cl  = 29, and    B =
1

29
=

R3

Rf
.    Therefore, 

    
Rf

R3
= 29    

    Rf = 29R3 = 29(10 k�) = 290 k�    

  (b)     R  1  =  R  2  =  R  3  =  R  and  C  1  =  C  2  =  C  3  =  C.  Therefore, 

   fr =
1

2p26RC
=

1

2p26(10 k�)(0.001 mF)
� 6.5 kHz      

  P R A C T I C E  E X E R C I S E 

   (a)   If R 1 , R 2 , and R 3  in  Figure   10–14    are changed to 8.2 k�, what value must R f  
be for oscillation?  

  (b)   What is the value of  f r  ?         
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 FIGURE 10–14        

 Open fi le F10-14 found on 
the companion website. This 
simulation demonstrates the 
instability of the phase shift 
oscillator. 

MULTISIM

  Twin-T Oscillator 
 Another type of  RC  feedback oscillator is called the  twin-T  because of the two T-type  RC  
fi lters used in the feedback loop, as shown in  Figure   10–15   (a). One of the twin-T fi lters has 
a low-pass response, and the other has a high-pass response. The combined parallel fi lters 
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produce a band-stop or notch response with a center frequency equal to the desired fre-
quency of oscillation,  f r ,  as shown in  Figure   10–15   (b).  

 Oscillation cannot occur at frequencies above or below  f r   because of the negative 
feedback through the fi lters. At  f r ,  however, there is negligible negative feedback; 
thus, the positive feedback through the voltage divider ( R  1  and  R  2 ) allows the circuit to 
oscillate.    
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 FIGURE 10–15         Twin-T oscillator and twin-T fi lter response.   

 In the previous System Note an oscillator using a state-variable fi lter was discussed. These 
circuits are often used in systems that use sensors to convert capacitive or resistive sensor 
outputs into a sinusoidal voltage. A comparator is added as a fourth stage to convert the sinu-
soidal output from the state-variable oscillator into digital pulses, which are able to be ana-
lyzed by a computer. The Texas Instruments UAF42 universal active fi lter IC is one choice 
because it includes a fourth op-amp that can be confi gured as a comparator. The spec sheet for 
the UAF42 can be found at  www.ti.com . Here is how this system would work. 

 Suppose you want to monitor the fl uid level in an oil tank. The fl uid level sensors are 
actually capacitors that are formed as hollow tubes so that the oil can form some or all of 
the dielectric of the capacitor, depending on how much air is displaced within the tubes as 
the fl uid level rises and falls. As the fl uid level changes, the capacitance of the sensors 
changes because the dielectric has changed. These capacitive sensors are used in the feed-
back circuits of the two integrators in the state-variable oscillator. The output frequency of 
the oscillator changes because of the change in capacitance. 

 A microcontroller then compares the output frequency from the comparator to a high-
frequency clock signal. It counts the number of clock pulses in the time window determined by 
the period of the pulses from the comparator. Using a look-up table, the computer can convert 
the output from a capacitive sensor to a fl uid level for display. 

 S Y S T E M  N O T E 

  1.    There are two feedback loops in the Wien-bridge oscillator. 
What is the purpose of each?   

  2.    A certain lead-lag network has  R  1  =  R  2  and  C  1  =  C  2 . An 
input voltage of 5 V rms is applied. The input frequency 
equals the resonant frequency of the network. What is the rms 
output voltage?   

  3.    Why is the phase shift through the  RC  feedback network in a 
phase-shift oscillator equal to 180°?

4. What is the gain of the voltage amplifi er in Figure SE10–2?                       

    SECTION 10–3 CHECKUP 

www.ti.com


 Although the  RC  feedback oscillators, particularly the Wien bridge, are generally suitable for 
frequencies up to about 1 MHz,  LC  feedback elements are normally used in oscillators that 
require higher frequencies of oscillation. Also, because of the frequency limitation (lower 
unity-gain frequency) of most op-amps, discrete transistors (BJT or FET) are often used as the 
gain element in  LC  oscillators. This section introduces several types of resonant  LC  feedback 
oscillators: the Colpitts, Clapp, Hartley, Armstrong, and crystal-controlled oscillators. 

  After completing this section, you should be able to 

  •   Describe and analyze the operation of  LC  feedback oscillators 

  •   Identify and analyze a Colpitts oscillator  

   •   Identify and analyze a Clapp oscillator  

  •   Identify and analyze a Hartley oscillator  

  •   Identify and analyze an Armstrong oscillator  

  •   Describe the operation of crystal-controlled oscillators      

   10–4  OSCILLATORS WITH  LC  
FEEDBACK CIRCUITS 

  The Colpitts Oscillator 
 One basic type of resonant circuit feedback oscillator is the Colpitts, named after its 
inventor—as are most of the others we cover here. As shown in  Figure   10–16   , this type 
of oscillator uses an  LC  circuit in the feedback loop to provide the necessary phase shift 
and to act as a resonant fi lter that passes only the desired frequency of oscillation. 

 The approximate frequency of oscillation is the resonant frequency of the  LC  circuit 
and is established by the values of  C  1 ,  C  2 , and  L  according to this familiar formula: 

    fr �
1

2p2LCT

  (10–5)    

 where C T  is the total capacitance. Because the capacitors effectively appear in series 
around the tank circuit, the total capacitance (C T ) is 

   CT =
C1C2

C1 + C2
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 FIGURE 10–16         A basic 
 Colpitts oscillator with a BJT 
as the gain element.   
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  CONDITIONS FOR OSCILLATION AND START-UP     The attenuation,  B,  of 
the resonant feedback circuit in the  Colpitts oscillator  is basically determined by the values 
of  C  1  and  C  2 . 

  Figure   10–17    shows that the tank voltage is divided between  C  1  and  C  2  (they are 
effectively in series). The voltage developed across  C  2  is the oscillator’s output voltage 
( V out  ) and the voltage developed across  C  1  is the feedback voltage ( V f  ), as indicated. The 
expression for the attenuation ( B ) is 

   B =
Vf

Vout
�

IXC1

IXC2
=

XC1

XC2
=

1>12pfrC12
1>12pfrC22     

 Cancelling the 2p f  r  terms gives 

   B =
C2

C1
   

 As you know, a condition for oscillation is  A v B  = 1. Since  B  =  C  2 > C  1 , 

    Av =
C1

C2
  (10–6)    

 where  A v   is the voltage gain of the amplifi er, which is represented by the triangle in  Figure 
  10–17   . With this condition met,  A v B  = ( C  1 > C  2 )( C  2 > C  1 ) = 1. Actually, for the oscillator 
to be self-starting,  A v B  must be greater than 1 (that is,  A v B  7 1). Therefore, the voltage 
gain must be made slightly greater than  C  1 > C  2 .  

Av 7
C1

C2
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L

Vf Vout

Av

Vf
Vout

C1 C2

Out

 FIGURE 10–17         The attenua-
tion of the tank circuit is the 
output of the tank ( V f  ) divided 
by the input to the tank ( V out  ). 
 B  �  V f ,V out   �  C  2 , C  1 . For 
 A v B  + 1,  A V   must be greater 
than  C  1 , C  2    .

  LOADING OF THE FEEDBACK CIRCUIT AFFECTS THE FREQUENCY 
OF OSCILLATION     As indicated in  Figure   10–18   , the input impedance of the ampli-
fi er acts as a load on the resonant feedback circuit and reduces the  Q  of the circuit. The 
resonant frequency of a parallel resonant circuit depends on the  Q,  according to the follow-
ing formula: 

    fr =
1

2p1LCT
 
A

Q2

Q2 + 1
  (10–7)     

 As a rule of thumb, for a  Q  greater than 10, the frequency is approximately    1>(2p2LCT),    
as stated in Equation 10–5. When  Q  is less than 10, however,  f r   is reduced signifi cantly. 
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 A FET can be used in place of a BJT, as shown in  Figure   10–19   , to minimize the 
loading effect of the transistor’s input impedance. Recall that FETs have much higher 
input impedances than do bipolar junction transistors. Also, when an external load is con-
nected to the oscillator output, as shown in  Figure   10–20   (a),  f r   may decrease, again because 
of a reduction in  Q.  This happens if the load resistance is too small. In some cases, one 
way to eliminate the effects of a load resistance is by transformer coupling, as indicated in 
 Figure   10–20   (b). It is also very common to use an RF choke in place of a collector or drain 
resistor in high-frequency Colpitts oscillators.   
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 FIGURE 10–18          Z in   of the 
amplifi er loads the feedback 
circuit and lowers its  Q , thus 
lowering the resonant 
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R3

R2

R1

+VDD

L

Vout

C2C1

C4

C3

C5

 FIGURE 10–19         A basic FET 
Colpitts oscillator.   
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  The Clapp Oscillator 
 The  Clapp oscillator  is a variation of the Colpitts. The basic difference is an additional 
capacitor,  C  3 , in series with the inductor in the resonant feedback circuit, as shown in  Figure 
  10–22   . Since  C  3  is in series with  C  1  and  C  2  around the tank circuit, the total capacitance is 

   CT =
1

1

C1
+

1

C2
+

1

C3

   

 and the approximate frequency of oscillation ( Q  7 10) is 

   fr �
1

2p2LCT

   

  E X A M P L E  1 0 – 3 

   (a)   Determine the frequency for the oscillator in  Figure   10–21   . Assume there is 
negligible loading on the feedback circuit and that its  Q  is greater than 10.   

  (b)   Find the frequency if the oscillator is loaded to a point where the  Q  drops to 8.   

 Open fi le F10-21 found on 
the companion website. This 
simulation demonstrates the 
operation of a Colpitts 
oscillator with an RF choke in 
the collector circuit. 

MULTISIM

  S O L U T I O N 

   (a)     CT =
C1C2

C1 + C2
=

10.1 mF210.01 mF2
0.11 mF

= 0.0091 mF   

    fr �
1

2p2LCT

=
1

2p2150 mH210.0091 mF2 = 7.46 kHz    

  (b)     fr =
1

2p2LCT
A

Q2

Q2 + 1
= 17.46 kHz210.99232 = 7.40 kHz      

  P R A C T I C E  E X E R C I S E 

 What frequency does the oscillator in  Figure   10–21    produce if it is loaded to a 
point where  Q  = 4?        

R4

R3

R2

R1

+12 V

50 mH

Vout

L

C1

0.1   F

C2

0.01   F

C4

C3

C5

μ μ

 FIGURE 10–21         
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 If  C  3  is much smaller than  C  1  and  C  2 , then  C  3  almost entirely controls the resonant 
frequency    ( fr � 1>(2p2LC3)).    Since  C  1  and  C  2  are both connected to ground at one 
end, the junction capacitance of the transistor and other stray capacitances appear in paral-
lel with  C  1  and  C  2  to ground, altering their effective values.  C  3  is not affected, however, 
and thus provides a more accurate and stable frequency of oscillation.   

  The Hartley Oscillator 
 The  Hartley oscillator  is similar to the Colpitts except that the feedback circuit consists of 
two series inductors and a parallel capacitor as shown in  Figure   10–23   .  

R3R1

+VCC

L1

Vout

Amplifier

Feedback
circuit

L2

C1

C2 C4

C3

C5

R4R2

 FIGURE 10–23         A basic 
 Hartley oscillator.   

R4

R3

R2

R1

+VCC

L

Vout

Amplifier

Feedback
circuit

C5

C4

C2

C3

C1

 FIGURE 10–22         A basic 
Clapp oscillator.   

 In this circuit, the frequency of oscillation for  Q  7 10 is 

   fr �
1

2p2LTC
   

 Open fi le F10-23 found on 
the companion website. This 
simulation demonstrates the 
operation of a Hartley 
oscillator with an RF choke in 
the collector circuit. 

MULTISIM
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 where  L  T  =  L  1  +  L  2 . The inductors act in a role similar to  C  1  and  C  2  in the Colpitts to 
determine the attenuation,  B,  of the feedback circuit. 

   B �
L1

L2
   

 To assure start-up of oscillation,  A v   must be greater than 1>B. 

    Av �
L2

L1
  (10–8)    

 Loading of the tank circuit has the same effect in the Hartley as in the Colpitts; that is, the 
 Q  is decreased and thus  f r   decreases.     

  The  Armstrong Oscillator  
 This type of  LC  feedback oscillator uses transformer coupling to feed back a portion of the 
signal voltage, as shown in  Figure   10–24   . It is sometimes called a “tickler” oscillator in 
reference to the transformer secondary or “tickler coil” that provides the feedback to keep 
the oscillation going. The Armstrong is less common than the Colpitts, Clapp, and Hartley, 
mainly because of the disadvantage of transformer size and cost. The frequency of oscilla-
tion is set by the inductance of the primary winding ( L pri  ) in parallel with  C  1 . 

    fr =
1

2p2LpriC1

  (10–9)      

  Crystal-Controlled Oscillators 
 The most stable and accurate type of feedback oscillator uses a piezoelectric  crystal  in the 
feedback loop to control the frequency. 

  THE PIEZOELECTRIC EFFECT     Quartz is one type of crystalline substance 
found in nature that exhibits a property called the  piezoelectric effect  .  When a changing 
mechanical stress is applied across the crystal to cause it to vibrate, a voltage develops at 
the frequency of mechanical vibration. Conversely, when an ac voltage is applied across 
the crystal, it vibrates at the frequency of the applied voltage. The greatest vibration occurs 
at the crystal’s natural resonant frequency, which is determined by the physical dimen-
sions and by the way the crystal is cut. 

 Crystals used in electronic applications typically consist of a quartz wafer mounted 
between two electrodes and enclosed in a protective “can” as shown in  Figure   10–25   (a) 

R2

R3

R1

R4

+VCC

Lpri Lsec

Feedback circuit

C3

C4

C2 C1

 FIGURE 10–24         A basic Armstrong oscillator.   
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and (b). A schematic symbol for a crystal is shown in  Figure   10–25   (c), and an equivalent 
 RLC  circuit for the crystal appears in  Figure   10–25   (d). As you can see, the crystal’s equiv-
alent circuit is a series-parallel  RLC  circuit and can operate in either series resonance or 
parallel resonance. At the series resonant frequency, the inductive reactance is cancelled 
by the reactance of  C s .  The remaining series resistor,  R s ,  determines the impedance of the 
crystal. Parallel resonance occurs when the inductive reactance and the reactance of the 
parallel capacitance,  C p ,  are equal. The parallel resonant frequency is usually at least 
1 kHz higher than the series resonant frequency. A great advantage of the crystal is that it 
exhibits a very high  Q  ( Q s with values of several thousand are typical).  

 An oscillator that uses a crystal as a series resonant tank circuit is shown in  Figure 
  10–26   (a). The impedance of the crystal is minimum at the series resonant frequency, thus 
providing maximum feedback. The crystal tuning capacitor,  C C ,  is used to “fi ne tune” the 
oscillator frequency by “pulling” the resonant frequency of the crystal slightly up or down.  

 A modifi ed Colpitts confi guration is shown in  Figure   10–26   (b) with a crystal acting 
as a parallel resonant tank circuit. The impedance of the crystal is maximum at parallel 
resonance, thus developing the maximum voltage across the capacitors. The voltage across 
 C  1  is fed back to the input.  

(c) Symbol

XTAL

Quartz wafer

(a) Typical packaged
     crystal

(b) Basic construction
     (without case)

Ls

Rs

(d) Electrical equivalent

Cp Cs

 FIGURE 10–25         A quartz crystal.   
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 FIGURE 10–26         Basic crystal oscillators.   

  MODES OF OSCILLATION IN THE CRYSTAL     Piezoelectric crystals can 
oscillate in either of two modes—fundamental or overtone. The fundamental frequency of 
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a crystal is the lowest frequency at which it is naturally resonant. The fundamental fre-
quency depends on the crystal’s mechanical dimensions, type of cut, and other factors, and 
is inversely proportional to the thickness of the crystal slab. Because a slab of crystal can-
not be cut too thin without fracturing, there is an upper limit on the fundamental frequency. 
For most crystals, this upper limit is less than 20 MHz. For higher frequencies, the crystal 
must be operated in the overtone mode. Overtones are approximate integer multiples of the 
fundamental frequency. The overtone frequencies are usually, but not always, odd multi-
ples (3, 5, 7, . . .) of the fundamental. Many crystal oscillators are available in integrated 
circuit packages. 

   10–5  RELAXATION OSCILLATOR 
PRINCIPLES 

  The second major category of oscillators is the relaxation oscillator. Relaxation oscillators use 
an RC timing circuit and a device that changes states to generate a periodic waveform. In this 
section, you will learn about several circuits that are used to produce nonsinusoidal waveforms.  

   After completing this section, you should be able to  

  •   Describe and analyze the operation of basic relaxation oscillators 

   •   Discuss the operation of basic triangular-wave oscillators  

  •   Discuss the operation of a voltage-controlled oscillator (VCO)  

  •   Discuss the operation of a square-wave relaxation oscillator     

  A Triangular-Wave Oscillator 
 The op-amp integrator covered in  Chapter   8    can be used as the basis for a triangular-wave 
generator. The basic idea is illustrated in  Figure   10–27   (a) where a dual-polarity, switched 
input is used. We use the switch only to introduce the concept; it is not a practical way to 
implement this circuit. When the switch is in position 1, the negative voltage is applied, 

Vout 0

position
2

position
1

position
2

position
1

(b) Output voltage as the switch is thrown back and forth at regular intervals

Vout

–

+

R

C

+V

–V

1

2

(a)

 FIGURE 10–27         Basic triangular-wave generator.   

  1.    What is the basic difference between the Colpitts and the 
Hartley oscillators?   

  2.    What is the advantage of a FET amplifi er in a Colpitts or 
Hartley oscillator?   

  3.    How can you distinguish a Colpitts oscillator from a Clapp 
oscillator?       

    SECTION 10–4 CHECKUP 
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and the output is a positive-going ramp. When the switch is thrown into position 2, a 
negative-going ramp is produced. If the switch is thrown back and forth at fi xed intervals, 
the output is a triangular wave consisting of alternating positive-going and negative-going 
ramps, as shown in  Figure   10–27   (b).  

  A PRACTICAL TRIANGULAR-WAVE OSCILLATOR     One practical imple-
mentation of a triangular-wave generator utilizes an op-amp comparator to perform the 
switching function, as shown in  Figure   10–28   . The operation is as follows. To begin, 
assume that the output voltage of the comparator is at its maximum negative level. 
This output is connected to the inverting input of the integrator through  R  1 , producing a 
positive-going ramp on the output of the integrator. When the ramp voltage reaches the 
upper trigger point (UTP), the comparator switches to its maximum positive level. This 
positive level causes the integrator ramp to change to a negative-going direction. The ramp 
continues in this direction until the lower trigger point (LTP) of the comparator is reached. 
At this point, the comparator output switches back to the maximum negative level and the 
cycle repeats. This action is illustrated in  Figure   10–29   .   

–

+

R1

Vout

Integrator

–

+

Comparator

R3

R2

C

 FIGURE 10–28         A triangular-wave generator using two op-amps.   

 Since the comparator produces a square-wave output, the circuit in  Figure   10–28    can 
be used as both a triangular-wave generator and a square-wave generator. Devices of this 
type are commonly known as  function generators  because they produce more than one 
output function. The output amplitude of the square wave is set by the output swing of the 
comparator, and resistors  R  2  and  R  3  set the amplitude of the triangular output by establish-
ing the UTP and LTP voltages according to the following formulas: 

   VUTP = +VmaxaR3

R2
b    

   VLTP = -VmaxaR3

R2
b    

 where the comparator output levels, + V max   and - V max ,  are equal. The frequency of both 
waveforms depends on the  R  1  C  time constant as well as the amplitude-setting resistors,  R  2  

Comparator
output

+Vmax

–Vmax

VUTP

VLTP

Vout

 FIGURE 10–29         Waveforms for the circuit in  Figure   10–28   .   
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and  R  3 . By varying  R  1 , the frequency of oscillation can be adjusted without changing the 
output amplitude. 

    f =
1

4R1C
 aR2

R3
b   (10–10)    

–

+

R1

Vout

–

+

R3

R2
33 k�

10 k�

10 k�

0.01 μF

C

 FIGURE 10–30        

  E X A M P L E  1 0 – 4 

 Determine the frequency of the circuit in  Figure   10–30   . To what value must  R  1  be 
changed to make the frequency 20 kHz?  

  S O L U T I O N 

   f =
1

4R1C
aR2

R3
b = a 1

4(10 k�)(0.01 mF)
b a 33 k�

10 k�
b = 8.25 kHz   

 To make  f  = 20 kHz, 

   R1 =
1

4fC
aR2

R3
b = a 1

4(20 kHz)(0.01 mF)
b a 33 k�

10 k�
b = 4.13 k�    

  P R A C T I C E  E X E R C I S E 

 What is the amplitude of the triangular wave in  Figure   10–30    if the comparator 
output is {10 V?     

  A Voltage-Controlled Sawtooth Oscillator (VCO) 
 The  voltage-controlled oscillator (VCO)  is a relaxation oscillator whose frequency can be 
changed by a variable dc control voltage. VCOs can be either sinusoidal or nonsinusoidal. 
One way to build a voltage-controlled sawtooth oscillator is with an op-amp integrator that 
uses a switching device (PUT) in parallel with the feedback capacitor to terminate each 
ramp at a prescribed level and effectively “reset” the circuit.  Figure   10–31   (a) shows the 
implementation.  

 The PUT is a programmable unijunction transistor with an anode, a cathode, and a 
gate terminal. The gate is always biased positively with respect to the cathode. When the 
anode voltage exceeds the gate voltage by approximately 0.7 V, the PUT turns on and acts 
as a forward-biased diode. When the anode voltage falls below this level, the PUT turns 
off. Also, the current must be above the holding value to maintain conduction. 

 The operation of the sawtooth generator begins when the negative dc input voltage, 
- V  IN , produces a positive-going ramp on the output. During the time that the ramp is 
increasing, the circuit acts as a regular integrator. The PUT triggers on when the output 
ramp (at the anode) exceeds the gate voltage by 0.7 V. The gate is set to the approximate 
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desired sawtooth peak voltage. When the PUT turns on, the capacitor rapidly discharges, 
as shown in  Figure   10–31   (b). The capacitor does not discharge completely to zero because 
of the PUT’s forward voltage,  V  F . Discharge continues until the PUT current falls below 
the holding value. At this point, the PUT turns off and the capacitor begins to charge again, 
thus generating a new output ramp. The cycle continually repeats, and the resulting output 
is a repetitive sawtooth waveform, as shown. The sawtooth amplitude and period can be 
adjusted by varying the PUT gate voltage. 

 The frequency is determined by the  R i C  time constant of the integrator and the peak 
voltage set by the PUT. Recall that the charging rate of the capacitor is  V  IN > R i C.  The time 
it takes the capacitor to charge from  V  F  to  V  P  is the period,  T,  of the sawtooth (neglecting 
the rapid discharge time). 

   T =
VP - VF

� VIN � >RiC
   

 From  f  = 1> T,  

    f =
� VIN �
RiC

a 1

VP - VF
b   (10–11)    
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+
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– +
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+

–
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Vout
0
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–

+
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–

+
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– +
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+

–
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Vout
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Rapid
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Initially, the capacitor charges, the output ramp begins, and
the PUT is off.

The capacitor rapidly discharges when the PUT momentarily turns on.

Capacitor
charges

 FIGURE 10–31         Voltage-controlled sawtooth oscillator operation.   

  E X A M P L E  1 0 – 5 

   (a)   Find the peak-to-peak amplitude and frequency of the sawtooth output in 
 Figure   10–32   . Assume that the forward PUT voltage,  V  F , is approximately 1 V.   

  (b)   Sketch the output waveform.   

–

+

Ri

Vout
100 k�

R1
68 k�

–15 V

R2
10 k�

R4
10 k�

R3
10 k�

+15 V

C

0.005 μF

 FIGURE 10–32        
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  A Square-Wave Oscillator 
 The basic square-wave oscillator shown in  Figure   10–34    is a type of relaxation oscillator 
because its operation is based on the charging and discharging of a capacitor. Notice that 
the op-amp’s inverting (-) input is the capacitor voltage and the noninverting (+) input is 
a portion of the output fed back through resistors  R  2  and  R  3 . When the circuit is fi rst turned 
on, the capacitor is uncharged, and thus the inverting input is at 0 V. This makes the output 
a positive maximum, and the capacitor begins to charge toward  V out   through  R  1 . When the 
capacitor voltage ( V C  ) reaches a value equal to the feedback voltage ( V f  ) on the noninvert-
ing input, the op-amp switches to the maximum negative state. At this point, the capacitor 
begins to discharge from + V f   toward - V f .  When the capacitor voltage reaches - V f ,  the op-
amp switches back to the maximum positive state. This action continues to repeat, as 
shown in  Figure   10–35   , and a square-wave output voltage is obtained.              

  S O L U T I O N 

   (a)   First, fi nd the gate voltage in order to establish the approximate voltage at 
which the PUT turns on. 

   VG =
R4

R3 + R4
 (+V) =

10 k�

20 k�
 (+15 V) = 7.5 V   

 This voltage sets the approximate maximum peak value of the sawtooth out-
put (neglecting the 0.7 V). 

   VP � 7.5 V   

 The minimum peak value (low point) is 

   VF � 1 V   

 So the peak-to-peak amplitude is 

   Vpp = VP - VF = 7.5 V - 1 V = 6.5 V   

 The frequency is determined as follows: 

    VIN =
R2

R1 + R2
 (-V) =

10 k�

78 k�
 (-15 V) = -1.92 V    

    f =
� VIN �
RiC

a 1

VP - VF
b = a 1.92 V

(100 k�)(0.005 mF)
b a 1

7.5 V - 1 V
b � 591 Hz    

  (b)   The output waveform is shown in  Figure   10–33   . The period is 

   T =
1

f
=

1

591 Hz
 = 1.69 ms       

1 V
1.69 ms

7.5 V

Vout

t

 FIGURE 10–33         Output of the circuit in  Figure   10–32   .   

  P R A C T I C E  E X E R C I S E 

 If  R i   is changed to 56 k� in  Figure   10–32   , what is the frequency?    
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Vout
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 FIGURE 10–34         A square-wave 
relaxation oscillator.   
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 FIGURE 10–35         Waveforms for the square-wave relaxation oscillator.   
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 FIGURE SN10–1         A SAW fi lter   .

 Very high-frequency systems including cellular phone systems and radar frequently use spe-
cialized bandpass fi lters to provide the feedback fi ltering necessary for stable oscillation. One 
type of fi lter used in microwave oscillators is the surface acoustic wave (SAW) fi lter. The 
resonant frequency is determined, to some degree, by its physical dimensions rather than its 
electrical properties. 

 SAW oscillators were fi rst introduced in 1969, though the concept of a surface acoustic 
wave was fi rst theorized in 1885. A SAW fi lter contains two electrode transducers (input and 
output) of interlaced fi ngers deposited on a piezoelectric substrate. The construction of a 
SAW fi lter is illustrated in  Figure   SN10–1   .  

 The spacing between the fi ngers on one side is approximately equal to the wavelength of 
the fi lter center frequency as illustrated in Figure SN10–1. An RF signal applied to the input 
transducer sets up an acoustic wave traveling along the surface of the device at a frequency 
determined by the fi nger spacing. This surface acoustic wave is coupled into the fi ngers of the 
output transducer and converted back into electrical energy through the piezoelectric effect. 
The number of fi ngers, their length and shape, and the relative number of fi ngers between the 
input and output electrodes determines the response characteristics of the fi lter. SAW fi lters 
are limited to frequencies below about 10 GHz, though new construction technologies are 
pushing this boundary. 

 S Y S T E M  N O T E 

  1.    What is a VCO, and basically what does it do?   

  2.    Upon what principle does a relaxation oscillator operate?

3. What is a SAW fi lter?      

    SECTION 10–5 CHECKUP 



  Astable Operation 
 A 555 timer connected to operate as an  astable multivibrator , which is a free-running 
nonsinusoidal oscillator that produces a pulse waveform on its output, is shown in  Figure 
  10–36   . Notice that the threshold input (THRESH) is now connected to the trigger input 
(TRIG). The external components  R  1 ,  R  2 , and  C  ext  form the timing network that sets the 
frequency of oscillation. The 0.01 mF capacitor connected to the control input (CONT) is 
strictly for decoupling and has no effect on the operation.  

  The 555 timer is a versatile integrated circuit with many applications. In this section, you will 
see how the 555 is confi gured as an astable or free-running multivibrator, which is essentially 
a square-wave oscillator. The use of the 555 timer as a voltage-controlled oscillator (VCO) is 
also discussed. The data sheet for the LM555 can be found at  www.national.com .  

   After completing this section, you should be able to  

  •   Use a 555 timer in an oscillator application 

   •   Discuss astable operation of the 555 timer  

  •   Explain how to use the 555 timer as a VCO     

   10–6  THE 555 TIMER AS AN OSCILLATOR 
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 FIGURE 10–36         The 555 timer connected as an astable multivibrator.   

 The frequency of oscillation is given by Equation (10–12), or it can be found using 
the graph in  Figure   10–37   . 

    f =
1.44

(R1 + 2R2)Cext
  (10–12)     

 By selecting  R  1  and  R  2 , the duty cycle of the output can be adjusted. Since  C  ext  
charges through  R  1  +  R  2  and discharges only through  R  2 , duty cycles approaching a mini-
mum of 50 percent can be achieved if R2 >> R1 so that the charging and discharging times 
are approximately equal. 

www.national.com
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 A formula to calculate the duty cycle is developed as follows. The time that the out-
put is high ( t  H ) is expressed as 

   tH = 0.693(R1 + R2)Cext   

 The time that the output is low ( t  L ) is expressed as 

   tL = 0.693R2Cext   

 The period,  T,  of the output waveform is the sum of  t  H  and  t  L . 

   T = tH + tL = 0.693(R1 + 2R2)Cext   

 This is the reciprocal of  f  in Equation (10–12). Finally, the percent duty cycle is 

   Duty cycle = atH
T
b100% = a tH

tH + tL
b100%     

     Duty cycle =  a R1 + R2

R1 + 2R2
b100% (10–13)    

 To achieve duty cycles of less than 50 percent, the circuit in  Figure   10–36    can be 
modifi ed so that  C  ext  charges through only  R  1  and discharges through  R  2 . This is achieved 
with a diode,  D  1 , placed as shown in  Figure   10–38   . The duty cycle can be made less than 

0.1 1.0 10 100 1.0k 10k 100k
0.001

0.01

0.1

1.0

10

100

f, free-running frequency (Hz)

C
, c

ap
ac

ita
nc

e 
(μ

F)

10 M
�

1.0 k�

10 k�
100 k�

1.0 M
�

(R1 + 2R2)

 FIGURE 10–37         Frequency of 
oscillation (free-running fre-
quency) of a 555 timer in the 
astable mode as a function of 
C ext  and R 1  � 2R 2 . The sloped 
lines are values of R 1  � 2R 2 .   
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 FIGURE 10–38         The addition 
of diode D 1  allows the duty 
cycle of the output to be 
adjusted to less than 50 percent 
by making R 1  < R 2 .   
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50 percent by making  R  1  less than  R  2 . Under this condition, the formula for the percent 
duty cycle is 

    Duty cycle = a R1

R1 + R2
b100%  (10–14)     

  Operation as a Voltage-Controlled 
Oscillator (VCO) 
 A 555 timer can be set up to operate as a VCO by using the same external connections as 
for astable operation, with the exception that a variable control voltage is applied to the 
CONT input (pin 5), as indicated in  Figure   10–40   .  

C1
0.01 μF

+5.5 V

R1
2.2 k�

Cext
0.022 μF

GND

CONT

OUT

VCCRESET

DISCH

THRESH

TRIG

555R2
4.7 k�

 FIGURE 10–39        

  E X A M P L E  1 0 – 6 

 A 555 timer confi gured to run in the astable mode (oscillator) is shown in  Figure 
  10–39   . Determine the frequency of the output and the duty cycle.  

  S O L U T I O N 

    f =
1.44

(R1 + 2R2)Cext
=

1.44

(2.2 k� + 9.4 k�)0.022 mF
= 5.64 kHz   

    Duty cycle = a R1 + R2

R1 + 2R2
b100% = a 2.2 k� + 4.7 k�

2.2 k� + 9.4 k�
b100% = 59.5%     

  P R A C T I C E  E X E R C I S E 

 Determine the duty cycle in  Figure   10–39    if a diode is connected across  R  2  as 
indicated in  Figure   10–38   .    
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 For the capacitor voltage, as shown in  Figure   10–41   , the upper value is  V  CONT  and 
the lower value is ½  V  CONT . When the control voltage is varied, the output frequency also 
varies. An increase in  V  CONT  increases the charging and discharging time of the external 
capacitor and causes the frequency to decrease. A decrease in  V  CONT  decreases the charg-
ing and discharging time of the capacitor and causes the frequency to increase.  
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 FIGURE 10–40         The 555 timer connected as a voltage-controlled 
oscillator (VCO). Note the variable control voltage input on pin 5.   
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 FIGURE 10–41         The VCO output frequency varies inversely with V CONT  
because the charging and discharging time of C ext  is directly dependent on the 
control voltage.   

 An interesting application of the VCO is in phase-locked loops, which are used in 
various types of communications receivers to track variations in the frequency of incoming 
signals. You will learn about the basic operation of a phase-locked loop in  Chapter   13   . 

 AN ASK TEST GENERATOR 
 In System Example 9–1 an RFID reader circuit was introduced. In order to test the reader, 
a circuit that will provide an ASK modulated output will simulate the signal from an RFID 
tag. This system example will incorporate two circuits covered in this chapter—an LC 
feedback oscillator and a free-running multivibrator. 

 S Y S T E M  E X A M P L E  1 0 – 2 
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RFID
reader

Data
processor

RFID
tag

Transmission of
digitally coded
information

 FIGURE SE10–3         Block diagram of an RFID system   .

  The ASK Test Generator 
 In this system example, a circuit that can be used as a signal source for testing the RFID 
reader circuit board is developed. The test generator must produce a 125 kHz signal that 
is modulated with a 10 kHz pulse signal to simulate the RFID tag. An oscillator is used 
to generate the 125 kHz carrier signal, and a 555 timer produces the modulating pulse 
signal. The modulator is an analog switch that allows the carrier signal to be turned on 
and off by the modulating pulse signal. A basic block diagram of this circuit is shown in 
 Figure   SE10–4   .  

  The 125 kHz Oscillator 
 The fi rst step is to design and construct the 125 kHz oscillator circuit. A Colpitts oscillator 
built around a BJT is chosen for this design, but a FET could be used, or an op-amp-based 
Wien-bridge oscillator. Note the variable resistor R E1  and the precision tuning capacitor 
C 5 . R E1  allows for gain adjustment and C 5  allows for fi ne tuning the output frequency of 
the oscillator.  

  The 10 kHz Pulse Oscillator 
 For this test circuit, a 10 kHz square wave will be the modulating signal. A 555 timer 
configured in astable mode with a 50% duty cycle will be used to generate the 
10 kHz square wave. Note the switching diode connected across R B . The diode is 
required in order to produce a duty cycle of 50%. By adding the diode in parallel with 
R B , C ext  charges only through R A  and discharges only through R B . Since R A  = R B  the 
duty cycle is 50%.  

125 kHz
oscillator

Analog
switch

10 kHz
pulse source

ASK output

FIGURE SE10–4 Block diagram of the ASK test generator.

 Recall that the RFID tag transmits a 125 kHz ASK (amplitude shift keyed) signal 
modulated with coded information represented by a digital waveform. As a review, the 
basic block diagram of an RFID system is shown in  Figure   SE10–3   . 
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  The Analog Switch 
 The fi nal component that allows the 10 kHz square wave to turn the 125 kHz carrier on and 
off is an analog switch. When the 555 timer output is low, the analog switch turns on and 
the carrier signal is coupled to the ASK output. When the timer output is high, the analog 
switch turns off and the signal is blocked. A potentiometer at the output allows the test 
signal to be adjusted so that it matches the input requirements of the RFID reader.  

  1.    When the 555 timer is confi gured as an astable multivibrator, 
how is the duty cycle determined?   

  2.    When the 555 timer is used as a VCO, how is the frequency 
varied?                                          

    SECTION 10–6 CHECKUP 

  A   one-shot   is a monostable multivibrator that produces a single output pulse for each input 
trigger pulse. The term monostable means that the device has only one stable state. When a 
one-shot is triggered, it temporarily goes to its unstable state but it always returns to its stable 
state. The time that it remains in its unstable state establishes the width of the output pulse and 
is set by the values of an external resistor and capacitor.  

   After completing this section, you should be able to  

  •   Use a 555 timer as a one-shot device 

   •   Discuss monostable operation  

  •   Explain how to set the output pulse width     

   10–7  THE 555 TIMER AS A ONE-SHOT 

 A 555 timer connected for  monostable  operation is shown in  Figure   10–42   . Compare this 
confi guration to the one used for  astable  operation in  Figure   10–36    and note the difference 
in the external circuit.  

  Monostable Operation 
 A negative-going input trigger pulse produces a single output pulse with a predeter-
mined width. Once triggered, the one-shot cannot be retriggered until it completely 
times out; that is, it completes a full output pulse. Once it times out, the one-shot can 
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 FIGURE 10–42         The 555 
timer connected as a monosta-
ble multivibrator (one-shot).   
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then be triggered again to produce another output pulse. A low level on the reset input 
(RESET) can be used to prematurely terminate the output pulse. The width of the output 
pulse is determined by the following formula: 

    tW = 1.1RextCext  (10–15)    

 The graph in  Figure   10–43    shows various combinations of  R  ext  and  C  ext  and the asso-
ciated output pulse widths. This graph can be used to select component values for a desired 
pulse width.  
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 FIGURE 10–43         555 one-shot 
timing.   

  E X A M P L E  1 0 – 7 

 A 555 timer is connected as a one-shot with  R  ext  = 10 k� and  C  ext  = 0.1 mF. 
What is the pulse width of the output? 

  S O L U T I O N 

 You can determine the pulse width in two ways. You can use either Equation 
(10–15) or the graph in  Figure   10–43   . Using the formula, 

   tW = 1.1RextCext = 1.1(10 k�)(0.1 mF) = 1.1 ms   

 To use the graph, move along the  C  = 0.1 mF line until it intersects with the 
sloped line corresponding to  R  = 10 k�. At that point, project down to the hori-
zontal axis and you get a pulse width of 1.1 ms as illustrated in  Figure   10–44   .   

  P R A C T I C E  E X E R C I S E 

 To what value must  R  ext  be changed to increase the one-shot’s output pulse width 
to 5 ms?    
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  Using One-Shots for Time Delay 
 In many applications, it is necessary to have a fi xed time delay between certain events. 
 Figure   10–45   (a) shows two 555 timers connected as one-shots. The output of the fi rst goes 
to the input of the second. When the fi rst one-shot is triggered, it produces an output pulse 
whose width establishes a time delay. At the end of this pulse, the second one-shot is trig-
gered. Therefore, we have an output pulse from the second one-shot that is delayed from 
the input trigger to the fi rst one-shot by a time equal to the pulse width of the fi rst one-shot, 
as indicated in the timing diagram in  Figure   10–45   (b).  
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  E X A M P L E  1 0 – 8 

 Determine the pulse widths and show the timing diagram (relationships of the input and output pulses) for the 
circuit in  Figure   10–46   .  
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  P R A C T I C E  E X E R C I S E 

 Suggest a way that the circuit in  Figure   10–46    can be modifi ed so that the delay can be made adjustable from 
10 ms to 200 ms.   

Trigger input

Delay pulse

Output pulse

0 ms 110 ms 111 ms

tW2

tW1

 FIGURE 10–47        

  1.    How many stable states does a one-shot have?   

  2.    A certain 555 one-shot circuit has a time constant of 5 ms. 
What is the output pulse width?   

  3.    How can you decrease the pulse width of a one-shot?       

    SECTION 10–7 CHECKUP 

     SUMMARY 
   •   Feedback oscillators operate with positive feedback.  

  •   The two conditions for positive feedback are the phase shift around the feedback loop must be 0° 
and the voltage gain around the feedback loop must equal 1.  

  •   For initial start-up, the voltage gain around the feedback loop must be greater than 1.  

  •   Sinusoidal  RC  oscillators include the Wien-bridge, phase-shift, and twin-T.  

  •   Sinusoidal  LC  oscillators include the Colpitts, Clapp, Hartley, Armstrong, and crystal-controlled.  

  •   The feedback signal in a Colpitts oscillator is derived from a capacitive voltage divider in the 
 LC  circuit.  

  •   The Clapp oscillator is a variation of the Colpitts with an extra capacitor added in series with the 
inductor in the feedback circuit.  

  •   The feedback signal in a Hartley oscillator is derived from an inductive voltage divider in the 
 LC  circuit.  

  •   The feedback signal in an Armstrong oscillator is derived by transformer coupling.  

  •   Crystal-controlled oscillators are the most stable type of feedback oscillators.  

  •   A relaxation oscillator uses an  RC  timing circuit and a device that changes states to generate a 
periodic waveform.  

  •   The frequency in a voltage-controlled oscillator (VCO) can be varied with a dc control voltage.  

  •   The 555 timer is an integrated circuit that can be used as an oscillator or as a one-shot by proper 
connection of external components.    

  S O L U T I O N 

 The time relationship of the inputs and outputs are shown in  Figure   10–47   . The pulse widths for the two one-
shots are 

   tW1 = 1.1R1Cext1 = 1.1(100 k�)(1.0 mF) = 110 ms   

   tW2 = 1.1R2Cext2 = 1.1(2.2 k�)(0.47 mF) = 1.14 ms     
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  KEY TERMS   
  Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary.  

  Armstrong oscillator      A type of LC feedback oscillator that uses transformer coupling in the feed-
back circuit.   

  Astable multivibrator      A type of circuit that can operate as an oscillator and produces a pulse 
waveform output.   

  Clapp oscillator      A variation of the Colpitts oscillator with an added capacitor in series with the 
inductor in the feedback circuit.   

  Colpitts oscillator      A type of LC feedback oscillator that uses two series capacitors in the feedback 
circuit.   

  Feedback oscillator      A type of oscillator that returns a fraction of output signal to the input with no 
net phase shift resulting in a reinforcement of the output signal.   

  Hartley oscillator      A type of LC feedback oscillator that uses two series inductors in the feed-
back circuit.   

  One-shot      A monostable multivibrator that produces a single output pulse for each input trigger pulse.   

  Phase-shift oscillator      A type of sinusoidal feedback oscillator that uses three  RC  networks in the 
feedback loop.   

  Piezoelectric effect      The property exhibited by a material where it produces a voltage at the fre-
quency at which it vibrates due to changing mechanical stress.   

  Positive feedback      A condition where an in-phase portion of the output voltage is fed back to 
the input.   

  Relaxation oscillator      A type of oscillator that uses an  RC  timing circuit to generate a nonsinusoi-
dal waveform.   

  Voltage-controlled oscillator      A type of relaxation oscillator whose frequency can be changed by 
a variable dc voltage; also known as a VCO.   

  Wien-bridge oscillator      A type of sinusoidal feedback oscillator that uses an  RC  lead-lag network 
in the feedback loop.    

  KEY FORMULAS 
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    (10–11)  f �
� VIN �
RiC

a 1
VP � VF

b      Sawtooth VCO frequency 

    (10–12)  f �
1.44

(R1 � 2R2)Cext
     555 astable frequency 

    (10–13)  Duty cycle � a R1 � R2

R1 � 2R2
b100%     555 astable (duty cycle Ú 50%) 

    (10–14)  Duty cycle � a R1

R1 � R2
b100%     555 astable (duty cycle 6 50%) 

    (10–15)  tW � 1.1RextCext     555 one-shot pulse width  

  SELF-TEST 
  Answers are at the end of the chapter.  

   1.    An oscillator differs from an amplifi er because it  

   (a)   has more gain     (b)   requires no input signal  
  (c)   requires no dc supply     (d)   always has the same output    

   2.    Wien-bridge oscillators are based on  

   (a)   positive feedback     (b)   negative feedback  
  (c)   the piezoelectric effect     (d)   high gain    

   3.    One condition for oscillation is a  

   (a)   phase shift around the feedback loop of 180°  
  (b)   gain around the feedback loop of one-third  
  (c)   phase shift around the feedback loop of 0°  
  (d)   gain around the feedback loop of less than one    

   4.    A second condition for oscillation is  

   (a)   no gain around the feedback loop  
  (b)   a gain of one around the feedback loop  
  (c)   the attenuation of the feedback network must be one-third  
  (d)   the feedback network must be capacitive    

   5.    In a certain oscillator,  A v   = 50. The attenuation of the feedback network must be  

   (a)   1      (b)   0.01      (c)   10      (d)   0.02    

   6.    For an oscillator to properly start, the gain around the feedback loop must initially be  

   (a)   1      (b)   less than 1      (c)   greater than 1      (d)   equal to  B     

   7.    In a Wien-bridge oscillator, if the resistances in the feedback circuit are decreased, the 
frequency  

   (a)   decreases      (b)   increases      (c)   remains the same    

   8.    The Wien-bridge oscillator’s positive feedback circuit is a(n)  

   (a)    RL  network     (b)    LC  network  
  (c)   voltage divider     (d)   lead-lag network    

   9.    A phase-shift oscillator has  

   (a)   three  RC  networks     (b)   three  LC  networks  
  (c)   a T-type network     (d)   a p-type network    

   10.    Colpitts, Clapp, and Hartley are names that refer to  

   (a)   types of RC oscillators     (b)   inventors of transistors  
  (c)   types of LC oscillators     (d)   types of active fi lters    

   11.    The main feature of a crystal oscillator is  

   (a)   economy     (b)   reliability  
  (c)   stability     (d)   wide bandwidth    

   12.    An oscillator whose frequency is changed by a variable dc voltage is known as a(n)  

   (a)   Wien-bridge oscillator     (b)   VCO  
  (c)   phase-shift oscillator     (d)   astable multivibrator    



  TROUBLESHOOTER’S QUIZ 
  Answers are at the end of the chapter.  

  Refer to  Figure   10–48   . 

  • If  D  1  suddenly opens,   

   1.    The closed-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.    The output amplitude will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  D  2  has a 5.1 V breakdown voltage instead of the specifi ed 4.7 V ,    

   3.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   4.    The frequency of oscillation will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   10–49   . 

  • If the capacitors are 0.01 mF instead of 0.02 mF,   

   5.    The frequency of oscillation will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   10–50   . 

  • If the op-amp dc supply voltage decreases,   

   6.    The frequency of oscillation will  

   (a)   increase      (b)   decrease      (c)   not change    

   7.    The amplitude of the triangular output will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   10–52   . 

  • If  R  2  is less than the specifi ed value,   

   8.    The frequency of the output will  

   (a)   increase      (b)   decrease      (c)   not change    

   9.    The duty cycle of the output will  

   (a)   increase      (b)   decrease      (c)   not change    

   13.    Which one of the following is not an input or output of the 555 timer?  

   (a)   Threshold     (b)   Control voltage  
  (c)   Clock     (d)   Trigger  
  (e)   Discharge     (f)   Reset    

   14.    An astable multivibrator is  

   (a)   an oscillator     (b)   a one-shot  
  (c)   a time-delay circuit     (d)   characterized by having no stable states  
  (e)   answers (a) and (d)    

   15.    The output frequency of a 555 timer connected as an oscillator is determined by  

   (a)   the supply voltage     (b)   the frequency of the trigger pulses  
  (c)   the external  RC  time constant     (d)   the internal  RC  time constant  
  (e)   answers (a) and (d)    

   16.    The term  monostable  means  

   (a)   one output     (b)   one frequency  
  (c)   one time constant     (d)   one stable state    

   17.    A 555 timer connected as a one-shot has  R  ext  = 2.0 k� and  C  ext  = 2.0 mF. The output pulse 
has a width of  

   (a)   1.1 ms     (b)   4 ms  
  (c)   4 ms     (d)   4.4 ms     
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     • If  C  1  is open,   

   10.    The frequency of the output will  

   (a)   increase      (b)   decrease      (c)   not change    

   11.    The duty cycle will  

   (a)   increase      (b)   decrease      (c)   not change    

   12.    The amplitude of the output will  

   (a)   increase      (b)   decrease      (c)   not change     

  PROBLEMS 
  Answers to odd-numbered problems are at the end of the book.  

   SECTION   10–1    The Oscillator     

   1.    What type of input is required for an oscillator?   

   2.    What are the basic components of an oscillator circuit?   

   SECTION   10–2    Feedback Oscillator Principles     

   3.    If the voltage gain of the amplifi er portion of an oscillator is 75, what must be the attenuation of 
the feedback circuit to sustain the oscillation?   

   4.    Generally describe the change required in the oscillator of Problem 3 in order for oscillation to 
begin when the power is initially turned on.   

   SECTION   10–3    Sinusoidal Oscillators with RC Feedback Circuits     

   5.    A certain lead-lag network has a resonant frequency of 3.5 kHz. What is the rms output voltage 
if an input signal with a frequency equal to  f r   and with an rms value of 2.2 V is applied to 
the input?   

   6.    Calculate the resonant frequency of a lead-lag network with the following values: 

    R  1  =  R  2  = 6.2 k�, and  C  1  =  C  2  = 0.02 mF.   

   7.    Determine the necessary value of  R  2  in  Figure   10–48    so that the circuit will oscillate. Neglect 
the forward resistance of the zener diodes. ( Hint:  The total gain of the circuit must be 3 when 
the zener diodes are conducting.)    

   8.    Explain the purpose of  R  3  in  Figure   10–48   .   
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   9.    For the Wien-bridge in  Figure   10–49   , calculate the setting for  R f  , assuming the internal drain-
source resistance,  r¿   ds  , of the JFET is 350 � when oscillations are stable.    
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   10.    Find the frequency of oscillation for the Wien-bridge oscillator in  Figure   10–49   .   

   11.    What value of  R f   is required in  Figure   10–50   ? What is  f r  ?    

   SECTION   10–4    Oscillators with LC Feedback Circuits     

   12.    Calculate the frequency of oscillation for each circuit in  Figure   10–51    and identify the type 
of oscillator. Assume  Q  7 10 in each case.    
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   13.    Determine what the gain of the amplifi er stage must be in  Figure   10–52    in order to have sus-
tained oscillation.    
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   SECTION   10–5    Relaxation Oscillator Principles     

   14.    What type of signal does the circuit in  Figure   10–53    produce? Determine the frequency of 
the output.    

   15.    Show how to change the frequency of oscillation in  Figure   10–53    to 10 kHz.   

   16.    Determine the amplitude and frequency of the output voltage in  Figure   10–54   . Use 1 V as the 
forward PUT voltage.    
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   17.    Modify the sawtooth generator in  Figure   10–54    so that its peak-to-peak output is 4 V.   

   18.    A certain sawtooth generator has the following parameter values:  V  IN  = 3 V,  R  = 4.7 k�, 
 C  = 0.001 mF, and  V  F  for the PUT is 1.2 V. Determine its peak-to-peak output voltage if the 
period is 10 ms.   

   SECTION   10–6    The 555 Timer as an Oscillator     

   19.    What are the two comparator reference voltages in a 555 timer when  V  CC  = 10 V?   

   20.    Determine the frequency of oscillation for the 555 astable oscillator in  Figure   10–55   .    

   21.    To what value must  C  ext  be changed in  Figure   10–55    to achieve a frequency of 25 kHz?   

   22.    In an astable 555 confi guration, the external resistor  R  1  = 3.3 k�. What must  R  2  equal to pro-
duce a duty cycle of 75 percent?   
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   SECTION   10–7    The 555 Timer as a One-Shot     

   23.    A 555 timer connected in the monostable confi guration has a 56 k� external resistor and a 
0.22 mF external capacitor. What is the pulse width of the output?   

   24.    The output pulse width of a certain 555 one-shot is 12 ms. If  C  ext  = 2.2 mF, what is  R  ext ?   

   25.    Suppose that you need to hook up a 555 timer as a one-shot in the lab to produce an output pulse 
with a width of 100 ms. Select the appropriate values for the external components.   

   26.    Devise a circuit to produce two sequential 50 ms pulses. The fi rst pulse must occur 100 ms after 
an initial trigger and the second pulse must occur 300 ms after the fi rst pulse.    

  MULTISIM TROUBLESHOOTING 
PROBLEMS 
   27.    Open fi le P10-27 and determine the fault.   

   28.    Open fi le P10-28 and determine the fault.   

   29.    Open fi le P10-29 and determine the fault.    
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  ANSWERS TO SECTION CHECKUPS 
   SECTION   10–1     

   1.   An oscillator is a circuit that produces a repetitive output waveform with only the dc supply 
voltage as an input.  

   2.   Positive feedback  

   3.   The feedback network provides attenuation and phase shift.  

   SECTION   10–2     

   1.   Zero phase shift and unity voltage gain around the closed feedback  

   2.   Positive feedback is when a portion of the output signal is fed back to the input of the amplifi er 
such that it reinforces itself.  

   3.   Loop gain greater than 1  

   SECTION   10–3     

   1.   The negative feedback loop sets the closed-loop gain; the positive feedback loop sets the fre-
quency of oscillation.  

   2.   1.67 V  

   3.   The three  RC  networks contribute a total of 180° and the inverting amplifi er contributes 180° 
for a total of 360° around the loop.  

   4.   3.4  

   SECTION   10–4     

   1.   The Colpitts uses two series capacitors in parallel with an inductor in the feedback circuit. The 
Hartley uses two series inductors in parallel with a capacitor.  

   2.   The FET has higher input resistance than a BJT and does not load the resonant circuit as much.  

   3.   The Clapp has an extra capacitor in series with the inductor in the feedback circuit.  

   SECTION   10–5     

   1.   A voltage-controlled oscillator exhibits a frequency that can be varied with a dc control voltage.  

   2.   The basis of a relaxation oscillator is the charging and discharging of a capacitor.

 3. A special high-frequency bandpass fi lter that can be used at microwave frequencies   

   SECTION   10–6     

   1.   The duty cycle is set by the external resistors and the external capacitor.  

   2.   The frequency of a VCO is varied by changing  V  CONT .  

   SECTION   10–7     

   1.   A one-shot has one stable state.  

   2.    t W   = 5.5 ms  

   3.   The pulse width can be decreased by decreasing the external resistance or capacitance.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   10–1   If  R f   is too large, the output is distorted. If  R f   is too small, oscillations cease.  
   10–2     (a)   238 k�      (b)   7.92 kHz    

   10–3   7.24 kHz  

   10–4   6.06 V peak-to-peak  

   10–5   1055 Hz  

   10–6   31.9%  

   10–7   45.5 k�  

   10–8   Replace  R  1  with a potentiometer with a maximum resistance of at least 182 k�.   
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  ANSWERS TO SELF-TEST 
   1.   (b)     2.   (a)     3.   (c)     4.   (b)     5.   (d)     6.   (c)  
    7.   (b)     8.   (d)     9.   (a)     10.   (c)     11.   (c)     12.   (b)  
   13.   (c)     14.   (e)     15.   (c)     16.   (d)     17.   (d)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   increase     2.   increase     3.   increase     4.   not change  

   5.   increase     6.   not change     7.   decrease     8.   increase  

   9.   increase     10.   not change     11.   not change     12.   not change     
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    CHAPTER 11 
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     11–3  Basic Shunt Regulators      

     11–4  Basic Switching Regulators      

     11–5  Integrated Circuit Voltage Regulators      

     11–6  Applications of IC Voltage Regulators       

  KEY TERMS 
    Line regulation   
   Load regulation   

   Linear regulator   
   Switching regulator     

  OBJECTIVES 
  •   Describe line and load regulation  

  •   Discuss the principles of series voltage regulators  

  •   Discuss the principles of shunt voltage regulators  

  •   Discuss the principles of switching regulators  

  •   Discuss integrated circuit voltage regulators  

  •   Discuss applications of IC voltage regulators   

  VISIT THE WEBSITE 
 Study aids for this chapter are available at

 http://pearsonhighered.com/fl oyd    

  INTRODUCTION 
 A voltage  regulator  provides a constant dc output voltage 
that is practically independent of the input voltage, output 
load current, and temperature. The voltage regulator is one 
part of a power supply. Its input voltage comes from the 
fi ltered output of a rectifi er derived from an ac voltage or 
from a battery in the case of portable systems. 

 Most voltage regulators fall into two broad 
categories—linear regulators and switching regulators. 
In the linear regulator category, two general types are 
the linear series regulator and the linear shunt regulator. 
These are normally available for either positive or nega-
tive output voltages. A dual regulator provides both 
positive and negative outputs. In the switching regulator 
category, three general confi gurations are step-down, 
step-up, and inverting. 

 Many types of integrated circuit (IC) regulators are 
available. The most popular types of linear regulator are 
the three-terminal fi xed voltage regulator and the three-
terminal adjustable voltage regulator. Switching regula-
tors are also widely used in computer systems. In this 
chapter, specifi c IC devices are introduced as represent-
ative of the wide range of available devices.  

http://pearsonhighered.com/floyd


  The requirement for a reliable source of constant voltage in virtually all electronic systems has 
led to many advances in power supply design. Designers have used feedback and operational 
amplifi ers, as well as pulse circuit techniques to develop reliable constant-voltage (and constant-
current) power supplies. The heart of any regulated supply is the ability to establish a 
constant-voltage reference. In this section, you will learn more about line and load regulation 
(introduced in  Section   2–6   ).  

   After completing this section, you should be able to  

  •   Describe line and load voltage regulation 

   •   Express line regulation as either a percentage or as a percentage per volt  

  •   Calculate line regulation  

  •   Express load regulation as either a percentage or as a percentage per milliamp  

  •   Calculate load regulation from either voltage data or resistance data     

      11–1  VOLTAGE REGULATION 

  Line Regulation 
 Line regulation was introduced in  Section   2–6    and is reviewed here.  Line regulation  is a 
measure of the ability of a power supply to maintain a constant output for changes in the 
input voltage. It is typically defi ned as a ratio of a change in output for a corresponding 
change in the input and expressed as a percentage. 

    Line regulation = a �VOUT

�VIN
b100%  (11–1)    

 This equation was given earlier as Equation (2–3). Some specifi cation sheets show line 
regulation differently. It can be specifi ed as a percentage change in the output voltage per 
volt divided by change in the input voltage. In this case, line regulation is defi ned and 
expressed as a percentage as 

    Line regulation = a �VOUT>VOUT

�VIN
b100%  (11–2)    

 Because this defi nition is different, you need to be sure which defi nition is used 
when reading specifi cations. The key in a specifi cation sheet is to look at the units. If the 
specifi cation is a ratio of mV>V or other pure number, then Equation (11–1) is the defi ning 
equation. If the units are shown as %>mV or %>V, then Equation (11–2) is the defi ning 
equation. 

  E X A M P L E  1 1 – 1 

 When the input to a particular voltage regulator decreases by 5 V, the output 
decreases by 0.25 V. The nominal output is 15 V. Determine the line regulation 
expressed as a percentage and in units of %>V. 

  S O L U T I O N 

 From Equation (11–1), the percent line regulation is 

   Line regulation = a �VOUT

�VIN
b100% = a 0.25 V

5 V
b100% = 5%   

 From Equation (11–2), the percent line regulation is 

   Line regulation = a �VOUT>VOUT

�VIN
b100% = a 0.25 V>15 V

5 V
b100% = 0.33%,V    
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  P R A C T I C E  E X E R C I S E* 

 The input of a certain regulator increases by 3.5 V. As a result, the output voltage 
increases by 0.42 V. The nominal output is 20 V. Determine the regulation 
expressed as a percentage and in units of %>V. 

  *Answers are at the end of the chapter.     

  Load Regulation 
  Load regulation  was introduced in  Section   2–6    and is reviewed here. When the amount of 
current through a load changes due to a varying load resistance, the voltage regulator must 
maintain a nearly constant output voltage across the load. The percent load regulation 
specifi es how much change occurs in the output voltage over a certain range of load cur-
rent values, usually from minimum current (no load, NL) to maximum current (full load, 
FL). Ideally, the percent load regulation is 0%. It can be calculated and expressed as a 
percentage with the following formula: 

    Load regulation = aVNL - VFL

VFL
b100%  (11–3)    

 where  V  NL  is the output voltage with no load, and  V  FL  is the output voltage with full 
(maximum) load. This equation was given earlier as Equation (2–4). Equation (11–3) is 
expressed as a change due only to changes in load conditions; all other factors (such as 
input voltage and operating temperature) must remain constant. Normally, the operating 
temperature is specifi ed as 25 °C. 

 Sometimes power supply manufacturers specify the equiv-
alent output resistance of a power supply ( R  OUT ) instead of its 
load regulation. Recall ( Section   1–3   ) that an equivalent Thevenin 
circuit can be drawn for any two-terminal linear circuit.  Figure 
  11–1    shows the equivalent Thevenin circuit for a power supply 
with a load resistor. The Thevenin voltage is the voltage from the 
supply with no load ( V  NL ), and the Thevenin resistance is the 
specifi ed output resistance,  R  OUT . Ideally,  R  OUT  is zero, corre-

sponding to 0% load regulation, but in practical power supplies  R  OUT  is a small value. With 
the load resistor in place, the output voltage is found by applying the voltage-divider rule: 

   VOUT = VNLa RL

ROUT + RL
b     

 If we let  R  FL  equal the smallest-rated load resistance (largest-rated current), then the 
full-load output voltage ( V  FL ) is 

   VFL = VNLa RFL

ROUT + RFL
b    

 By rearranging and substituting into Equation (11–3), 

    VNL = VFLaROUT + RFL

RFL
b    

    Load regulation =
VFLaROUT + RFL

RFL
b - VFL

VFL
* 100% = aROUT + RFL

RFL
- 1b100%   

    Load regulation = aROUT

RFL
b100%  (11–4)    

 Equation (11–4) is a useful way of fi nding the percent load regulation when the out-
put resistance and minimum load resistance are specifi ed. 

RTH = ROUT

RLVTH = VNL

RL

ROUT + RL
VOUT = VNL

 FIGURE 11–1         Thevenin 
equivalent circuit for a power 
supply with a load resistor.   
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 Alternately, the load regulation can be expressed as a percentage change in output 
voltage for each mA change in load current. For example, a load regulation of 0.01%>mA 
means that the output voltage changes 0.01 percent when the load current increases or 
decreases by 1 mA. 

  E X A M P L E  1 1 – 2 

 A certain voltage regulator has a +12.1 V output when there is no load ( I  L  = 0) 
and has a rated output current of 200 mA. With maximum current, the output 
voltage drops to +12.0 V. Determine the percentage load regulation and fi nd the 
percent load regulation per mA change in load current. 

  S O L U T I O N 

 The no-load output voltage is 

   VNL = 12.1 V   

 The full-load output voltage is 

   VFL = 12.0 V   

 The percent load regulation is 

   Load regulation = aVNL - VFL

VFL
b100% = a 12.1 V - 12.0 V

12.0 V
b100% = 0.83%   

 The load regulation can also be expressed as 

   Load regulation =
0.83%

200 mA
= 0.0042%,mA    

  P R A C T I C E  E X E R C I S E 

 Prove that the results of this example are consistent with a specifi ed output resist-
ance of 0.5 �.   

  1.    Defi ne  line regulation.    

  2.    Defi ne  load regulation.    

  3.    The input of a certain regulator increases by 3.5 V. As a result, 
the output voltage increases by 0.042 V. The nominal output is 
20 V. Determine the line regulation in both % and in %>V.   

  4.    If a 5.0 V power supply has an output resistance of 80 m� 
and a specifi ed maximum output current of 1.0 A, what is the 
load regulation? Give the result as a % and as a %>mA.   

    SECTION 11–1 CHECKUP* 

  *Answers are at the end of the chapter.     



 A simple representation of a series type of  linear regulator  is shown in  Figure   11–2   (a), and 
the basic components are shown in the block diagram in  Figure   11–2   (b). Notice that the 
control element is in series with the load between input and output. The output sample 
circuit senses a change in the output voltage. The error detector compares the sample volt-
age with a reference voltage and causes the control element to compensate in order to 
maintain a constant output voltage.  

  The fundamental classes of voltage regulators are linear regulators and switching regulators. 
Both of these are available in integrated circuit form. There are two basic types of linear regula-
tor. One is the series regulator and the other is the shunt regulator. In this section, we will look 
at the series regulator. The shunt and switching regulators are covered in the next two sections.  

   After completing this section, you should be able to  

  •   Discuss the principles of series voltage regulators 

   •   Explain regulating action  

  •   Calculate output voltage of an op-amp series regulator  

  •   Discuss overload protection and explain how to use current limiting  

  •   Describe a regulator with fold-back current limiting     

   11–2  BASIC SERIES REGULATORS 

VIN VOUT

(b)

VIN VOUT
Series

regulator

(a)

Error
detector

Sample
circuit

Control
element

Reference
voltage

 FIGURE 11–2         Simple series voltage regulator block diagram.   

  Voltage References 
 The ability of a voltage regulator to provide a constant output is dependent on the stability 
of a voltage reference to maintain a constant voltage for any change in temperature or 
other condition. Traditionally zener diodes (discussed in  Section   2–8   ) were used as refer-
ences. Zeners are designed to break down at a specifi c voltage and maintain a fairly con-
stant voltage if the current in the zener is constant and the temperature does not change. 
The drawback to zener diodes is they tend to be noisy and the zener voltage may change 
slightly as the zener ages (this is called  drift ). An even more serious effect is that the zener 
voltage is sensitive to temperature changes; the zener voltage can change hundreds of parts 
per million (ppm) for a change of just 1 °C in temperature. This temperature effect varies 
widely among different types of zeners. 

 An alternative to the zener diode is the voltage reference IC. Voltage references are 
special low-noise ICs that provide precise initial accuracy and very low temperature drift. 
For example, the National Instruments LM4140 series voltage reference has an initial 
accuracy of 0.1% and a temperature coeffi cient (tempco) as low as 3 ppm/°C. The LM4030 
shunt regulator has a better initial accuracy of 0.05% but its tempco is not quite as good at 
10 ppm/°C. The LM4140 series reference comes as an 8-pin IC and is connected as shown 
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in  Figure   11–3(a)   . The shunt reference LM4030 is a 5-pin IC and is connected as shown 
in  Figure   11–3(b)   . As you can see, the schematic symbol for the shunt voltage reference 
is the same as for a zener diode. Wherever you see this symbol used in any of the voltage 
regulator circuits in this chapter, either a zener or a voltage reference IC can used, 
depending on the accuracy required.   

Input Output

5

1,  4

(a) Connections for a series voltage reference.

7,  8

3

2 6
VIN VREF

COUT

GND

NC

Enable

 FIGURE 11–3            

VIN

RZ

COUT

4

5

VREF

(b) Connections for a shunt voltage reference.            

 It should also be noted that voltage references are used in many other applications 
besides voltage regulators. They are commonly used in high-precision ADCs and DACs as 
well as low-noise references for sensor conditioners, voltage monitors, current limiters, 
and programmable current sources. The data sheets for the LM4030 and the LM4140 
series of regulators can be found at www.national.com.     

 In any electronic system, device failure will eventually occur. We tend to think of device fail-
ure in terms of catastrophic failures, such as shorts or opens, but any device will change its 
characteristics over time. This is of special concern when dealing with precision devices such 
as a voltage reference IC. For example, the LM4030 shunt voltage reference has a long-term 
stability rating of 40 ppm for 1000 hours of use. This spec is based upon a temperature of 
25 °C over the 1000 hours of use. 

 The concept of device fatigue is something that a technician or technologist must be 
aware of when working with precision circuits. Each device in the system may appear to be 
fully functional, but some devices must be replaced simply due to the fact that they have drifted 
from their original specifi cations over time. When troubleshooting a system that is performing 
outside its original design specs, device fatigue is something that needs to be considered. 

 S Y S T E M  N O T E 

  Regulating Action 
 A basic op-amp series regulator circuit is shown in  Figure   11–4   . The operation of the 
series regulator is illustrated in  Figure   11–5   . The resistive voltage divider formed by  R  2  
and  R  3  senses any change in the output voltage.   

  Figure   11–5   (a) illustrates what happens when the output tries to decrease because of a 
decrease in  V  IN  or because of a change in load current. A proportional voltage decrease is 
applied to the op-amp’s inverting input by the voltage divider. Since the zener diode ( D  1 ) 
holds the other op-amp input at a nearly fi xed reference voltage,  V  REF , a small difference 
voltage (error voltage) is developed across the op-amp’s inputs. This difference voltage is 

www.national.com
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VIN VOUT

R1

Control element

Q1

D1

VREF
+

– Error detector
R2

R3

Sample
circuit

 FIGURE 11–4         Basic op-amp 
series regulator.   
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(a) When VIN or RL decreases, VOUT attempts to decrease. The
     feedback voltage, VFB, also attempts to decrease, and as a result, the
     op-amp’s output voltage VB attempts to increase, thus compensating
     for the attempted decrease in VOUT by increasing the Q1 emitter
     voltage. Changes in VOUT are exaggerated for illustration.

R1
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–
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(b) When VIN (or RL) stabilizes at its new lower value, the voltages
     return to their original values, thus keeping VOUT constant as a
     result of the negative feedback.
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+

–
R2
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RL

(c) When VIN or RL increases, VOUT attempts to increase. The
     feedback voltage, VFB, also attempts to increase, and as a result,
     VB, applied to the base of the control transistor, attempts to decrease,
     thus compensating for the attempted increase in VOUT by
     decreasing the Q1 emitter voltage.

R1
Q1

D1

VREF
+

–
R2

R3

RL

(d) When VIN (or RL) stabilizes at its new higher value, the voltages
     return to their original values, thus keeping VOUT constant as a
     result of the negative feedback.

 FIGURE 11–5         Illustration of series regulator action that keeps V OUT  constant when V IN  or R L  changes.   



11–2 BASIC SERIES REGULATORS   513

amplifi ed, and the op-amp’s output voltage increases. For highest accuracy,  D  1  is replaced 
with an IC reference. This increase is applied to the base of  Q  1 , causing the emitter voltage 
 V  OUT  to increase until the voltage to the inverting input again equals the reference (zener) 
voltage. This action offsets the attempted decrease in output voltage, thus keeping it nearly 
constant, as shown in part (b). The power transistor,  Q  1 , is used with a heat sink because it 
must handle all of the load current. 

 The opposite action occurs when the output tries to increase, as indicated in  Figure 
  11–5   (c) and (d). The op-amp in the series regulator is actually connected as a noninverting 
amplifi er where the reference voltage  V  REF  is the input at the noninverting terminal, and the 
 R  2 > R  3  voltage divider forms the negative feedback network. The closed-loop voltage gain is 

   Acl = 1 +
R2

R3
   

 Therefore, the regulated output voltage of the series regulator is 

    VOUT � a1 +
R2

R3
bVREF  (11–5)    

 From this analysis, you can see that the output voltage is determined by the zener 
voltage ( V  REF ) and the feedback ratio of  R  2 > R  3 . It is relatively independent of the input 
voltage, and therefore regulation is achieved (as long as the input voltage and load current 
are within specifi ed limits). 

  E X A M P L E  1 1 – 3 

 Determine the output voltage for the regulator in  Figure   11–6    and the base volt-
age of  Q  1 .  

+15 V VOUT

R1
1.0 k�

Q1

D1
5.1 V

VREF

+

–

R3
10 k�

R2
10 k�

 FIGURE 11–6        

  S O L U T I O N 

  V  REF  = 5.1 V, the zener voltage. The regulated output voltage is therefore 

   VOUT = a1 +
R2

R3
bVREF = a1 +

10 k�

10 k�
b5.1 V = (2)5.1 V = 10.2 V   

 The base voltage of  Q  1  is 

   VB = 10.2 V + VBE = 10.2 V + 0.7 V = 10.9 V    

  P R A C T I C E  E X E R C I S E 

 The following changes are made in the circuit in  Figure   11–6   : A 3.3 V zener 
replaces the 5.1 V zener,  R  1  = 1.8 k�,  R  2  = 22 k�, and  R  3  = 18 k�. What is 
the output voltage?       

 Open fi le F11-06 found on the 
companion website. This 
simulation demonstrates the 
operation and line regulation of 
a basic op-amp series regulator. 

MULTISIM
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  Short-Circuit or Overload Protection 
 If an excessive amount of load current is drawn, the series-pass transistor can be quickly 
damaged or destroyed. Most regulators use some type of current-limiting mechanism. 
 Figure   11–7    shows one method of current limiting to prevent overloads called  constant-
current limiting.  The current-limiting circuit consists of transistor  Q  2  and resistor  R  4 .  

VIN VOUT

R1

Q1

R3

R2

Q2

Current limiter

R4

+

–

 FIGURE 11–7         Series regulator 
with constant-current limiting.   

 The load current through  R  4  produces a voltage from base to emitter of  Q  2 . When  I  L  
reaches a predetermined maximum value, the voltage drop across  R  4  is suffi cient to forward-
bias the base-emitter junction of  Q  2 , thus causing it to conduct. Enough  Q  1  base current 
is diverted into the collector of  Q  2  so that  I  L  is limited to its maximum value  I  L(max) . Since 
the base-to-emitter voltage of  Q  2  cannot exceed about 0.7 V, the voltage across  R  4  is held 
to this value, and the load current is limited to 

    IL(max) =
0.7 V

R4
  (11–6)    

  E X A M P L E  1 1 – 4 

 Determine the maximum current that the regulator in  Figure   11–8    can provide to 
a load.  

VIN

VOUT

R1
1.0 k�

Q1

+

–

Q2

R4

5.1 V

R3
10 k�

R2
10 k�

RL

1.0 �

 FIGURE 11–8        

 Open fi le F11-08 found on the 
companion website. This 
simulation illustrates the short-
circuit protection provided by 
adding a current-limiting 
transistor to the series 
regulator. 

MULTISIM

  S O L U T I O N 

   IL(max) =
0.7 V

R4
=

0.7 V

1.0 �
= 0.7 A    

  P R A C T I C E  E X E R C I S E 

 If the output of the regulator in  Figure   11–8    is shorted to ground, what is the current?       
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  Regulator with Fold-Back Current Limiting 
 In the previous current-limiting technique, the current is restricted to a maximum constant 
value.  Fold-back current limiting  is a method used particularly in high-current regulators 
whereby the output current under overload conditions drops to a value well below the peak 
load current capability to prevent excessive power dissipation. 

  BASIC IDEA     The basic concept of fold-back current limiting is as follows, with refer-
ence to  Figure   11–9   . The circuit is similar to the constant current-limiting arrangement in 
 Figure   11–7   , with the exception of resistors  R  5  and  R  6 . The voltage drop developed across 
 R  4  by the load current must not only overcome the base-emitter voltage required to turn on 
 Q  2 , but it must also overcome the voltage across  R  5 . That is, the voltage across  R  4  must be 

   VR4 = VR5 + VBE    

Load current
IL(max)Ishort circuit

VOUT

 FIGURE 11–10         Fold-back current limiting (output 
voltage versus load current).   

+VIN VOUT

R1

Q1

+

–
Q2

R4

D1

R3

R2

R6

R5

 FIGURE 11–9         Series regulator with fold-back current limiting.   

 In an overload or short-circuit condition, the load current increases to a value,  I  L(max) , 
that is suffi cient to cause  Q  2  to conduct. At this point the current can increase no further. 
The decrease in output voltage results in a proportional decrease in the voltage across  R  5 ; 
thus less current through  R  4  is required to maintain the forward-biased condition of  Q  1 . So, 
as  V  OUT  decreases,  I  L  decreases, as shown in the graph of  Figure   11–10   .  

 The advantage of this technique is that the regulator is allowed to operate with peak 
load current up to  I  L(max) ; but when the output becomes shorted, the current drops to a 
lower value to prevent overheating of the device. 

  1.    What are the basic components in a series regulator?   

  2.    A certain series regulator has an output voltage of 8 V. If the 
op-amp’s closed loop gain is 4, what is the value of the 
reference voltage?

3. What is the typical symptom of fatigue failure?       

    SECTION 11–2 CHECKUP 



 In the basic shunt regulator, the control element is a transistor,  Q  1 , in parallel with the 
load, as shown in  Figure   11–12   . A resistor,  R  1 , is in series with the load. The operation of 
the circuit is similar to that of the series regulator, except that regulation is achieved by 
controlling the current through the parallel transistor  Q  1 .  

   11–3  BASIC SHUNT REGULATORS 
  The second basic type of linear voltage regulator is the shunt regulator. As you have learned, 
the control element in the series regulator is the series-pass transistor. In the shunt regulator, the 
control element is a transistor in parallel (shunt) with the load.   

  After completing this section, you should be able to  

  •   Discuss the principles of shunt voltage regulators 

   •   Describe the operation of a basic op-amp shunt regulator  

  •   Compare series and shunt regulators     

 A simple representation of a shunt type of linear regulator is shown in  Figure   11–11   (a), and 
the basic components are shown in the block diagram in part (b) of the fi gure.  

VIN

Shunt
regulator

R1

VOUT

VIN

R1

VOUT

Control
element
(shunt)

Sample
circuit

(a) (b)

Error
detector

Reference
voltage

 FIGURE 11–11         Simple shunt regulator and block diagram.   
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 FIGURE 11–12         Basic op-amp shunt regulator.   

 When the output voltage tries to decrease due to a change in input voltage or load 
current caused by a change in load resistance, as shown in  Figure   11–13   (a), the attempted 
decrease is sensed by  R  3  and  R  4  and is applied to the op-amp’s noninverting input. The 
resulting difference voltage reduces the op-amp’s output ( V  B ), driving  Q  1  less, thus reduc-
ing its collector current (shunt current) and increasing its internal collector-to-emitter 
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resistance  r  CE . Since  r  CE  acts as a voltage divider with  R  1 , this action offsets the attempted 
decrease in  V  OUT  and maintains it at an almost constant level.  

 The opposite action occurs when the output tries to increase, as indicated in  Figure 
  11–13   (b). With  I  L  and  V  OUT  constant, a change in the input voltage produces a change in 
shunt current ( I  S ) as follows: 

   �IS =
�VIN

R1
   

 With a constant  V  IN  and  V  OUT , a change in load current causes an opposite change in shunt 
current. 

   �IS = - �IL   

 This formula says that if  I  L  increases,  I  S  decreases, and vice versa. The shunt regulator is 
less effi cient than the series type but offers inherent short-circuit protection. If the output is 
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–

+
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–

+
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 FIGURE 11–13         Sequence of responses when V OUT  tries to decrease 
as a result of a decrease in R L  or V IN  (opposite responses for an 
attempted increase).   
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shorted ( V  OUT  = 0), the load current is limited by the series resistor  R  1  to a maximum 
value as follows ( I  S  = 0). 

    IL(max) =
VIN

R1
  (11–7)    

  E X A M P L E  1 1 – 5 

 In  Figure   11–14   , what power rating must  R  1  have if the maximum input voltage 
is 12.5 V?  

VIN VOUT

R2
1.0 k�

Q1

–

+

R4
10 k�

R3
10 k�

22 �

+ R1 +

 FIGURE 11–14        

  S O L U T I O N 

 The worst-case power dissipation in  R  1  occurs when the output is short-circuited. 
 V  OUT  = 0, and when  V  IN  = 12.5 V, the voltage dropped across  R  1  is 
 V  IN  -  V  OUT  = 12.5 V. The power dissipation in  R  1  is 

   PR1 =
V 2R1

R1
=

(12.5 V)2

22 �
= 7.1 W   

 Therefore, a resistor with at least a  10 W  rating should be used.  

  P R A C T I C E  E X E R C I S E 

 In  Figure   11–14   ,  R  1  is changed to 33 �. What must be the power rating of  R  1  if 
the maximum input voltage is 24 V?      

 Open fi le F11-14 found on 
the companion website. This 
simulation demonstrates the 
load regulation of the shunt 
regulator. 

MULTISIM

  1.    How does the control element in a shunt regulator differ from 
that in a series regulator?   

  2.    What is one advantage of a shunt regulator over a series type? 
What is a disadvantage?     

    SECTION 11–3 CHECKUP 



 A much greater effi ciency can be realized with a switching type of voltage regulator than 
with linear types because, as the transistor switches on and off, it dissipates power only 
when it is on. In a linear regulator, the transistor is always on and constantly dissipates 
power because the transistor looks like a variable resistor. This causes heat to be generated 
and wastes power. In a  switching regulator , the transistor operates only on the ends of the 
load line, except during the very short switching time, so its resistance is either very high 
(cutoff) or very low (saturated). As a result, effi ciencies can be greater than 90%. Switch-
ing regulators are particularly useful where effi ciency is important, such as for computers 
or tablets. An effi cient regulator avoids excessive heat, which can destroy electronic com-
ponents, and increases battery life. 

 Switching regulators are designed for various power levels. They range in power levels 
from less than one watt for some battery-operated portable equipment to hundreds and thou-
sands of watts in high-power applications. The requirements for the application determine 
the particular design, but all switching regulators require feedback to control the on-off time 
for the switch. Three basic confi gurations of switching regulators are step-down, step-up, and 
inverting. In some cases, such as a laptop computer, all three types may be employed for 
various parts of the system; for example, the display typically will use an inverting type, the 
microprocessor may use a step-down type, and the disk drive may use a step-up type. 

  Step-Down Confi guration 
 In the step-down confi guration (also called a buck converter), the output voltage is always 
less than the input voltage. A basic step-down switching regulator is shown in  Figure 
  11–15   (a), and its simplifi ed equivalent is shown in  Figure   11–15   (b). Transistor  Q  1  is used 
to switch the input voltage at a duty cycle that is based on the regulator’s load requirement. 
MOSFET transistors can switch faster than BJTs, so they have become the preferred type 
of switching device, assuming that the off-state voltage is not too high. Depending on 
the application, BJTs are still used, and in some cases thyristors (covered in  Chapter   15   ) 
are used as the switching device. The  LC  fi lter is then used to average the switched volt-
age. Since  Q  1  is either  on  (saturated) or  off,  the power lost in the control element is rela-
tively small. Therefore, the switching regulator is useful primarily in higher power 
applications or in applications such as computers where effi ciency is of utmost concern.  

 The on and off intervals of  Q  1  are shown in the waveform of  Figure   11–16   (a). The 
capacitor charges during the on-time ( t  on ) and discharges during the off-time ( t  off ). When 
the on-time is increased relative to the off-time, the capacitor charges more, thus increas-
ing the output voltage, as indicated in  Figure   11–16   (b). When the on-time is decreased 
relative to the off-time, the capacitor discharges more, thus decreasing the output voltage, 
as in  Figure   11–16   (c). Therefore, by adjusting the duty cycle,  t  on >( t  on  +  t  off ), of  Q  1 , the 
output voltage can be varied. The inductor further smooths the fl uctuations of the output 
voltage caused by the charging and discharging action.  

  The two types of linear regulators—series and shunt—  have control elements (transistors) that 
are conducting all the time, with the amount of conduction varied as demanded by changes in 
the output voltage or current. The switching regulator is different; the control element oper-
ates as a switch.   

  After completing this section, you should be able to  

  •   Discuss the principles of switching regulators 

   •   Describe the step-down confi guration of a switching regulator  

  •   Determine the output voltage of the step-down confi guration  

  •   Describe the step-up confi guration of a switching regulator  

  •   Determine the output voltage of the step-up confi guration  

  •   Describe the voltage-inverter confi guration     

   11–4  BASIC SWITCHING REGULATORS 
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 FIGURE 11–16         Switching regulator waveforms. The V C  waveform is shown for 
no inductive fi ltering to illustrate the charge and discharge action (ripple). L and C 
smooth V C  to a nearly constant level, as indicated by the dashed line for V OUT .   
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 FIGURE 11–15         Basic step-down switching regulator.   
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 Ideally, the output voltage is expressed as 

    VOUT = a ton

T
bVIN  (11–8)    

  T  is the period of the on-off cycle of  Q  1  and is related to the frequency by  T  = 1> f.  The 
period is the sum of the on-time and the off-time. 

   T = ton + toff   

 The ratio  t  on > T  is called the  duty cycle.  
 The regulating action is as follows and is illustrated in  Figure   11–17   . When  V  OUT  

tries to decrease, the on-time of  Q  1  is increased, causing an additional charge on the capac-
itor,  C , to offset the attempted decrease. When  V  OUT  tries to increase, the on-time of  Q  1  is 
decreased, causing  C  to discharge enough to offset the attempted increase.   
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 FIGURE 11–17         Basic regulating action of a step-down switching regulator.   

  Step-Up Confi guration 
 A basic step-up type of switching regulator (sometimes called a boost converter) is shown 
in  Figure   11–18   , where transistor  Q  1  operates as a switch to ground.  

 The switching action is illustrated in  Figures   11–19    and    11–20   . When  Q  1  turns on, a 
voltage equal to approximately  V  IN  is induced across the inductor with a polarity as indi-
cated in  Figure   11–19   . During the on-time ( t  on ) of  Q  1 , the inductor voltage,  V L  , decreases 
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 FIGURE 11–18         Basic step-up switching regulator.   

VIN VOUT

R1
off to on

R3

R2

RL
D1

D2

VL

+–

++ + – +–

+

–

C not charging

tonVG

C

0

VIN

0

VIN
Initially, VL jumps
to VIN when Q1
turns on.

VL decreases
while Q1 is on.

Q1
Variable

pulse-width
modulator
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 FIGURE 11–20         Basic switching action of a step-up regulator when Q 1  turns off.   
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 FIGURE 11–21         Basic inverting switching regulator.   

 When  Q  1  turns on, the inductor voltage jumps to approximately  V  IN  and the magnetic 
fi eld rapidly expands, as shown in  Figure   11–22   (a). While  Q  1  is on, the diode is reverse-
biased and the inductor voltage decreases from its initial maximum. When  Q  1  turns off, the 
magnetic fi eld collapses and the inductor’s polarity reverses, as shown in  Figure   11–22   (b). 
This forward-biases the diode, charges  C,  and produces a negative output voltage, as indi-
cated. The repetitive on-off action of  Q  1  produces a repetitive charging and discharging 
that is smoothed by the  LC  fi lter action.  

 As with the step-up regulator, the less time  Q  1  is on, the greater the output voltage is, 
and vice versa. This regulating action is illustrated in  Figure   11–23   . As stated earlier, 
switching regulator effi ciencies can be greater than 90 percent.  

from its initial maximum and diode  D  1  is reverse-biased. The longer  Q  1  is on, the smaller 
 V L   becomes. During the on-time, the capacitor only discharges an extremely small amount 
through the load. 

  When  Q  1  turns off, as indicated in  Figure   11–20   , the inductor voltage suddenly 
reverses polarity and adds to  V  IN , forward-biasing diode  D  1  and allowing the capacitor to 
charge. The output voltage is equal to the capacitor voltage and can be larger than  V  IN  
because the capacitor is charged to  V  IN  plus the voltage induced across the inductor during 
the off-time of  Q  1 .  

 The longer the on-time of  Q  1 , the more the inductor voltage will decrease and 
the greater the magnitude of the voltage when the inductor reverses polarity at the 
instant  Q  1  turns off. As you have seen, this reverse polarity voltage is what charges 
the capacitor above  V  IN . The output voltage is dependent on both the inductor’s mag-
netic field action (determined by  t  on ) and the charging of the capacitor (determined 
by  t  off ). 

 Voltage regulation is achieved by the variation of the on-time of  Q  1  (within certain 
limits) as related to changes in  V  OUT  due to changing load or input voltage. If  V  OUT  tries to 
increase, the on-time of  Q  1  will decrease, which results in a decrease in the amount that  C  
will charge. If  V  OUT  tries to decrease, the on-time of  Q  1  will increase, which results in an 
increase in the amount that  C  will charge. This regulating action maintains  V  OUT  at an 
essentially constant level.  

  Voltage-Inverter Confi guration 
 A third type of switching regulator produces an output voltage that is opposite in polarity 
to the input. A basic diagram is shown in  Figure   11–21   . This circuit is sometimes called a 
buck-boost converter.  
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  Fixed Positive Linear Voltage Regulators 
 Although many types of IC regulators are available, the 7800 series of IC regulators is rep-
resentative of three-terminal devices that provide a fi xed positive output voltage. The three 
terminals are input, output, and ground as indicated in the standard fi xed voltage confi gura-
tion in  Figure   11–24   (a). The last two digits in the part number designate the output voltage. 
For example, the 7805 is a +5.0 V regulator. Other available output voltages are given in 
 Figure   11–24   (b). (Common IC regulator packages were shown in Figure 2–26(c).)  

  1.    What are three types of switching regulators?   

  2.    What is the primary reason switching regulators are used in 
computer systems?   

  3.    How are changes in output voltage compensated for in the 
switching regulator?      

    SECTION 11–4 CHECKUP 

  In the previous sections, the basic voltage regulator confi gurations were presented. Several 
types of both linear and switching regulators are available in integrated circuit (IC) form. Gen-
erally, the linear regulators are three-terminal devices that provide either positive or negative 
output voltages that can be either fi xed or adjustable. Three-terminal regulators were intro-
duced in  Section   2–6   . In this section, typical linear and switching IC regulators are covered in 
more detail.   

  After completing this section, you should be able to  

  •   Discuss integrated circuit voltage regulators 

   •   Describe the 7800 series of positive regulators  

  •   Describe the 7900 series of negative regulators  

  •   Describe the LM317 adjustable positive regulator  

  •   Describe the LM337 adjustable negative regulator  

  •   Describe IC switching regulators     

   11–5  INTEGRATED CIRCUIT VOLTAGE 
REGULATORS 

(a) Standard configuration

Positive
input

Gnd

Positive
output

78XX

(b) The 7800 series

Type number Output voltage

7805
7806
7808
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7812
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7824

+5.0 V
+6.0 V
+8.0 V
+9.0 V

+12.0 V
+15.0 V
+18.0 V
+24.0 V

C1 C2

(3)(1)

(2)

 FIGURE 11–24         The 7800 series three-terminal fi xed positive voltage regulators.   

 Capacitors are used on the input and output as indicated. The output capacitor acts 
basically as a line fi lter to improve transient response. The input capacitor is used to pre-
vent unwanted oscillations when the regulator is some distance from the power supply fi l-
ter such that the line has a signifi cant inductance. 
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 The 7800 series can produce output currents up to in excess of 1 A when used with 
an adequate heat sink. The input voltage must be at least 2 V above the output voltage in 
order to maintain regulation. The circuits have internal thermal overload protection and 
short-circuit current-limiting features. 

  Thermal overload  occurs when the internal power dissipation becomes excessive 
and the temperature of the device exceeds a certain value. Thermal overload is a problem 
if inadequate heat sinking is provided or if the regulator is not properly secured to the heat 
sink. Almost all applications of regulators require a heat sink. Heat generated by the regu-
lator must move to the heat sink and then to the surrounding air. A good heat sink is mas-
sive and has fi ns (to increase area). A regulator that is too hot may show symptoms of drift, 
excess ripple, or the output may fall out of regulation. The spec sheets for the 78XX series 
can be found at  www.onsemi.com .     

 Voltage regulators have a specifi cation called the dropout voltage. The dropout voltage of a 
regulator is the difference between the input voltage and the output voltage at which the device 
can no longer maintain voltage regulation. For example, 78XX and 79XX voltage regulator 
ICs have a dropout voltage rating of 2 V. This means that for a 7812, if the input voltage drops 
below 14 V, voltage regulation is lost. Regulation is usually assumed to be lost when the out-
put voltage drops 100 mV below its rated value. 

 With the increase in the number of portable devices, such as laptops and tablets, this can 
present a problem. For example, a lithium ion battery has an output voltage of 4.2 V when 
fully charged, but drops to about 2.7 V when almost discharged. This concern has led to the 
development of low-dropout regulators. 

 Low-dropout (LDO) regulators maintain regulation with much lower input-to-output 
voltage differentials, usually between 100 mV and 200 mV. One example is the ADP1710/
ADP1711 series of CMOS linear regulators from Analog Devices. Both devices are available 
in 16 fi xed output voltage options, and the 1710 is available in an adjustable version (0.8 V to 
5 V) as well. Each of these devices has a dropout rating of 150 mV at 150 mA load current. 
Their spec sheets can be found at  www.analog.com . 

 S Y S T E M  N O T E 

  Fixed Negative Linear Voltage Regulators 
 The 7900 series is typical of three-terminal IC regulators that provide a fi xed negative 
output voltage. This series is the negative-voltage counterpart of the 7800 series and shares 
most of the same features and characteristics.  Figure   11–25    indicates the standard confi gu-
ration and part numbers with corresponding output voltages that are available. Be aware 
that the pins on the 7900 series regulators do not have the same function as the 7800 series 
pins. The spec sheets for the 79XX series can be found at  www.onsemi.com .   

(a) Standard configuration

Negative
input

Gnd
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output

79XX

(b) The 7900 series

Type number Output voltage
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(3)(2)
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 FIGURE 11–25         The 7900 series three-terminal fi xed negative voltage regulators.   
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  Adjustable Positive Linear Voltage Regulators 
 The LM317 is an example of a three-terminal positive regulator with an adjustable output 
voltage. A data sheet for this device is given in Appendix A. The standard confi guration is 
shown in  Figure   11–26   . Input and output capacitors,  C  1  and  C  3 , respectively, are used for 
the reasons discussed previously. The capacitor,  C  2 , at the adjustment terminal also acts as 
a fi lter to improve transient response. Notice that there is an input, an output, and an adjust-
ment terminal. The external fi xed resistor,  R  1 , and the external variable resistor,  R  2 , pro-
vide the output voltage adjustment.  V  OUT  can be varied from 1.2 V to 37 V depending on 
the resistor values. The LM317 can provide over 1.5 A of output current to a load.  

Positive
input

Adjustment

Positive
output

LM317

R1

R2

C1

C2

C3

 FIGURE 11–26         The LM317 three-terminal adjustable positive voltage 
regulator.   

 The LM317 is operated as a “fl oating” regulator because the adjustment terminal is 
not connected to dc ground but fl oats to whatever voltage is across  R  2 . This allows the 
output voltage to be much higher than that of a fi xed-voltage regulator. 

  BASIC OPERATION     As indicated in  Figure   11–27   , a constant 1.25 V reference 
voltage ( V  REF ) is maintained by the regulator between the output terminal and the adjust-
ment terminal. This constant reference voltage produces a constant current ( I  REF ) through 
 R  1 , regardless of the value of  R  2 .  I  REF  is also through  R  2 .   

   IREF =
VREF

R1
=

1.25 V

R1
     

 Open fi le F11-27 found on 
the companion website. This 
simulation demonstrates the 
operation of an adjustable 
voltage regulator. 
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 FIGURE 11–27         Operation of the LM317 adjustable voltage regulator.   

 In addition, there is a very small constant current into the adjustment terminal of approxi-
mately 50 mA called  I  ADJ , which is through  R  2 . A formula for the output voltage is as follows: 

    VOUT = VREFa1 +
R2

R1
b + IADJR2  (11–9)    
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 As you can see, the output voltage is a function of both  R  1  and  R  2 . Once the value of  R  1  is 
set, the output voltage is adjusted by varying  R  2 . 

  E X A M P L E  1 1 – 6 

 Determine the minimum and maximum output voltages for the voltage regulator in  Figure   11–28   . Assume 
 I  ADJ  = 50 mA.  

+35 V +VOUTLM317

R1
220 �

R2
5.0 k� (max)

C1

C2

C3

 FIGURE 11–28        

  S O L U T I O N 

   VR1 = VREF = 1.25 V   

 When  R  2  is set at its minimum of 0 �, 

   VOUT(min) = VREF a1 +
R2

R1
b + IADJR2 = 1.25 V(1) = 1.25 V   

 When  R  2  is set at its maximum of 5.0 k�, 

    VOUT(max) = VREFa1 +
R2

R1
b + IADJR2 = 1.25 Va1 +

5.0 k�

220 �
b + (50 mA)5.0 k�

 = 29.66 V + 0.25 V = 29.9 V     

  P R A C T I C E  E X E R C I S E 

 What is the output voltage of the regulator if  R  2  is set at 2.0 k�?     

  Adjustable Negative Linear Voltage Regulators 
 The LM337 is the negative output counterpart of the LM317 and is a good example of this 
type of IC regulator. Like the LM317, the LM337 requires two external resistors for output 
voltage adjustment as shown in  Figure   11–29   . The output voltage can be adjusted from 
−1.2 V to −37 V, depending on the external resistor values. The spec sheets for the LM317 
and LM337 can be found at  www.national.com .      

R1

R2

Negative
input

Negative
output

LM337

Adjustment
C3

C2

C1

 FIGURE 11–29         The LM337 three-terminal adjustable negative voltage 
 regulator.   

www.national.com
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 Most standard adjustable regulators are designed to work from relatively low input voltages. 
For example, the maximum input-output voltage differential for the LM117 and LM317 is 
40 V. In some systems it is more practical to work with input voltages that are much higher. It 
is for these types of applications that high-voltage linear regulators have been developed. 

 The LR8 and LR12 three-terminal ICs are two examples of high-voltage regulators. 
Both these regulators are designed to work directly off the rectifi ed ac mains of a system. The 
LR8 can accept input voltages up to 450 V and still provide a regulated output voltage as low 
as 12 V. This device is compatible with rectifi ed 120 V or 240 V line voltages. The LR12 has 
a maximum input voltage rating of 100 V for a 12 V output, making it compatible with 48 V 
telecom line voltages. Both devices can provide regulated outputs as low as 1.2 V with lower 
input voltages. The output voltage is set by a voltage divider between the output and the adjust 
input, just like for the LM117/LM317. Both devices require a minimum 12 V input-to-output 
voltage differential and 500 mA of output current for proper operation. The spec sheet for these 
devices can be found at  www.supertex.com . 

 S Y S T E M  N O T E 

  Troubleshooting Three-Terminal Regulators 
 Three-terminal regulators are very reliable devices. When problems occur, the indica-
tion is usually an incorrect voltage, high ripple, noisy or oscillating output, or drift. 
Troubleshooting a regulator circuit is best done with an oscilloscope as problems such as 
excessive ripple or noise won’t show up using a DMM. Before starting, it is useful to 
review the possible causes of a failure (analysis) and plan measurements that will point 
to the failure. 

 If the output voltage is too low, the input voltage should be checked; the problem 
may be in the circuit preceding the regulator. Also check the load resistor: Does the 
problem go away when the load is removed? If so, it may be that the load draws too 
much current. A high output can occur with adjustable regulators if the feedback resis-
tors are the wrong value or open. If there is ripple or noise on the output, check the 
capacitors for an open, for a wrong value, or whether they are installed with the proper 
polarity. A useful quick check of a capacitor is to place another capacitor of the same 
or larger size in parallel with the capacitor to be tested. If the output is oscillating, has 
high ripple, or is drifting, check that the regulator is not too hot or supplying more 
than its rated current. If heat is a problem, make sure the regulator is fi rmly secured to 
the heat sink.  

  Switching Voltage Regulators 
 As an example of an IC switching voltage regulator, let’s look at the LM78S40. This is a 
universal device that can be used with external components to provide step-up, step-down, 
and inverting operation. 

 The internal circuitry of the 78S40 is shown in  Figure   11–30   . This circuit can be 
compared to the basic switching regulators that were covered in  Section   11–4   . For exam-
ple, look back at  Figure   11–15   (a). The oscillator and comparator functions are directly 
comparable. The gate and fl ip-fl op, which are digital devices, were not included in the basic 
circuit of  Figure   11–15   (a), but they provide additional regulating action. Transistors  Q  1  
and  Q  2  effectively perform the same function as  Q  1  in the basic circuit. The 1.25 V refer-
ence block in the 78S40 has the same purpose as the zener diode in the basic circuit, and 
diode  D  1  in the 78S40 corresponds to  D  1  in the basic circuit.  

 The 78S40 also has an “uncommitted” op-amp thrown in for good measure. It is not 
used in any of the regulator confi gurations. External circuitry is required to make this 
device operate as a regulator, as you will see in  Section   11–6   . The spec sheet for the 
LM78S40 can be found at  www.national.com . 

www.supertex.com
www.national.com
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 FIGURE 11–30         The 78S40 switching regulator.   

 A WIND TURBINE   
 A wind turbine is a transducer. It fi rst converts the wind’s kinetic energy into mechanical 
energy by forcing the rotor blades to turn. This mechanical energy is then used to rotate the 
armature of an ac generator (alternator) converting mechanical energy into electrical 
energy. 

 Wind velocity is constantly changing. This means that both the frequency and the 
amplitude of the turbine generator output are also constantly changing. For this reason the 
varying generator output is fi rst converted into a varying dc voltage. Then a voltage regu-
lator, similar to those covered in this chapter, is used to produce a constant dc voltage. 
Finally the regulated dc voltage is converted back into an ac voltage with a constant ampli-
tude and frequency. Without the voltage regulator, this would not be possible. 

  Wind Turbine Basics 
 Three key elements in a wind turbine are the rotor blades, the ac generator, and the ac-to-
dc converter. The converter contains a rectifi er circuit and a voltage regulator. In many 
wind turbines, electronic circuits sense the wind direction and speed and adjust the orienta-
tion and pitch of the blades to maximize the energy collected from the wind. The generator 
produces a varying ac voltage that depends on the rotational speed of the blades. Since the 
frequency and amplitude of the generator output varies with wind speed, the ac output is 
converted to dc and then back to 60 Hz ac with an inverter. Like a solar power system, the 
energy can be stored in batteries using a charge controller. 

  Figure   SE11–1    shows a basic diagram of a horizontal-axis wind turbine (HAWT) for 
small power applications, such as home use. Note that the voltage regulator is part of the 
ac-to-dc converter block. A typical wind turbine has three blades and is mounted on a very 
high support tower. Wind energy is converted to mechanical energy by the rotating blades. 
As shown in  Figure   SE11–1   , the blade rotation is applied to a shaft, which is geared up to 
turn the ac generator shaft at a higher rate than the blades are rotating. The generator rota-
tion produces an ac voltage output with a frequency that depends on the rate of rotation. 
Since it is a variable frequency and amplitude output, as previously mentioned, the ac is 
converted to dc by the ac-to-dc converter. The dc is sent to a charge controller that charges 
storage batteries. The battery output is applied to an inverter where it is converted to a 120 V, 
60 Hz ac voltage for individual consumer use. The wind vane and yaw bearing assembly are 
used on small turbines to keep the blades pointed into the wind. An anemometer senses the 

 S Y S T E M  E X A M P L E  1 1 – 1 
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wind speed in order to brake the blades when the wind reaches a specifi ed speed. This pre-
vents mechanical damage if the wind speed is too high.  

  The AC-to-DC Converter 
 Because of the variable frequency of the ac from the generator, it must fi rst be converted to 
dc for the charge controller. A rectifi er and voltage regulator are used for the conversion, 
as illustrated in  Figure   SE11–2   . The ac voltage from the generator varies in amplitude and 
frequency as a function of wind speed. The fi ltered rectifi er changes the varying ac to a 
varying dc voltage, which is then applied to a voltage regulator to produce a specifi ed con-
stant dc voltage, as shown. The constant dc output from the regulator allows the external 
inverter to produce an ac voltage with a stable amplitude and frequency.  

Full-wave rectifier
with filter

From ac generator

Voltage regulator
To charge
controller

 FIGURE SE11–2         AC-to-DC converter block diagram.   

  1.    What are the three terminals of a fi xed-voltage regulator?   

  2.    What is the output voltage of a 7809? Of a 7915?   

  3.    What are the three terminals of an adjustable-voltage regulator?   

  4.    What external components are required for a basic LM317 
confi guration?                                             

    SECTION 11–5 CHECKUP 
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 FIGURE SE11–1         Basic small HAWT system operation.   



   11–6  APPLICATIONS OF IC VOLTAGE 
REGULATORS 

  In the last section, you saw several devices that are representative of the general types of IC 
voltage regulators. Now, several different ways these devices can be modifi ed with external 
circuitry to improve or alter their performance are examined.   

  After completing this section, you should be able to  

  •   Discuss applications of IC voltage regulators 

   •   Explain the use of an external pass transistor  

  •   Explain the use of current limiting  

  •   Explain how to use a voltage regulator as a constant-current source  

  •   Discuss some application considerations for switching regulators     

  The External Pass Transistor 
 As you know, an IC voltage regulator is capable of delivering only a certain amount of 
output current to a load. For example, the 7800 series regulators can handle a peak out-
put current of 1.3 A (more under certain conditions). If the load current exceeds the 
maximum allowable value, there will be thermal overload and the regulator will shut 
down. A thermal overload condition means that there is excessive power dissipation 
inside the device. 

 If an application requires more than the maximum current that the regulator can 
deliver, an external pass transistor can be used.  Figure   11–31    illustrates a three-terminal 
regulator with an external pass transistor for handling currents in excess of the output cur-
rent capability of the basic regulator.  

 The value of the external current-sensing resistor  R  ext  determines the value of current 
at which  Q  ext  begins to conduct because it sets the base-to-emitter voltage of the transistor. 
As long as the current is less than the value set by  R  ext , the transistor  Q  ext  is off, and the 
regulator operates normally as shown in  Figure   11–32   (a). This is because the voltage drop 
across  R  ext  is less than the 0.7 V base-to-emitter voltage required to turn  Q  ext  on.  R  ext  is 
determined by the following formula, where  I  max  is the highest current that the voltage 
regulator is to handle internally. 

   Rext =
0.7 V

Imax
    

 When the current is suffi cient to produce at least a 0.7 V drop across  R  ext , the external pass 
transistor  Q  ext  turns on and conducts any current in excess of  I  max , as indicated in  Figure 
  11–32   (b).  Q  ext  will conduct more or less, depending on the load requirements. For exam-
ple, if the total load current is 3 A and  I  max  was selected to be 1 A, the external pass transis-
tor will conduct 2 A, which is the excess over the internal regulator current  I  max . 

VIN

78XX

RL

Rext

Qext

VOUTC1

C2

 FIGURE 11–31         A 7800-series three-terminal regulator with 
an external pass transistor.   



11–6 APPLICATIONS OF IC VOLTAGE REGULATORS   533

Iext = 0

VIN

78XX

RL

Rext

Qext

VOUT

<0.7 V

I < Imax

(a)

off

C2

C1

VIN

78XX

RL

Rext

Qext

>0.7 V

I = Imax

+

–

(b)

VOUT

on

When the regulator current is less than Imax, the external pass transistor is off and the
regulator is handling all of the current.

When the load current exceeds Imax, the drop across Rext turns Qext on and the transistor
conducts the excess current.

Iext

+

–

C2

C1

+ –

+ –

+ –

 FIGURE 11–32         Operation of the regulator with an external pass transistor.   

  E X A M P L E  1 1 – 7 

 What value is  R  ext  if the maximum current to be handled internally by the voltage 
regulator in  Figure   11–31    is set at 700 mA? 

  S O L U T I O N 

   Rext =
0.7 V

Imax
=

0.7 V

0.7 A
= 1 �    

  P R A C T I C E  E X E R C I S E 

 If  R  ext  is changed to 1.5 �, at what current value will  Q  ext  turn on?   

 The external pass transistor is typically a power transistor with heat sink that must be 
capable of handling a maximum power of 

   Pext = Iext(VIN - VOUT)   

  E X A M P L E  1 1 – 8 

 What must be the minimum power rating for the external pass transistor used 
with a 7824 regulator in a circuit such as that shown in  Figure   11–31   ? The input 
voltage is 30 V and the load resistance is 10 �. The maximum internal current is 
to be 700 mA. Assume that there is no heat sink for this calculation. Keep in mind 
that the use of a heat sink increases the effective power rating of the transistor and 
you can use a lower-rated transistor. 
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  Current Limiting 
 A drawback of the circuit in  Figure   11–31    is that the external transistor is not protected 
from excessive current, such as would result from a shorted output. An additional current-
limiting network ( Q  lim  and  R  lim ) can be added as shown in  Figure   11–33    to protect  Q  ext  
from excessive current and possible burnout.  

 The following describes the way the current-limiting network works. The current-
sensing resistor  R  lim  sets the  V  BE  of transistor  Q  lim . The base-to-emitter voltage of  Q  ext  is 
now determined by  V R   ext  −  V R   lim  because they have opposite polarities. So, for normal 
operation, the drop across  R  ext  must be suffi cient to overcome the opposing drop across 
 R  lim . If the current through  Q  ext  exceeds a certain maximum ( I  ext(max) ) because of a shorted 
output or a faulty load, the voltage across  R  lim  reaches 0.7 V and turns  Q  lim  on.  Q  lim  now 
conducts current away from  Q  ext  and through the regulator, forcing a thermal overload to 
occur and shut down the regulator. Remember, the IC regulator is internally protected 
from thermal overload as part of its design. 

 This action is shown in  Figure   11–34   . In part (a), the circuit is operating normally 
with  Q  ext  conducting less than the maximum current that it can handle with  Q  lim  off. 
Part (b) shows what happens when there is a short across the load. The current through 
 Q  ext  suddenly increases and causes the voltage drop across  R  lim  to increase, which turns 
 Q  lim  on. The current is now diverted through the regulator, which causes it to shut down 
due to thermal overload.   

VIN

78XX

RL

Rext

Qext

VOUT

Qlim

Rlim

C2

C1

 FIGURE 11–33         Regulator with current limiting.   

  S O L U T I O N 

 The load current is 

   IL =
VOUT

RL
=

24 V

10 �
= 2.4 A   

 The current through  Q  ext  is 

   Iext = IL - Imax = 2.4 A - 0.7 A = 1.7 A   

 The power dissipated by  Q  ext  is 

   Pext(min) = Iext(VIN - VOUT) = 1.7 A(30 V - 24 V) = 1.7 A(6 V) = 10.2 W   

 For a safety margin, choose a power transistor with a rating greater than 10.2 W, 
say, at least 15 W.  

  P R A C T I C E  E X E R C I S E 

 Rework this example using a 7815 regulator.    
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When a short occurs        , the external current becomes excessive and the voltage across Rlim increases       and
turns on Qlim      , which then conducts current away from Qext and routes it through the regulator, causing
the internal regulator current to become excessive       and to force the regulator into thermal shut down.
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(a) During normal operation, when the load current is not excessive, Qlim is off.
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 FIGURE 11–34         The current-limiting action of the regulator circuit.   

  A Current Regulator 
 The three-terminal regulator can be used as a current source when an application requires 
that a constant current be supplied to a variable load. The basic circuit is shown in  Figure 
  11–35    where  R  1  is the current-setting resistor. The regulator provides a fi xed constant 
voltage,  V  OUT , between the ground terminal (not connected to ground in this case) and the 
output terminal. This determines the constant current supplied to the load. 

   IL =
VOUT

R1
+ IG    

C1

VIN Regulator

R1VOUTGnd pin

RL

IL

IOUT

IG is negligible

+ –

+ –

–

+

 FIGURE 11–35         The three-terminal regulator as a current source.   

 The current,  I  G , from the ground terminal is very small compared to the output current and 
can often be neglected. 
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  E X A M P L E  1 1 – 9 

 What value of  R  1  is necessary in a 7805 regulator to provide a constant current of 
1 A to a variable load that can be adjusted from 0–10 �? 

  S O L U T I O N 

 First, 1 A is within the limits of the 7805’s capability (remember, it can handle at 
least 1.3 A without an external pass transistor). 

 The 7805 produces 5 V between its ground terminal and its output terminal. 
Therefore, if you want 1 A of current, the current-setting resistor must be (neglect-
ing  I  G ) 

   R1 =
VOUT

IL
=

5 V

1 A
= 5.0 �   

 The circuit is shown in  Figure   11–36   .   

+20 V 7805

R1
5.0 �

5 V

RL

1 A

1 A

C1

Gnd pin

IOUT

IG is negligible

+ –

+ –

–

+

 FIGURE 11–36         A 1 A constant-current source.   

  P R A C T I C E  E X E R C I S E 

 If a 7808 regulator is used instead of the 7805, to what value would you change 
 R  1  to maintain a constant current of 1 A?                 

 A VARIABLE DUAL-POLARITY POWER SUPPLY 
 In this system example a variable dual-polarity power supply is discussed. Rather than use 
a variable regulator like the LM117, the same type of fi xed-value regulator that was used 
in System Example 2–2 will be employed, but confi gured so that can function as a variable 
regulator. 

  The Circuit 
 Refer to the schematic shown in  Figure   SE11–3   . This circuit is designed to produce output volt-
ages of ;12 V to ;30 V, from a standard 120 V/60 Hz line voltage. The positive and negative 
voltages are individually variable. Maximum load current is stated to be 500 mA maximum for 
either side of the dual supply. Fusing will be on the primary side of the transformer.  

  The Voltage Regulators 
 A 7812 fi xed-value regulator is used for the positive supply and a 7912 for the negative sup-
ply. Per the manufacturer’s instructions, 0.33 mF capacitors are installed from the input of 
each regulator to ground, and 0.1 mF caps from the output to ground have been added. The 
large input fi ltering capacitors of 6800 mF produce excellent ripple rejection. Note that the 

 S Y S T E M  E X A M P L E  1 1 – 2 
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 FIGURE SE11–3           Schematic of variable dual-polarity power supply.   

positive terminal of the 6800 mF capacitor at the input to the 7912 is connected to ground 
because of the negative supply voltage. 

 Installing small-value capacitors in parallel with large-value capacitors may seem 
unnecessary, but there is a good reason for it. Large electrolytic capacitors have relatively 
high internal equivalent resistance and some internal inductance as well. Installing the 
low-value capacitors in parallel improves transient response and decreases the possibility 
of high-frequency oscillation. 

 The diodes across each regulator are installed as protection devices. If for any reason 
the output voltage should be greater than the input voltage, the diodes will conduct and 
protect the regulator. This could be the result of counter EMF of an inductive load. 

 Notice the voltage divider connected between the output and the reference terminals of 
the positive regulator. The voltage between these two pins (V R1 ) will always have a differen-
tial of approximately 12 V. This means that V R2  must be 24 V since it has twice the resist-
ance. If we set the reference voltage at some value greater than 0 V, then the output voltage 
will be equal to 12 V plus the value of the reference voltage. For example, assume that R 2  is 
adjusted to half its maximum value. This means that the voltage at the reference terminal of 
the regulator is 12 V, so the actual voltage to ground at the output of the regulator is 24 V. 
The same principle applies to the negative regulator except for the polarity of the voltages.  

 Open fi le SE11-03 found on 
the companion website. This 
simulation demonstrates the 
operation of a variable dual-
polarity dc power supply. 

MULTISIM

  Switching Regulator Confi gurations 
 In  Section   11–5   , the LM78S40 was introduced as an example of an IC switching voltage 
regulator.  Figure   11–37    shows the external connections for a step-down confi guration 
where the output voltage is less than the input voltage, and  Figure   11–38    shows a step-up 
confi guration in which the output voltage is greater than the input voltage. An inverting 
confi guration is also possible, but it is not shown here.  

  The timing capacitor,  C T ,  controls the pulse width and frequency of the oscillator and 
thus establishes the on-time of transistor  Q  2 . The voltage across the current-sensing resis-
tor  R  CS  is used internally by the oscillator to vary the duty cycle based on the desired peak 
load current. The voltage divider, made up of  R  1  and  R  2 , reduces the output voltage to a 
nominal value equal to the reference voltage. If  V  OUT  exceeds its set value, the output of 
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  1.    What is the purpose of using an external pass transistor with 
an IC voltage regulator?   

  2.    What is the advantage of current limiting in a voltage 
regulator?   

  3.    How can you confi gure a three-terminal regulator as a current 
source?

4. Why is a small value capacitor placed in parallel with a large 
value capacitor in some power supplies?       
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 FIGURE 11–37         The step-
down confi guration of the 
78S40 switching regulator.   
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 FIGURE 11–38         The step-up 
confi guration of the 78S40 
switching regulator.   

the comparator switches to its low state, disabling the gate to turn  Q  2  off until the output 
decreases. This regulating action is in addition to that produced by the duty cycle variation 
of the oscillator as described in  Section   11–4    in relation to the basic switching regulator. 
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     SUMMARY 
   •   Voltage regulators keep a constant dc output voltage when the input or load varies within limits.  

  •   A basic voltage regulator consists of a reference voltage source, an error detector, a sampling ele-
ment, and a control device. Protection circuitry is also found in most regulators.  

  •   Two basic categories of voltage regulators are linear and switching.  

  •   Two basic types of linear regulators are series and shunt.  

  •   In a series linear regulator, the control element is a transistor in series with the load.  

  •   In a shunt linear regulator, the control element is a transistor in parallel with the load.  

  •   Three confi gurations for switching regulators are step-down, step-up, and inverting.  

  •   Switching regulators are more effi cient than linear regulators and are particularly useful in low-
voltage, high-current applications.  

  •   Three-terminal linear IC regulators are available for either fi xed output or variable output volt-
ages of positive or negative polarities.  

  •   An external pass transistor increases the current capability of a regulator.  

  •   The 7800 series are three-terminal IC regulators with fi xed positive output voltage.  

  •   The 7900 series are three-terminal IC regulators with fi xed negative output voltage.  

  •   The LM317 is a three-terminal IC regulator with a positive variable output voltage.  

  •   The LM337 is a three-terminal IC regulator with a negative variable output voltage.  

  •   The M78S40 is a switching voltage regulator.    

  KEY TERMS   
  Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary.  

  Linear regulator      A voltage regulator in which the control element operates in the linear region.   

  Line regulation      The percentage change in output voltage for a given change in line (input) voltage.   

  Load regulation      The percentage change in output voltage for a given change in load current.   

  Switching regulator      A voltage regulator in which the control element is a switching device.    

  KEY FORMULAS 

   (11–1) Line regulation � a
�VOUT

�VIN
b100%       Percent line regulation 

   (11–2) Line regulation � a
�VOUT ,VOUT

�VIN
b 100%       Percent line regulation per volt 

   (11–3) Load regulation � a
VNL � VFL

VFL
b 100%       Percent load regulation 

   (11–4) Load regulation � a
ROUT

RFL
b 100%       

Percent load regulation given output 

  

resistance and minimum load 

  
resistance 

   (11–5) VOUT @ a1 �
R2

R3
b VREF       Series regulator output 

   (11–6) IL(max) �
0.7 V

R4
       Constant current limiting 

   (11–7) IL(max) �
VIN

R1
  

     Maximum load current for a shunt 
  regulator 

   (11–8) VOUT � a
ton

T
bVIN       Output voltage for step-down 

  switching regulator 

   (11–9) VOUT � VREF a1 �
R2

R1
b � IADJR2       Output voltage for IC voltage 

  regulator  
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  SELF-TEST 
  Answers are at the end of the chapter.  

   1.    In the case of line regulation, when the  

   (a)   temperature varies, the output voltage stays constant  
  (b)   output voltage changes, the load current stays constant  
  (c)   input voltage changes, the output voltage stays constant  
  (d)   load changes, the output voltage stays constant    

   2.    In the case of load regulation, when the  

   (a)   temperature varies, the output voltage stays constant  
  (b)   input voltage changes, the load current stays constant  
  (c)   load changes, the load current stays constant  
  (d)   load changes, the output voltage stays constant    

   3.    All of the following are parts of a basic voltage regulator  except   

   (a)   control element        (b)   sampling circuit        (c)   voltage follower  
  (d)   error detector     (e)   reference voltage    

   4.    The basic difference between a series regulator and a shunt regulator is the  

   (a)   amount of current that can be handled  
  (b)   position of the control element  
  (c)   type of sample circuit  
  (d)   type of error detector    

   5.    In a basic series regulator,  V  OUT  is determined by  

   (a)   the control element  
  (b)   the sample circuit  
  (c)   the reference voltage  
  (d)   answers (b) and (c)    

   6.    The main purpose of current limiting in a regulator is  

   (a)   protection of the regulator from excessive current  
  (b)   protection of the load from excessive current  
  (c)   to keep the power supply transformer from burning up  
  (d)   to maintain a constant output voltage    

   7.    In a linear regulator, the control transistor is conducting  

   (a)   a small part of the time  
  (b)   half the time  
  (c)   all of the time  
  (d)   only when the load current is excessive    

   8.    In a switching regulator, the control transistor is conducting  

   (a)   part of the time  
  (b)   all of the time  
  (c)   only when the input voltage exceeds a set limit  
  (d)   only when there is an overload    

   9.    The LM317 is an example of an IC  

   (a)   three-terminal negative voltage regulator  
  (b)   fi xed positive voltage regulator  
  (c)   switching regulator  
  (d)   linear regulator  
  (e)   variable positive voltage regulator  
  (f)   answers (b) and (d) only  
  (g)   answers (d) and (e) only    

   10.    An external pass transistor is used for  

   (a)   increasing the output voltage  
  (b)   improving the regulation  
  (c)   increasing the current that the regulator can handle  
  (d)   short-circuit protection     
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  PROBLEMS 
  Answers to odd-numbered problems are at the end of the book.  

   SECTION   11–1    Voltage Regulation     

   1.    The nominal output voltage of a certain regulator is 8 V. The output changes 2 mV when the 
input voltage goes from 12 V to 18 V. Determine the line regulation and express it as a percent-
age change.   

   2.    Express the line regulation found in Problem 1 in units of %/V.   

  TROUBLESHOOTER’S QUIZ 
  Answers are at the end of the chapter.  

  Refer to  Figure   11–41   . 

  •  If  D  1  is mistakenly replaced with a 4.7 V zener,   

   1.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   2.    The voltage across  Q  1  from collector to emitter will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   11–42   . 

  •  If the output current is much less than maximum and the emitter of  Q  2  is open ,    

   3.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   4.    The maximum current that can be supplied to a load will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  R  2  is shorted ,    

   5.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   11–43   . 

  •  If  R  1  is open,   

   6.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   11–44   . 

  • If  C  is open,   

   7.    The ripple voltage on the output will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If the duty cycle of the oscillator increases,   

   8.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   11–46   . 

  • If  R  1  is smaller than the specifi ed value,   

   9.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   10.    The line regulation will  

   (a)   increase      (b)   decrease      (c)   not change     
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   3.    A certain regulator has a no-load output voltage of 10 V and a full-load output voltage of 
9.90 V. What is the percent load regulation?   

   4.    In Problem 3, if the full-load current is 250 mA, express the load regulation in %/mA.   

   SECTION   11–2    Basic Series Regulators     

   5.    Label the functional blocks for the voltage regulator in  Figure   11–39   .    

18 V VOUT

Q1

D1
2.4 V

–+

R3
10 k�

R1
10 k�

R2
33 k�

 FIGURE 11–40        

+12 V VOUT

Q1

R2
5.6 k�

–

+

D1
2.4 V

R3
2.2 k�

R1
10 k�

 FIGURE 11–41        

   6.    Determine the output voltage for the regulator in  Figure   11–40   .    

   7.    Determine the output voltage for the series regulator in  Figure   11–41   .    

VOUT

DA

VIN B

C

 FIGURE 11–39        

   8.    If  R  3  in  Figure   11–41    is increased to 4.7 k�, what happens to the output voltage?   

   9.    If the zener voltage is 2.7 V instead of 2.4 V in  Figure   11–41   , what is the output voltage?   
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   10.    A series voltage regulator with constant current limiting is shown in  Figure   11–42   . Determine 
the value of  R  4  if the load current is to be limited to a maximum value of 250 mA. What power 
rating must  R  4  have?    

   11.    If the  R  4  determined in Problem 10 is halved, what is the maximum load current?   

VIN VOUT

Q1

R2
10 k�

+

–

D1
3 V

R3
4.7 k�

R1
12 k�

Q2

R4

 FIGURE 11–42        

VIN VOUT

Q1

–

+

D1
5.1 V

R4
3.9 k�

R2
12 k�

R1

RL
R3
10 k�

100 �

 FIGURE 11–43        

   SECTION   11–3    Basic Shunt Regulators     

   12.    In the shunt regulator of  Figure   11–43   , when the current through  R L   increases, does  Q  1  conduct 
more or less? Why?    

   13.    Assume the current through  R L   remains constant and  V  IN  changes by 1 V in  Figure   11–43   . What 
is the change in the collector current of  Q  1 ?    

   14.    With a constant input voltage of 17 V, the load resistance in  Figure   11–43    is varied from 1.0 k� 
to 1.2 k�. Neglecting any change in output voltage, how much does the shunt current through 
 Q  1  change?   

   15.    If the maximum allowable input voltage in  Figure   11–43    is 25 V, what is the maximum possible 
output current when the output is short-circuited? What power rating should  R  1  have?   

   SECTION   11–4    Basic Switching Regulators    

   16.    A basic switching regulator is shown in  Figure   11–44   . If the switching frequency of the transis-
tor is 10 kHz with an off-time of 6 ms, what is the output voltage?   

   17.    What is the duty cycle of the transistor in Problem 16?   

   18.    When does the diode  D  1  in  Figure   11–45    become forward-biased?    
   19.    If the on-time of  Q  1  in  Figure   11–45    is decreased, does the output voltage increase or 

decrease?   
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+20 V

R1

R3

R2

D1

D2

L

+–

C

Variable
pulse-width
modulator

Q1

VOUT

RL

 FIGURE 11–45        

+24 V VOUTLM317

R1
1.0 k�

R2
10 k�

C2

C1 C3

 FIGURE 11–46        

–35 V VOUT

C3C1

R1
470 �

R2
10 k�C2

LM337

 FIGURE 11–47        

   SECTION   11–5    Integrated Circuit Voltage Regulators     

   20.    What is the output voltage of each of the following IC regulators? 
   (a)   7806        (b)   7905.2        (c)   7818        (d)   7924     

   21.    Determine the output voltage of the regulator in  Figure   11–46   .  I  ADJ  = 50 mA.    

   22.    Determine the minimum and maximum output voltages for the circuit in  Figure   11–47   . 
 I  ADJ  = 50 mA.    

+12 V

R1
4.7 k�

D1

–

+

L

D2
2.7 V

R3
15 k�

R2
10 k�

C

Q1

Modulator
f0 = 10 kHz
toff = 60 μs

VOUT

RL

 FIGURE 11–44        
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   23.    With no load connected, how much current is there through the regulator in  Figure   11–46   ? 
Neglect the adjustment terminal current.   

   24.    Select the values for the external resistors to be used in an LM317 circuit that is required to 
produce an output voltage of 12 V with an input of 18 V. The maximum regulator current with 
no load is to be 2 mA. There is no external pass transistor.   

   SECTION   11–6    Applications of IC Voltage Regulators     

   25.    In the regulator circuit of  Figure   11–48   , determine  R  ext  if the maximum internal regulator cur-
rent is to be 250 mA.    

   26.    Using a 7812 voltage regulator and a 10 � load in  Figure   11–48   , how much power will the external 
pass transistor have to dissipate? The maximum internal regulator current is set at 500 mA by  R  ext .   

15 V

7809

Rext

Qext

VOUT

C2

C1

 FIGURE 11–48        

   27.    Show how to include current limiting in the circuit of  Figure   11–48   . What should the value of 
the limiting resistor be if the external current is to be limited to 2 A?   

   28.    Using an LM317, design a circuit that will provide a constant current of 500 mA to a load.   

   29.    Repeat Problem 28 using a 7908.   

   30.    If a 78S40 switching regulator is to be used to regulate a 12 V input down to a 6 V output, cal-
culate the values of the external voltage-divider resistors.   

MULTISIM  MULTISIM TROUBLESHOOTING 
PROBLEMS     
   31.    Open fi le P11-31 and determine the fault.   

   32.    Open fi le P11-32 and determine the fault.   

   33.    Open fi le P11-33 and determine the fault.   

   34.    Open fi le P11-34 and determine the fault.   

   35.    Open fi le P11-35 and determine the fault.   

   36.    Open fi le P11-36 and determine the fault.    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   11–1     

   1.   The percentage change in the output voltage for a given change in input voltage.  

   2.   The percentage change in output voltage for a given change in load current.  

   3.   1.2%; 0.06%/V  

   4.   1.6%; 0.0016%/mA  

   SECTION   11–2     

   1.   Control element, error detector, sampling element, reference source  

   2.   2 V

 3. The symptom of fatigue failure is generally that a system is operating outside its design specifi cation.  
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   SECTION   11–3     

   1.   In a shunt regulator, the control element is in parallel with the load rather than in series.  

   2.   A shunt regulator has inherent current limiting. A disadvantage is that a shunt regulator is less 
effi cient than a series regulator.  

   SECTION   11–4     

   1.   Step-down, step-up, inverting  

   2.   Switching regulators operate at a higher effi ciency so they add less heat to the system. A side 
benefi t is less cooling is required.  

   3.   The duty cycle varies to regulate the output.  

   SECTION   11–5     

   1.   Input, output, and ground  

   2.   A 7809 has a +9 V output; a 7915 has a -15 V output.  

   3.   Input, output, adjustment  

   4.   A two-resistor voltage divider  

   SECTION   11–6     

   1.   A pass transistor increases the current that can be handled.  

   2.   Current limiting prevents excessive current and prevents damage to the regulator.  

   3.   See  Figure   11–35   .

 4.  A small value capacitor can improve the transient response and decrease the possibility of high 
frequency oscillation.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
  11–1   12%, 0.6%/V  

  11–2   The voltage drop of 12.1 V - 12.0 V = 0.1 V is across the specifi ed output resistance. Since 
 I  = 0.2 A at 12.0 V, 0.1>0.2 = 0.5 �.  

  11–3   7.33 V  

  11–4   0.7 A  

  11–5   17.5 W  

  11–6   12.7 V  

  11–7   467 mA  

  11–8   12 W dissipated; choose a larger practical value (e.g., 20 W).  

  11–9   8 �   

  ANSWERS TO SELF-TEST 
   1.   (c)     2.   (d)     3.   (c)     4.   (b)     5.   (d)  

   6.   (a)     7.   (c)     8.   (a)     9.   (g)     10.   (c)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   increase     2.   decrease     3.   not change     4.   increase  

   5.   decrease     6.   decrease     7.   increase     8.   increase  

   9.   increase     10.   not change     



 SPECIAL-PURPOSE 
AMPLIFIERS    

    CHAPTER 12 

  OUTLINE 
     12–1  Instrumentation Amplifi ers      

     12–2  Isolation Amplifi ers      

     12–3  Operational Transconductance Amplifi ers 
(OTAs)     

     12–4  Log and Antilog Amplifi ers       

  KEY TERMS 
    Instrumentation amplifi er   
   Isolation amplifi er   
   Operational 
transconductance 
amplifi er   

   Logarithm   
   Antilog     

  VISIT THE WEBSITE 
 Study aids for this chapter are available at

 http://pearsonhighered.com/fl oyd    

  OBJECTIVES 
  •   Understand and explain the operation of an 

 instrumentation amplifi er (IA)  

  •   Understand and explain the operation of an 
 isolation amplifi er  

  •   Understand and explain the operation of an 
 operational transconductance amplifi er (OTA)  

  •   Understand and explain the operation of log and 
antilog amplifi ers   

  INTRODUCTION 
 A general-purpose op-amp, such as the 741, is an 
extremely versatile and widely used device. However, 
many specialized IC amplifi ers have been designed with 
certain types of systems in mind or with certain special 
features or characteristics. Most of these devices are 
actually derived from the basic op-amp. These special 
amplifi ers include the instrumentation amplifi er (IA) 
that is used in high-noise environments and data acqui-
sition systems, the isolation amplifi er that is used in 
high-voltage and medical systems, the operational 
transconductance amplifi er (OTA) that is used as a volt-
age-to-current amplifi er, and the logarithmic  amplifi er 
that are used for linearizing certain types of inputs and 
for mathematical operations. In this chapter, you will 
learn about each of these devices and some of their basic 
applications.  

http://pearsonhighered.com/floyd


  An instrumentation amplifi er is a differential voltage-gain device that amplifi es the difference 
between the voltages existing at its two input terminals. The main purpose of an instrumenta-
tion amplifi er is to amplify small signals that are riding on large common-mode voltages. The 
key characteristics are high input impedance, high common-mode rejection, low output offset, 
and low output impedance. A basic instrumentation amplifi er is made up of three op-amps and 
several resistors. The voltage gain is set with an external resistor. Instrumentation amplifi ers 
(IAs) are commonly used in environments with high common-mode noise such as in data 
acquisition systems where remote sensing of input variables is required.   

  After completing this section, you should be able to  

  •   Understand and explain the operation of an instrumentation amplifi er (IA) 

   •   Explain how op-amps are connected to form an IA  

  •   Describe how the voltage gain is set  

  •   Discuss a system application  

  •   Describe the features of the AD622 instrumentation amplifi er     

      12–1  INSTRUMENTATION AMPLIFIERS 

  The Basic Instrumentation Amplifi er 
 One of the most common problems in measuring systems is the contamination of the sig-
nal from a transducer with unwanted noise (such as 60 Hz power line interference). Trans-
ducers typically produce a small differential signal carrying the desired information. Noise 
that is added to both signal conductors in the same amount is called a common-mode noise 
(discussed in  Section   6–2   ). Ideally, the differential signal should be amplifi ed and the com-
mon-mode noise should be rejected. 

 A second problem for measuring systems is that many transducers have a high output 
impedance and can easily be loaded down when connected to an amplifi er. An amplifi er for 
small transducer signals needs to have a very high input impedance to avoid this loading effect. 

 The solution to these measurement problems is the  instrumentation amplifi er (IA) , a 
specially designed differential amplifi er with ultra-high input impedance and extremely 
good common-mode rejection (up to 130 dB) as well as the ability to achieve high, stable 
gains. Instrumentation amplifi ers can faithfully amplify low-level signals in the presence 
of high common-mode noise. They are used in a variety of signal-processing applications 
where accuracy is important and where low drift, low bias currents, precise gain, and very 
high CMRR are required. 

  Figure   12–1    shows a basic instrumentation amplifi er (IA) constructed from three op-
amps. Op-amps A1 and A2 are modifi ed voltage-followers, each containing a feedback 
resistor ( R  1  and  R  2 ). The feedback resistors have no effect in this circuit (and could be left 
out) but will be used when the circuit is modifi ed in the next step. The voltage-followers 

Input 1 R3
+

–

–

+

R1

R5

–

+

R2

A1

A2

A3 Output

R4

R6
Input 2

Vout1

Vout2

 

 FIGURE 12–1         The basic instrumentation amplifi er using three 
op-amps.   
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provide high input impedance with a gain of 1. Op-amp A3 is a differential amplifi er that 
amplifi es the difference between  V out   1  and  V out   2 . Although this circuit has the advantage of 
high input impedance, it requires extremely high precision matching of the gain resistors 
to achieve a high CMRR ( R  3  must match  R  4  and  R  5  must match  R  6 ). Further, it still has two 
resistors that must be changed if variable gain is desired (typically  R  3  and  R  4 ), and they 
must track each other with high precision over the operating temperature range.  

 A clever alternate confi guration which solves the diffi culties of the circuit in  Figure   12–1    
and provides high gain is the three op-amp IA shown in  Figure   12–2   . The inputs are buffered 
by op-amp A1 and op-amp A2, providing a very high input impedance. Op-amps A1 and A2 
can now provide gain. The entire assembly (except for  R  G ) is contained in a single IC. In this 
design, the common-mode gain still depends on very precisely matched resistors. However, 
these resistors can be critically matched during manufacture (by laser trimming) within the IC. 
Resistors  R  3 ,  R  4 ,  R  5 , and  R  6  are generally set by the manufacturer for a gain of 1.0 for the dif-
ferential amplifi er. Resistors  R  1  and  R  2  are precision-matched resistors set equal to each other. 
This means the overall differential gain can be controlled by the size of just resistor  R  G , sup-
plied by the user. Appendix A derives the following equation for the output voltage: 

    Vout = a1 +
2R

RG
b (Vin2 - Vin1)  (12–1)     

 where the closed-loop gain is 

   Acl = 1 +
2R

RG
   

 and where  R  1  =  R  2  =  R.  The last equation shows that the gain of the instrumentation 
amplifi er can be set by the value of the external resistor  R  G  when  R  1  and  R  2  have known 
fi xed values. 

Vin1 + Vcm R3
+

–

–

+

R1

R5

–

+

R2

A1

A2

A3

R4

R6

RG

Vout1

Vout2

Vout = Acl(Vin2 – Vin1)

Vin2 + Vcm

 FIGURE 12–2         The instrumentation amplifi er with the external gain-setting 
resistor R G . Differential and common-mode signals are indicated.   

 The external gain-setting resistor  R  G  can be calculated for a desired voltage gain by 
using the following formula: 

    RG =
2R

Acl - 1
  (12–2)    

 Instrumentation amplifi ers in which the gain is set to specifi c values using a binary input 
instead of a resistor are also available. 

  E X A M P L E  1 2 – 1 

 Determine the value of the external gain-setting resistor  R  G  for a certain IC instru-
mentation amplifi er with  R  1  =  R  2  = 25 k�. The voltage gain is to be 500. 

 Open fi le F12-02 found on 
the companion website. This 
simulation demonstrates how 
the feedback resistors and 
resistor R G  affect the voltage 
gain of an instrumentation 
amplifi er. 

MULTISIM
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  Applications 
 As mentioned in the introduction to this section, the instrumentation amplifi er is normally 
used to measure small differential signal voltages that are superimposed on a common-
mode noise voltage that is often much larger than the signal voltage. Applications include 
situations where a quantity is sensed by a remote device, such as a temperature- or pres-
sure-sensitive transducer, and the resulting small electrical signal is sent over a long line 
subject to electrical noise that produces common-mode voltages in the line. The instru-
mentation amplifi er at the end of the line must amplify the small signal from the remote 
sensor and reject the large common-mode voltage.  Figure   12–3    illustrates this.         

  *Answers are at the end of the chapter.      

 Open fi le F12-03 found on 
the companion website. This 
simulation demonstrates the 
high common-mode rejection 
characteristics of the 
instrumentation amplifi er. 

MULTISIM RG

1

2

Instrumentation amplifier Amplified differential signal.
No common-mode signal.

Small differential high-frequency signal
riding on a larger low-frequency common-
mode signal

 FIGURE 12–3         Illustration of the rejection of large common-mode voltages and the amplifi cation 
of smaller signal voltages by an instrumentation amplifi er.   

 Instrumentation amplifi ers are often used to amplify the signal from some type of sensor. The 
sensor may measure temperature, strain, pressure, or some other parameter, but in any case, 
the signal coming from the sensor is usually very low in magnitude. Further, the environment 
in which the instrumentation amplifi er is operating can often be very noisy with long cable 
runs from the sensor to the amplifi er inputs. Shielded coaxial cables are often used to minimize 
the coupling of external noise into the system. Unfortunately, coaxial cables can also impair 
the common-mode rejection of the instrumentation amplifi er. 

 In any shielded coax cable there are stray capacitances distributed along the length of the 
cable between the two signal lines and the shield. Since the stray capacitances between each 
signal line and the shield are not equal, this can result in a phase shift between any waveforms 
on the signal lines, especially at high frequencies. This phase shift means that any noise on the 
two signal lines is no longer truly common-mode and noise rejection is compromised. 

 One solution to this problem is a technique called  shield guarding . Guarding uses a volt-
age follower to feed the common-mode signal back to the shield. This balances any voltage 
differences between the signal lines and the shield which reduces leakage current and cancels 
the effects of the distributed capacitances. This technique is used in System Example 12–1. 

 Some instrumentation amplifi ers have a built-in shield guard driver. One example is the 
AD522. This is a precision instrumentation amplifi er specifi cally designed for data acquisition 
in worst-case environments. This device has a “data guard” output terminal that is connected 
to the cable shield. The data sheet for the AD522 can be found at  www.analog.com . 

 S Y S T E M  N O T E 

  S O L U T I O N 

   RG =
2R

Acl - 1
=

50 k�

500 - 1
� 100 �    

  P R A C T I C E  E X E R C I S E* 

 What value of external gain-setting resistor is required for an instrumentation 
amplifi er with  R  1  =  R  2  = 39 k� to produce a gain of 325?   

www.analog.com
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  A Specifi c Instrumentation Amplifi er 
 Now that you have the basic idea of how an instrumentation amplifi er works, let’s look at 
two specifi c devices. The fi rst is a low-cost device, the AD622, is shown in  Figure   12–4   . 
An IC package pin diagram is shown for reference. This instrumentation amplifi er is based 
on the classic design using three op-amps as previously discussed.  
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(6)

(5)

(4)

(2)

(8)

(1)

(3)

+V

+IN
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–IN

–V

RG REF

OutputAD622

1

2

3

4

8

7

6

5

RG

–IN

+IN

–VS

RG

+VS

Output

REF

 FIGURE 12–4         The AD622 instrumentation amplifi er.   

 Some of the features of the AD622 are as follows. The voltage gain can be adjusted 
from 2 to 1000 with an external resistor  R  G . There is unity gain with no external resistor. 
The input impedance is 10 G�. The common-mode rejection ratio (CMRR�) has a mini-
mum value of 66 dB. Recall that a higher CMRR� means better rejection of common-mode 
voltages. The AD622 has a bandwidth of 800 kHz at a gain of 10 and a slew rate of 1.2 V/ms. 
The data sheet for the AD622 can be found at  www.analog.com . 

  SETTING THE VOLTAGE GAIN     For the AD622, an external resistor must be 
used to achieve a voltage gain greater than unity, as indicated in  Figure   12–5   . Resistor  R  G  
is connected between the  R  G  terminals (pins 1 and 8). No resistor is required for unity gain. 
 R  G  is selected for the desired gain based on the following formula: 

    RG =
50.5 k�

Av - 1
  (12–3)    

 
 Notice that this formula is the same as Equation (12–2) for the classic three-op-amp con-
fi guration where the internal resistors  R  1  and  R  2  are each 25.25 k�.  

  GAIN VERSUS FREQUENCY     The graph in  Figure   12–6    shows how the gain var-
ies with frequency for gains of 1, 10, 100, and 1000. As you can see, the bandwidth 
decreases as the gain increases.  
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 FIGURE 12–5         The AD622 with a gain-setting resistor.   
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 FIGURE 12–6         Gain versus frequency for the AD622 
instrumentation amplifi er.   
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 FIGURE 12–7        

  E X A M P L E  1 2 – 2 

 Calculate the gain and determine the approximate bandwidth using the graph in 
 Figure   12–6    for the instrumentation amplifi er in  Figure   12–7   .  

  S O L U T I O N 

 The voltage gain is determined as follows: 

    RG =
50.5 k�

Av - 1

 Av - 1 =
50.5 k�

RG

 Av =
50.5 k�

510 �
+ 1 = 100   

 The approximate bandwidth is determined from the graph. 

   BW � 60 kHz    

  P R A C T I C E  E X E R C I S E 

 Modify the circuit in  Figure   12–7    for a gain of approximately 45.   

In systems that have a sensitive transducer and a longer cable run, a precision IA may 
be required. An example of a precision IA is the AD624. The AD624 is designed specifi -
cally for low-level transducers such as load cells, strain gauges, and certain pressure trans-
ducers. The AD624 has a combination of low noise, high gain accuracy, low gain 
temperature coeffi cient, and high linearity. It has very high CMRR at 60 Hz, making it an 
excellent choice for noisy industrial systems. The AD624C version can reduce common-
mode power line interference by 110 dB at a gain of 100 and even more for higher gains. 
In other words, a 1 V common-mode interference signal will be reduced to about 3 mV for 
a CMRR of 110 dB, which is lower than almost all sensitive transducer signals. In System 
Example 12-2, this IA is shown in an application. The complete data sheet can be found at 
www.analog.com.

www.analog.com
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 FIGURE SE12–1         Block diagram of the liquid-level control system.   

 A LIQUID LEVEL CONTROL SYSTEM 
 The system in this example is designed to maintain a constant liquid level in a tank. The 
level is kept constant by an electric pump and a pressure sensor (transducer) that detects a 
change in the level of the liquid by sensing the pressure in a tube. 

  Level-Sensing Method 
 A tube with both ends open is placed vertically in a liquid so that one end is above the 
surface of the liquid. The level of liquid in the tube will be the same as the level in the 
tank. Now, if the upper end is closed, the pressure of the air trapped in the tube will 
vary in proportion to a change in the level of the liquid. For example, if the liquid is 
water and it rises in the tank by 20 mm, then the pressure in the tube will increase by 
20 mm of water. A pressure sensor is placed on the upper end of the tube when the 
liquid is at its reference level, and the other side is exposed to atmospheric pressure. 
When the water level decreases, a negative change in pressure is measured by the 
pressure sensor and a small proportional voltage is produced. The voltage from the 
pressure sensor is connected to an instrumentation amplifi er, which amplifi es the small 
voltage to drive a comparator with hysteresis (Schmitt trigger). The hysteresis enables 
the system to have two trigger levels and prevents cycling the pump too often. The 
comparator reference voltage is adjusted to the desired values and when the level falls 
below the lower reference, the comparator turns the pump  on  to refi ll the tank to the 
upper reference level. The pressure sensor detects when the upper reference level of 
the liquid is reached, and the comparator turns the pump  off.  A basic diagram of the 
system is shown in  Figure   SE12–1   .  

 S Y S T E M  E X A M P L E  1 2 – 1 
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 FIGURE SE12–2         Schematic diagram of the liquid-level control circuit.   
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 FIGURE SE12–3         System operation.   

  The Circuit 
 This system will operate in an industrial environment with exposure to mostly 60 Hz elec-
trical noise. Also, the circuit will be located some distance from the tank and connected to 
the pressure sensor with a long coaxial cable. The output voltage of the pressure sensor is 
very small (100 mV - 200 mV). For these reasons, a shield-guard driver is incorporated to 
minimize the effects of noise on the small signal. The AD624 instrumentation amplifi er 
is used to drive an LM111 comparator with hysteresis controlled by a rheostat in the 
feedback circuit. An AD711 op-amp connected as a voltage-follower is used for the guard 
driver. The circuit diagram is shown in  Figure   SE12–2   . Power supply connections are 
omitted to simplify the drawing. Resistors  R  1  and  R  2  provide a return path for bias currents 
to prevent output drift,  R  3  is a pull-up resistor for the comparator output, and  R  4  and  R  5  
provide for the adjustable reference levels by varying the hysteresis.  R  6  provides a resist-
ance in series with the shield-guard driver to limit current. 

 As the liquid level in the tank decreases, the pressure in the tube decreases. This 
decrease in pressure is translated into a proportional decrease in voltage by the pressure 
sensor. This decrease in voltage is processed by the circuit to trigger the comparator to its 
HIGH state to turn the pump  on  when a desired minimum level is reached. An increase in 
level occurs while the pump is running, causing a proportional increase in pressure. When 
the maximum level is reached, the circuit triggers the comparator to its LOW state to turn 
the pump  off.  This process is illustrated in  Figure   SE12–3   .  
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  A Basic Capacitor-Coupled 
Isolation Amplifi er 
 An  isolation amplifi er  is a device that consists of two electrically isolated stages. The input 
stage and the output stage are separated from each other by an isolation barrier so that a 
signal must be processed in order to be coupled across the isolation barrier. Some isolation 
amplifi ers use optical coupling or transformer coupling to provide isolation between the 
stages. However, many modern isolation amplifi ers use capacitive coupling for isolation. 
Each stage has separate supply voltages and grounds so that there are no common electri-
cal paths between them. A simplifi ed block diagram for a typical isolation amplifi er is 
shown in  Figure   12–8   . Notice two different ground symbols are used to reinforce the con-
cept of stage separation.  

  An isolation amplifi er provides dc isolation between input and output. It is used for the protec-
tion of human life or sensitive equipment in those applications where hazardous power-line 
leakage or high-voltage transients are possible. The principal areas of application are in medical 
instrumentation, power plant instrumentation, industrial processing, and automated testing.   

  After completing this section, you should be able to  

  •   Explain and analyze the operation of an isolation amplifi er 

   •   Describe and discuss the features of the ISO124 as an example of a capacitor-coupled 
isolation amplifi er  

  •   Describe and discuss the features of the 3656KG as an example of a transformer-coupled 
isolation amplifi er  

  •   Describe a system that uses a three-port isolation amplifi er, the AD210.     

   12–2  ISOLATION AMPLIFIERS 

Output stageInput stage

Modulator Op-ampOp-amp Demodulator

Oscillator

+V –V +V –V

Isolation barrier with
capacitive coupling

 FIGURE 12–8         Simplifi ed 
block diagram of a typical 
 isolation amplifi er.   

  1.    What is the main purpose of an instrumentation amplifi er and 
what are three of its key characteristics?   

  2.    What components do you need to construct a basic 
 instrumentation amplifi er?   

  3.    How is the gain determined in a basic instrumentation  amplifi er?   

  4.    In a certain AD622 confi guration,  R  G  = 10 k�. What is the 
voltage gain?  

5. Why do some systems use a shield guard driver?                           

    SECTION 12–1 CHECKUP* 

  *Answers are at the end of the chapter.            
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 The input stage consists of an amplifi er, an oscillator, and a modulator.  Modulation  is 
the process of allowing a signal containing information to modify a characteristic of another 
signal, such as amplitude, frequency, or pulse width, so that the information in the fi rst sig-
nal is also contained in the second. In this case, the modulator uses a high-frequency square-
wave oscillator to modify the original signal. A small-value capacitor in the isolation barrier 
is used to couple the lower-frequency modulated signal or dc voltage from the input to the 
output. Without modulation, prohibitively high-value capacitors would be necessary with a 
resulting degradation in the isolation between the stages. 

 The output stage consists of a demodulator that extracts the original input signal from 
the modulated signal so that the original signal from the input stage is back to its original 
form. 

 The high-frequency oscillator output in  Figure   12–8    can be either amplitude or pulse-
width modulated by the signal from the input amplifi er. In amplitude modulation, the 
amplitude of the oscillator output is varied corresponding to the variations of the input 
signal, as indicated in  Figure   12–9   (a), which uses one cycle of a sine wave for illustration. 
In pulse-width modulation, the duty cycle of the oscillator output is varied by changing the 
pulse width corresponding to the variations of the input signal. An isolation amplifi er using 
pulse-width modulation is represented in  Figure   12–9   (b).  

Original
input

signal

Amplitude
modulation

Pulse-width
modulation

Pulse-width
modulation

Input stage

Output stage

Capacitive
isolation
barrier

(a) (b)

 FIGURE 12–9         Modulation.   

  E X A M P L E  1 2 – 3 

 The ISO124 is an integrated circuit isolation amplifi er. It has a voltage gain of 1 
and operates on positive and negative dc supply voltages for both stages. This 
device uses pulse-width modulation (sometimes called duty cycle modulation) 
with a frequency of 500 kHz. It is recommended that the supply voltages be decou-
pled with external capacitors to reduce noise. Show the appropriate connections. 

  S O L U T I O N 

 The manufacturer recommends a 1 mF tantalum capacitor (for low leakage) from 
each dc power supply pin to ground. This is shown in  Figure   12–10    where the 
supply voltages are {15 V.    

 Although it uses a relatively complex process internally, the isolation amplifi er is still 
just an amplifi er and is simple to use. When separate dc supply voltages and an input signal 
are applied, an amplifi ed output signal is the result. The isolation function itself is an 
unseen process. 
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  P R A C T I C E  E X E R C I S E 

 The output signal may have some ripple introduced by the demodulation process. 
How could this ripple be removed?    

(7)
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(16)

(9)

–15 V+15 V

1   Fμ

1   Fμ

(10)
(8)

 FIGURE 12–10         Basic signal and power connections for an ISO124 isolation 
amplifi er.   

  A Transformer-Coupled Isolation Amplifi er 
 The Texas Instruments (Burr-Brown) 3656KG is an example of an isolation amplifi er 
that uses transformer coupling to isolate the two stages. Unlike the ISO124, which has a 
fi xed unity gain, the 3656KG provides for external gain adjustment of both stages. A 
diagram of the 3656KG with external gain resistors and decoupling capacitors is shown 
in  Figure   12–11   .  
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 FIGURE 12–11         The 3656KG isolation amplifi er.   
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 The voltage gains of both the input stage and the output stage can be set with external 
resistors connected as shown in the fi gure. The gain of the input stage is 

    Av1 =
Rf 1

Ri1
+ 1  (12–4)    

 The gain of the output stage is 

    Av2 =
Rf 2

Ri2
+ 1  (12–5)    

 The total amplifi er gain is the product of the gains of the input and output stages. 

   Av(tot) = Av1Av2   

  E X A M P L E  1 2 – 4 

 Determine the total voltage gain of the 3656KG isolation amplifi er in  Figure   12–12   .  

  S O L U T I O N 

 The voltage gain of the input stage is 

   Av1 =
Rf1

Ri1
+ 1 =

22 k�

2.2 k�
+ 1 = 10 + 1 = 11   

 The voltage gain of the output stage is 

   Av2 =
Rf 2

Ri2
+ 1 =

47 k�

10 k�
+ 1 = 4.7 + 1 = 5.7   

 The total voltage gain of the isolation amplifi er is 

   Av(tot) = Av1Av2 = (11)(5.7) = 62.7    

  P R A C T I C E  E X E R C I S E 

 Select resistor values in  Figure   12–12    that will produce a total voltage gain of 
approximately 100.       
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 FIGURE 12–12        
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  Applications 
 As previously mentioned, the isolation amplifi er is used in applications that require no 
common grounds between a transducer and the processing circuits where interfacing to 
sensitive equipment is required. In chemical, nuclear, and metal-processing industries, for 
example, millivolt signals typically exist in the presence of large common-mode voltages 
that can be in the kilovolt range. In this type of environment, the isolation amplifi er can 
amplify small signals from very noisy equipment and provide a safe output to sensitive 
equipment such as computers. 

 Another important application is in various types of medical equipment. In medical 
applications where body functions such as heart rate and blood pressure are monitored, 
the very small monitored signals are combined with large common-mode signals, such as 
60 Hz power-line pickup from the skin. In these situations, without isolation, dc leakage 
or  equipment failure could be fatal.  Figure   12–13    shows a simplifi ed diagram of an isola-
tion amplifi er in a cardiac-monitoring application. In this situation, heart signals, which 
are very small, are combined with much larger common-mode signals caused by muscle 
noise, electrochemical noise, residual electrode voltage, and 60 Hz power-line pickup 
from the skin.  

 Isolation amplifi ers may use inductive, capacitive, or optical coupling between the input and 
output stages. Which type of isolation amplifi er is chosen depends on the type of system 
 application—different isolators have differing performance characteristics and different costs. 

 Transformer-coupled isolation amplifi ers are the most common. They can have analog 
accuracy of 12–16 bits and bandwidth values in the hundreds of kHz. They are usually limited 
to maximum voltage levels of 10 kV and often much lower. They also tend to be expensive. 
Capacitively coupled isolation amplifi ers are cheaper but they have lower analog accuracy 
(perhaps 12 bits), lower bandwidth, and lower voltage ratings. Optical isolators are fast and 
cheap, and can have voltage ratings in the tens of kilovolts. Unfortunately they have poor ana-
log linearity and cannot be used in applications where precision is required. 

 S Y S T E M  N O T E 
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Common
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Input Output

 FIGURE 12–13         Fetal heartbeat monitoring using an isolation amplifi er.   

 The monitoring of the fetal heartbeat, as illustrated, is the most demanding type of 
cardiac monitoring because, in addition to the fetal heartbeat that typically generates 
50 mV, there is also the mother’s heartbeat that typically generates 1 mV. The com-
mon-mode voltages can run from about 1 mV to about 100 mV. The CMR (common-
mode rejection) of the isolation amplifi er separates the signal of the fetal heartbeat from 
that of the mother’s heartbeat and from those common-mode signals. Therefore, the 
signal from the fetal heartbeat is essentially all that the amplifi er sends to the monitor-
ing equipment.    
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 In medical applications like a fetal heart monitor, it is obvious why isolation of the heart 
monitor sensor from the rest of the system is critical. As mentioned, a system failure could 
have fatal results for the patient. There are some medical applications where isolation of the 
test equipment from the sensor is also important. 

 For example, assume a patient suffering from chest pains is connected to an electrocar-
diograph (ECG) machine and then suddenly goes into cardiac arrest. One possible response by 
medical personnel could be to use a defi brillator to restart the patient’s heart. A defi brillator 
can produce voltages of 7.5 kV or higher. The ECG must be protected from these dangerous 
voltage levels, so isolation of the ECG from the sensors is also critical. 

 S Y S T E M  N O T E 

 MOTOR CONTROL SYSTEM 
  In many industrial systems, a high-power or high-voltage application is controlled by a 
computer or programmable logic controller that operates from a low dc voltage.  The high 
power portion of the system needs to be isolated from the digital portion to provide protec-
tion to the sensitive control circuits. In this system example, both an instrumentation 
amplifi er and an isolation amplifi er are key components to sensing motor current for a 
large industrial motor.  Figure   SE12–4    shows the block diagram of the sensor and isolation 
portion of the system. 

 S Y S T E M  E X A M P L E  1 2 – 2 

 A Wideband Three-Port Isolation Amplifi er 

 The AD210 is a second example of an instrumentation amplifi er. The AD210 is a wide-band, 
three-port isolation amplifi er. A three-port isolation amplifi er has the input and output ports 
but also includes a power port. The power port supplies isolated power to both the input and 
output side of the isolation barrier using internal transformer coupling. The AD210 can also 
supply isolated external power to operate ICs on the input or output side. This provides addi-
tional system protection should a fault occur in the power source. On the input side, the iso-
lated power is labeled as {VISS; on the output side it is {VOSS. In addition, the AD210 has 
an uncommitted op-amp on the input side so as to allow buffering or gain as required by the 
user. The following system example shows an application of the AD210 and its power port 
as well as the AD622 instrumentation amplifi er that was introduced earlier. 
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 FIGURE SE12–4         Current sensor and isolation circuits for a motor control system.   
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 The current to the motor is sensed by a very small sense resistor, which is amplifi ed 
by the AD622 instrumentation amplifi er (gain determined by RG). Isolated power for the 
IA is taken from the input side of the AD210. The signal from the IA is a voltage that rep-
resents the motor current. This signal is buffered by the internal op-amp of the AD210 
(done with a jumper from -IN to FB, the feedback input). The signal modulates a carrier 
on the input side and the carrier is demodulated on the output side, recovering the original 
signal. The signal is buffered at the output and sent to the A/D converter and the computer. 
(Analog-to-digital converters are covered in Chapter 14.) Notice that isolated power for 
the A/D converter is from the output side of the isolation amplifi er. The computer uses the 
current information to control the motor speed according to the system requirements.  

  1.    In what types of applications are isolation amplifi ers used?   

  2.    What are the two stages in a typical isolation amplifi er and 
what is the purpose of having two stages?   

  3.    How are the stages in an isolation amplifi er connected?   

  4.    What is the purpose of the oscillator in an isolation amplifi er?                  

  5.    What is the purpose of the third port in a three-port isolation 
amplifi er?         

    SECTION 12–2 CHECKUP 

  Conventional op-amps are, as you know, primarily voltage amplifi ers in which the output volt-
age equals the gain times the input voltage. The OTA is primarily a voltage-to-current ampli-
fi er in which the output current equals the gain times the input voltage.   

  After completing this section, you should be able to  

  •   Understand and explain the operation of an operational transconductance amplifi er (OTA) 

   •   Identify the OTA symbol  

  •   Discuss the relationship between transconductance and bias current  

  •   Describe the features of the LM13700 OTA  

  •   Discuss OTA applications     

   12–3  OPERATIONAL TRANSCONDUCTANCE 
AMPLIFIERS (OTAs) 

  Figure   12–14    shows the symbol for an  operational transconductance amplifi er 
(OTA) . The double circle symbol at the output represents an output current source 
that is dependent on a bias current. Like the conventional op-amp, the OTA has 
two differential input terminals, a high input impedance, and a high CMRR. 
Unlike the conventional op-amp, the OTA has a bias-current input terminal, a 
high output impedance, and no fi xed open-loop voltage gain.  

  The Transconductance Is the Gain 
of an OTA 
 In general, the  transconductance  of an electronic device is the ratio of the output current to 
the input voltage. For an OTA, voltage is the input variable and current is the output variable; 

Output

–

+

IBIAS

Inputs

 FIGURE 12–14         Symbol for an opera-
tional transconductance amplifi er 
(OTA).   
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therefore, the ratio of output current to input voltage is its gain. Consequently, the voltage-
to-current gain of an OTA is the transconductance,  g m  . 

   gm =
Iout

Vin
   

 In an OTA, the transconductance is dependent on a constant ( K ) times the bias cur-
rent ( I  BIAS ) as indicated in Equation (12–6). The value of the constant is dependent on the 
internal circuit design. 

    gm = KIBIAS  (12–6)    

 The output current is controlled by the input voltage and the bias current as shown by the 
following formula: 

   Iout = gmVin = KIBIASVin    

  The Transconductance Is a Function 
of Bias Current 
 The relationship of the transconductance and the bias current in an OTA is an important 
characteristic. The graph in  Figure   12–15    illustrates a typical relationship. Notice that the 
transconductance increases linearly with the bias current. The constant of proportionality, 
 K,  is the slope of the line and has a value of approximately 16 mS/mA.  
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 FIGURE 12–15         Example of a transconductance versus 
bias current graph for a typical OTA.   

  E X A M P L E  1 2 – 5 

 If an OTA has a  g m   = 1000 mS, what is the output current when the input volt-
age is 50 mV? 

  S O L U T I O N 

   Iout = gmVin = (1000 mS)(50 mV) = 50 MA    

  P R A C T I C E  E X E R C I S E 

 Based on  K � 16 mS/mA, calculate the bias current required to produce 
 g m   = 1000 mS.    
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 FIGURE 12–16         An OTA as an inverting 
amplifi er with a fi xed-voltage gain.   

  Basic OTA Circuits 
  Figure   12–16    shows the OTA used as an inverting amplifi er with fi xed-voltage gain. The 
voltage gain is set by the transconductance and the load resistance as follows. 

   Vout = IoutRL    

 Dividing both sides by  V in ,  

   
Vout

Vin
= a Iout

Vin
bRL   

 Since  V out  > V in   is the voltage gain and  I out  > V in   =  g m ,  

   Av = gmRL   

 The transconductance of the amplifi er in  Figure   12–16    is determined by the amount 
of bias current, which is set by the dc supply voltages and the bias resistor  R  BIAS . 

 One of the most useful features of an OTA is that the voltage gain can be controlled 
by the amount of bias current. This can be done manually, as shown in  Figure   12–17   (a), by 
using a variable resistor in series with  R  BIAS  in the circuit of  Figure   12–16   . By changing 
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 FIGURE 12–17         An OTA as an inverting amplifi er with a variable-voltage gain.   
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the resistance, you can produce a change in  I  BIAS , which changes the transconductance. A 
change in the transconductance changes the voltage gain. The voltage gain can also be 
controlled with an externally applied variable voltage as shown in  Figure   12–17   (b). A 
variation in the applied bias voltage causes a change in the bias current.   

  A Specifi c OTA 
 The LM13700 is a typical OTA and serves as a representative device. The LM13700 is 
a dual-device package containing two OTAs and buffer circuits.  Figure   12–18    shows 
the pin confi guration using a single OTA in the package. The maximum dc supply 
voltages are {18 V, and its transconductance characteristic happens to be the same as 
indicated by the graph in  Figure   12–15   . The data sheet for the LM13700 can be found 
at  www.national.com . 

For an LM13700, the bias current is determined by the following formula: 

    IBIAS =
+VBIAS - (-V ) - 1.4V

RBIAS
  (12–7)     
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 FIGURE 12–18         An LM13700 OTA. There are two 
in an IC package. The buffer transistors are not 
shown. Pin numbers for both OTAs are given in 
parentheses.   
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 The 1.4 V is due to the internal circuit where a base-emitter junction and a diode con-
nect the external  R  BIAS  with the negative supply voltage (- V  ). The positive bias voltage 
may be obtained from the positive supply voltage. 

 Not only does the transconductance of an OTA vary with bias current, but so does the 
input and output resistances. Both the input and output resistances decrease as the bias cur-
rent increases, as shown in  Figure   12–19   .  

www.national.com
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  E X A M P L E  1 2 – 6 

 The OTA in  Figure   12–20    is connected as an inverting fi xed-gain amplifi er. 
Determine the voltage gain.  

  S O L U T I O N 

 Calculate the bias current as follows: 

   IBIAS =
+VBIAS - (-V) - 1.4 V

RBIAS
=

9 V - (-9 V) - 1.4 V

33 k�
= 503 mA   

 Using  K  _ 16 mS/mA from the graph in  Figure   12–14   , the value of transcon-
ductance corresponding to  I  BIAS  = 503 mA is approximately 

   gm = KIBIAS � (16 mS/mA)(503 mA) = 8.05 * 103 mS   

 Using this value of  g m ,  calculate the voltage gain. 

   Av = gmRL � (8.05 * 103 mS)(10 k�) = 80.5    

  P R A C T I C E  E X E R C I S E 

 If the OTA in  Figure   12–20    is operated with dc supply voltages of {12 V, will 
this change the voltage gain and, if so, to what value?    

  Two OTA Applications 
  AMPLITUDE MODULATOR      Figure   12–21    illustrates an OTA connected as an 
amplitude modulator. The voltage gain is varied by applying a modulation voltage to the 
bias input. When a constant-amplitude input signal is applied, the amplitude of the output 
signal will vary according to the modulation voltage on the bias input. The gain is depend-
ent on bias current, and bias current is related to the modulation voltage by the following 
relationship: 

   IBIAS =
Vmod - (-V) - 1.4 V

RBIAS
    

 This modulating action is shown in  Figure   12–21    for a higher frequency sinusoidal input 
voltage and a lower frequency sinusoidal modulating voltage. 
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 FIGURE 12–21         The OTA as an amplitude modulator.   

–

+

Vout

Vin

OTA

Vmod

RL
10 k�

R1

RBIAS
56 k�

+9 V

–9 V

R2
10 k�

10 k�

50 mV
1 MHz

+10 V

+1 V

1 kHz

 FIGURE 12–22        
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 The input to the OTA amplitude modulator in  Figure   12–22    is a 50 mV peak-to-peak, 1 MHz sine wave. Determine 

the output signal, given the modulation voltage shown is applied to the bias input.  

  S O L U T I O N 

 The maximum voltage gain is when  I  BIAS , and thus  g m ,  is maximum. This occurs at the maximum peak of the 
modulating voltage,  V mod  . 

   IBIAS(max) =
Vmod(max) - (-V) - 1.4 V

RBIAS
=

10 V - (-9 V) - 1.4 V

56 k�
= 314 mA   

 From the graph in  Figure   12–15   , the constant  K  is approximately 16 mS/mA. 

    gm = KIBIAS(max) = (16 mS/mA)(314 mA) = 5.02 mS

 Av(max) = gmRL = (5.02 mS)(10 k�) = 50.2

 Vout(max) = Av(min)Vin = (50.2)(50 mV) = 2.51 V    

 The minimum bias current is 

    IBIAS(min) =
Vmod(min) - (-V) - 1.4 V

RBIAS
=

1 V - (-9 V) - 1.4 V

56 k�
= 154 mA   

    gm = KIBIAS(min) = (16 mS/mA)(154 mA) = 2.46 mS    

    Av(min) = gmRL = (2.46 mS)(10 k�) = 24.6    

    Vout(min) = Av(min)Vin = (24.6)(50 mV) = 1.23 V    

 The resulting output voltage is shown in  Figure   12–23   .   
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1.23 V2.51 VVout

 FIGURE 12–23        

  P R A C T I C E  E X E R C I S E 

 Repeat this example with the sinusoidal modulating signal replaced by a square wave with the same maximum 
and minimum levels and a bias resistor of 39 k�.    

  SCHMITT TRIGGER      Figure   12–24    shows an OTA used in a Schmitt-trigger 
confi guration. (Refer to  Section   8–1   .) Basically, a Schmitt trigger is a comparator 
with hysteresis where the input voltage drives the device into either positive or 
negative saturation. When the input voltage exceeds a certain threshold value or 
trigger point, the device switches to one of its saturated output states. When the 
input falls back below another threshold value, the device switches back to its 
other saturated output state.  

 In the case of the OTA Schmitt trigger, the threshold levels are set by the 
current through resistor  R  1 . The maximum output current in an OTA equals the 
bias current. Therefore, in the saturated output states,  I out   =  I  BIAS . The maxi-
mum positive output voltage is  I out R  1 , and this voltage is the positive threshold 
value or upper trigger point. When the input voltage exceeds this value, the 
output switches to its maximum negative voltage, which is -  I out R  1 . Since 
 I out   =  I  BIAS , the trigger points can be controlled by the bias current.  Figure 
  12–25    illustrates this operation.            
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 FIGURE 12–24         The OTA as a Schmitt 
trigger.   
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 FIGURE 12–25         Basic  operation of the OTA Schmitt trigger.   
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SYNTHESIZED SINE-WAVE GENERATOR
A synthesized sine-wave generator is shown in block diagram form in SE12–5. A synthe-
sized sine-wave generator is a test instrument that can generate a sine wave with a very 
accurate frequency for testing circuit responses. To generate the sine wave, the user enters 
the desired parameters into a digital controller. The controller stores the information and 
passes along data to a sequence generator. This portion of the circuit generates numbers 
representing amplitude values along the wave at the desired interval and stores the values 
in a read-only memory. The memory is clocked at a certain interval that depends on the 
desired frequency and the digital steps are converted to a sine wave by the digital-to-
analog converter (covered in Chapter 14). The conversion process produces unwanted 
higher frequencies components, which are removed with a low-pass fi lter that is set to 
pass the desired sine wave but not the higher harmonics. Here is where a transconduct-
ance amplifi er (OTA) is very useful—the transconductance amplifi er can be confi gured 
as a voltage-controlled variable cutoff low-pass fi lter. If the user decides to change fre-
quencies, the low-pass fi lter is reconfi gured by the controller to a new cutoff frequency by 
sending a certain voltage to it. Voltage-controlled low-pass circuits have other applica-
tions (electronic music for example). The circuit description for a variable low-pass fi lter 
is available in the manufacturer’s specifi cation sheet (see www.national.com for the 
LM13700 for example).

S Y S T E M  E X A M P L E  1 2 – 3

User
input

Low-pass
filter

Synthesized
sine-wave

Frequency
control

Gain
control

Digital-to-
analog
converter

Sequence
generator

Digital circuits

Controller Amplifier

FIGURE SE 12–5 A synthesized sine-wave generator

  1.    What does OTA stand for?   

  2.    If the bias current in an OTA is increased, does the transcon-
ductance increase or decrease?   

  3.    What happens to the voltage gain if the OTA is connected as a 
fi xed-voltage amplifi er and the supply voltages are increased?   

  4.    What happens to the voltage gain if the OTA is connected as a 
variable-gain voltage amplifi er and the voltage at the bias ter-
minal is decreased?       

    SECTION 12–3 CHECKUP 

www.national.com
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  A logarithmic (log) amplifi er produces an output that is proportional to the logarithm of the 
input. Log amplifi ers are used in applications that require compression of analog input data, 
linearization of transducers that have exponential outputs, optical density measurements and 
more. An antilogarithmic (antilog) amplifi er takes the antilog or inverse log of the input. In 
this section, the principles of these amplifi ers are discussed.   

  After completing this section, you should be able to  

  •   Understand and explain the operation of log and antilog amplifi ers 

   •   Defi ne  logarithm  and  natural logarithm   

  •   Describe the feedback confi gurations  

  •   Discuss signal compression with logarithmic amplifi ers     

  Logarithms 
 A  logarithm  (log) is basically a power. It is defi ned as the power to which a base,  b,  must 
be raised to yield a particular number,  N.  The defi ning formula for a logarithm is 

   bx = N   

 In this formula,  x  represents the log of  N.  For example, you know that 10 2  = 100. In this 
example, 2 is the power of ten that yields the number 100. In other words, 2 is the log of 
100 (with base ten implied). 

 There are two practical bases used for logarithms. Base ten is used for what are called 
common logs because our counting system is base ten. The abbreviation  log  in a mathematical 
expression or on your calculator implies base ten. Sometimes the subscript 10 is included with 
the abbreviation as log 10 . The second base is derived from an important mathematical series 
which gives the number 2.71828.  1   This number is represented by the letter  e  (mathematicians 
use P). Base  e  is used because it is part of mathematical equations that describe natural phe-
nomena such as the charging and discharging of a capacitor and the relationship between volt-
age and current in certain semiconductor devices. Logarithms that use base  e  are said to be 
 natural logarithms  and are shown with the abbreviation  ln  in mathematical expressions and 
on your calculator .   

 A useful conversion between the two bases is given by the equation 

   ln x = 2.303 log10x    

  The Basic Logarithmic Amplifi er 
 A log amp produces an output that is proportional to the logarithm of the input voltage. The 
key element in a basic log amplifi er is a semiconductor  pn  junction in the form of either a 
diode or the base-emitter junction of a bipolar transistor. A  pn  junction exhibits a natural loga-
rithmic current for many decades of input voltage.  Figure   12–26   (a) shows this characteristic 
for a typical small-signal diode, plotted as a linear plot;  Figure   12–26   (b) shows the same char-
acteristic plotted as a log plot (the  y -axis is logarithmic).  I  D  is the forward diode current and 
 V  D  is the forward diode voltage. The logarithmic relationship between diode current and volt-
age is clearly seen in the plot in part (b). Although the plot only shows four decades of data, 
the actual logarithmic relationship for a diode extends over seven decades! The relationship 
between the current and voltage is expressed by the following general equation for a diode: 

   VD = K lna ID

IR
b     

 In this equation,  K  is a constant that is determined by several factors including the tem-
perature and is approximately 0.025 V at 25°C.  I  R , the reverse leakage current, is a con-
stant for a given diode. 

 1  The series is    e = lim
nSinf

a1 +
1

n
bn

.    
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 FIGURE 12–26         The characteristic curve for a typical diode.   

  LOG AMPLIFIER WITH A DIODE     When the feedback resistor in an inverting 
amplifi er is replaced with a diode, the result is a basic log amp, as shown in  Figure   12–27   . 
The output voltage,  V out  , is equal to − V  D . Because of the virtual ground, the input current 
can be expressed as  V in  > R  1 . By substituting these quantities into the diode equation, the 
output voltage is 

    Vout � -(0.025 V) lna Vin

IRR1
b   (12–8)     

 From Equation (12–8), you can see that the output voltage is the negative of a logarithmic 
function of the input voltage. The value of the output is controlled by the value of the input 
voltage and the value of the resistor  R  1 . 

R1

–

+

Vout

D1
IDIin

Vin

0 V

+ – + –
 FIGURE 12–27         A basic log 
amplifi er using a diode as the 
feedback element.   
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 Determine the output voltage for the log amplifi er in  Figure   12–28   . Assume 

 I  R  = 50 nA.  

+2 V
100 k�

–

+

VOUT

R1 D1 FIGURE 12–28        
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  LOG AMPLIFIER WITH A BJT     The base-emitter junction of a bipolar transistor 
exhibits the same type of natural logarithmic characteristic as a diode because it is also a 
 pn  junction. A log amplifi er with a BJT connected in a common-base form in the feedback 
loop is shown in  Figure   12–29   . Notice that  V out   with respect to ground is equal to - V  BE . 

 The analysis for this circuit is the same as for the diode log amplifi er except that 
- V  BE  replaces  V  D ,  I  C  replaces  I  D , and  I  EBO  replaces  I  R . The emitter-to-base leakage current 
is  I  EBO . The expression for the output voltage is 

    Vout = -(0.025 V)lna Vin

IEBOR1
b   (12–9)    

–

+

Vout

+

–
VBE

Vin

0 V

R1 Q1
Iin

+ –
IC

+ –

 FIGURE 12–29         A basic log amplifi er using a transistor as the 
 feedback element.   

  E X A M P L E  1 2 – 9 

 What is  V out   for a transistor log amplifi er with  V in   = 3 V and  R  1  = 68 k�? 
Assume  I  EBO  = 40 nA. 

  S O L U T I O N 

    Vout = -(0.025 V)lna Vin

IEBOR1
b = -(0.025 V)lna 3 V

(40 nA)(68 k�)
b

 = -(0.025 V)ln(1103) = �0.175 V     

  P R A C T I C E  E X E R C I S E 

 Calculate  V out   if  R  1  is changed to 33 k�.     

  S O L U T I O N 

 The input voltage and the resistor value are given in  Figure   12–28   . 

    VOUT = -(0.025 V)lna Vin

IRR1
b = -(0.025 V)lna 2 V

(50 nA)(100 k�)
b

 = -(0.025 V)ln(400) = -(0.025 V)(5.99) = �0.150 V     

  P R A C T I C E  E X E R C I S E 

 Calculate the output voltage of the log amplifi er with a +4 V input.    
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  The Basic Antilog Amplifi er 
 The antilog amplifi er is the complement of a log amplifi er. If you know the logarithm of a 
number, you know the power the base is raised to. To obtain the  antilog , you must take the 
 exponential  of the logarithm. 

   x = elnx   

 This is equivalent to saying the antilog  e   of ln  x  is just  x.  (Notice that the antilog is base  e  in 
this statement.) On many calculators the antilog of a base 10 logarithm is labelled    10x

    and 
in some cases    INV  LOG    . The antilog of a base  e  logarithm is labelled    ex     or    INV  LN    . 

 The basic antilog amplifi er is formed by reversing the position of the transistor (or 
diode) with the resistor in the log amp circuit. The antilog circuit is shown in  Figure   12–30    
using a transistor base-emitter junction as the input element and a resistor as the feedback 
element. The relationship between the current and voltage for a diode still applies. 

   VD = K lna ID

IR
b     

RF

–

+

Vout

–

+
VBE

Vin

0 V

+ –
Q1 FIGURE 12–30         A basic anti-

log amplifi er.   

 For the antilog amplifi er,  V  D  is the negative input voltage and  I  D  represents the cur-
rent in the feedback resistor, which by Ohm’s law is  V out  > R  F . Since a transistor is used, 
 I  R  =  I  EBO . Making these substitutions in the diode equation, 

   Vin = -K lna Vout

IEBORF
b    

 Rearranging, 

   Vout = -IEBORFeVin>K   

 Substituting  K  � 0.025 V and clearing the exponent, 

    Vout � -IEBORFantilogea Vin

25 mV
b   (12–10)    

  E X A M P L E  1 2 – 1 0 

 For the antilog amplifi er in  Figure   12–31   , fi nd the output voltage. Assume 
 I  EBO  = 40 nA.  

RF

–

+

VOUT

+175 mV
68 k�

Q1 FIGURE 12–31        
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  IC Log, Log-Ratio, and Antilog Amplifi ers 
 Several factors make the basic log amp and the basic antilog amp circuit with a diode 
and op-amp unsatisfactory for many applications. The basic circuit is temperature sen-
sitive and tends to have error at very low diode currents; also, components need to be 
precisely matched, and the output level is not a convenient value. These problems are 
diffi cult to address with off-the-shelf components; however, manufacturers have 
designed precision integrated circuit logarithmic and log-ratio amplifi ers with tempera-
ture compensation, low bias currents, and high accuracy that require no user adjust-
ments. Log-ratio measurements produce an output that is proportional to the log ratio of 
 two  inputs. 

 The LOG102 is an example of a log, log-ratio, and antilog amplifi er in one 14-pin IC. 
It has a maximum accuracy specifi cation of 0.15% at full-scale output (FSO) and a six-
decade range of input current (1 nA to 1 mA). With a few external resistors, the user can 
connect the amplifi er as either a log, a log-ratio, or an antilog amplifi er. Scaling of the 
output voltage can be done by simply selecting an appropriate output pin. As with most log 
amps, the input will function with only one polarity of input current. The data sheet for the 
LOG102 can be found at  www.ti.com .  

  Signal Compression with 
Logarithmic Amplifi ers 
 In certain applications, a signal may be too large in magnitude for a particular system to 
handle. The term  dynamic range  is often used to describe the range of voltages con-
tained in a signal. In these cases, the signal voltage must be scaled down by a process 
called  signal compression  so that it can be properly handled by the system. If a linear 
circuit is used to scale a signal down in amplitude, the lower voltages are reduced by 
the same percentage as the higher voltages. Linear signal compression often results in 
the lower voltages becoming obscured by noise and diffi cult to accurately distinguish, 
as illustrated in  Figure   12–32   (a). To overcome this problem, a signal with a large 
dynamic range can be compressed using a logarithmic response, as shown in  Figure 
  12–32   (b). In logarithmic signal compression, the higher voltages are reduced more than 
the lower voltages, thus keeping the lower voltage signals from being lost in noise. A 
log amplifi er preceding an 8-bit ADC can replace a more expensive 20-bit ADC because 
of signal compression.   

  S O L U T I O N 

 First of all, notice that the input voltage in  Figure   12–31    is the inverted output 
voltage of the log amplifi er in  Example   12–9   . In this case, the antilog amplifi er 
reverses the process and produces an output that is proportional to the antilog of 
the input. So the output voltage of the antilog amplifi er in  Figure   12–31    should 
have the same magnitude as the input voltage of the log amplifi er in  Example 
  12–9    because all the constants are the same. Let’s see if it does. 

    VOUT � -IEBORFantilogea Vin

25 mV
b = -(40 nA)(68 k�)antilogea 0.175 V

25 mV
b

 = -(40 nA)(68 k�)(1100) = �3 V      

  P R A C T I C E  E X E R C I S E 

 Determine  V  OUT  for the amplifi er in  Figure   12–31    if the feedback resistor is 
changed to 100 k�.    

www.ti.com
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Linear
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to a very small amplitude.
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Logarithmic
signal compression

Large voltages are reduced
more than small voltages.

(b)

 FIGURE 12–32         The basic 
concept of signal compression 
with a logarithmic amplifi er.   

  A Basic Multiplier with Log and Antilog Amps 
 Multipliers are based on the fundamental logarithmic relationship that states that the prod-
uct of two terms equals the sum of the logarithms of each term. This relationship is shown 
in the following formula: 

   ln(a * b) = ln a + ln b   

 This formula shows that two signal voltages are effectively multiplied if the logarithms of 
the signal voltages are added. 

 You know how to get the logarithm of a signal voltage by using a log amplifi er. By 
summing the outputs of two log amplifi ers, you get the logarithm of the product of the two 
original input voltages. Then, by taking the antilogarithm, you get the product of the two 
input voltages as indicated in the following equations: 

    ln V1 + ln V2 = ln(V1V2)   

    antiloge[ln(V1V2)] = V1V2    

 The block diagram in  Figure   12–33    shows how the functions are connected to multiply 
two input voltages. Constant terms are omitted for simplicity. The electronic circuit ver-
sion of this operation will have three inversions for each signal.  

V1

V2

–1n V1

–1n V2

1n(V1V2) –V1V2 V1V2

Log amplifer

Log amplifer

Summing
amplifer
(adder)

Antilog
amplifier

Inverter

 FIGURE 12–33         Basic block diagram of an analog multiplier.   
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  Figure   12–34    shows the basic multiplier circuitry. The outputs of the log amplifi ers 
are stated as follows: 

   Vout(log1) = -K1lnaVin1

K2
b    

   Vout(log2) = -K1lnaVin2

K2
b     

 where  K  1  = 0.025 V,  K  2  =  RI  EBO , and  R  =  R  1  =  R  2  =  R  6 . The two output voltages 
from the log amplifi ers are added and inverted by the unity-gain summing amplifi er to 
produce the following result: 

   Vout1sum2 = K1ln c aVin1

K2
b + lnaVin2

K2
b d = K1lnaVin1Vin2

K2
2
b    

 This expression is then applied to the antilog amplifi er; the expression for the multiplier 
output voltage is as follows: 

    Vout(antilog) = -K2antilogeaVout(sum)

K1
b = -K2antiloge

£ K1lnaVin1Vin2

K2
2
b

K1

§

 = -K2aVin1Vin2

K2
2
b = -

Vin1Vin2

K2
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+
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–

+
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+
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+
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 FIGURE 12–34         A basic 
 multiplier.   
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 As you can see, the output of the antilog amplifi er is a constant (1> K  2 ) times the  product  of 
the input voltages. The fi nal output is developed by an inverting amplifi er with a voltage 
gain of - K  2 . 

   Vout = -K2a-
Vin1Vin2

K2
b    

    Vout = Vin1Vin2  (12–11)    

 As in the case of log amps, analog multipliers are available in IC form. These are 
covered in  Chapter   13   . 

  1.    What purpose does the diode or transistor perform in the 
 feedback loop of a log amplifi er?   

  2.    Why is the output of a basic log amplifi er limited to about 0.7 V?   

  3.    What are the factors that determine the output voltage of a 
basic log amplifi er?   

  4.    In terms of implementation, how does a basic antilog 
 amplifi er differ from a basic log amplifi er?   

  5.    What circuits make up a basic analog multiplier?   

  6.    Why does the basic multiplier circuit in Figure 12-34 include 
an inverter at the end?       

    SECTION 12–4 CHECKUP 

     SUMMARY 
   •   A basic instrumentation amplifi er is formed by three op-amps and seven resistors, including the 

gain-setting resistor,  R  G .  

  •   An instrumentation amplifi er has high input impedance, high CMRR, low output offset, and low 
output impedance.  

  •   The voltage gain of a basic instrumentation amplifi er is set by a single external resistor.  

  •   An instrumentation amplifi er is useful in applications where small signals are embedded in large 
common-mode noise.  

  •   A basic isolation amplifi er has three electrically isolated parts: input, output, and power.  

  •   Most isolation amplifi ers use transformer coupling for isolation.  

  •   Isolation amplifi ers are used to interface sensitive equipment with high-voltage environments and 
to provide protection from electrical shock in certain medical applications.  

  •   The operational transconductance amplifi er (OTA) is a voltage-to-current amplifi er.  

  •   The output current of an OTA is the input voltage times the transconductance.  

  •   In an OTA, transconductance varies with bias current; therefore, the gain of an OTA can be varied 
with a bias voltage or a variable resistor.  

  •   The operation of log and antilog amplifi ers is based on the nonlinear (logarithmic) characteristic 
of a  pn  junction.  

  •   A log amplifi er has a BJT in the feedback loop.  

  •   An antilog amplifi er has a BJT in series with the input.  

  •   Logarithmic amplifi ers are used for signal compression, analog multiplication, and log-ratio 
measurements.  

  •   An analog multiplier is based on the mathematical principle that states the logarithm of the prod-
uct of two variables equals the sum of the logarithms of the variables.    

  KEY TERMS   
  Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary.  

  Antilog      The number corresponding to a given logarithm.   

  Instrumentation amplifi er      A differential voltage-gain device that amplifi es the differences 
between the voltages existing at its two input terminals.   
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  Isolation amplifi er      An amplifi er in which the input and output stages are not electrically 
 connected.   

  Logarithm      An exponent; the logarithm of a quantity is the exponent or power to which a given 
number called the base must be raised in order to equal the quantity.   

  Operational transconductance amplifi er      An amplifi er in which the output current is the gain 
times the input voltage.    

  KEY FORMULAS 
  INSTRUMENTATION AMPLIFIER    

   (12–1)  Vout � a1 �
2R
RG
b (Vin2 � Vin1)      

   (12–2)  RG �
2R

Acl � 1
     

   (12–3)  RG �
50.5 k�

Av � 1
       (for the AD622)  

  ISOLATION AMPLIFIER    

   (12–4)  Av1 �
Rf 1

Ri1
� 1     

   (12–5)  Av2 �
Rf2

Ri2
� 1      

  OPERATIONAL TRANSCONDUCTANCE AMPLIFIER (OTA)    

   (12–6)  gm � KIBIAS     

   (12–7)  IBIAS �
�VBIAS � (�V) � 1.4 V

RBIAS
       (for the LM13700)  

  LOGARITHMIC AMPLIFIER    

   (12–8)  Vout @ �(0.025 V)ln a
Vin

IRR1
b      

   (12–9)  Vout � �(0.025 V) ln a
Vin

IEBOR1
b     

   (12–10)  Vout @ �IEBORFantiloge a
Vin

25 mV
b     

   (12–11)  Vout � Vin1Vin2       

  SELF-TEST 
  Answers are at the end of the chapter.  

   1.    To make a basic instrumentation amplifi er, it takes  

   (a)   one op-amp with a certain feedback arrangement  
  (b)   two op-amps and seven resistors  
  (c)   three op-amps and seven capacitors  
  (d)   three op-amps and seven resistors    

   2.    Typically, an instrumentation amplifi er has an external resistor used for  

   (a)   establishing the input impedance     (b)   setting the voltage gain  
  (c)   setting the current gain     (d)   interfacing with an instrument    
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   3.    Instrumentation amplifi ers are used primarily in  

   (a)   high-noise environments     (b)   medical equipment  
  (c)   test instruments     (d)   fi lter circuits    

   4.    Isolation amplifi ers are used primarily in  

   (a)   remote, isolated locations  
  (b)   systems that isolate a single signal from many different signals  
  (c)   applications where there are high voltages and sensitive equipment  
  (d)   applications where human safety is a concern  
  (e)   answers (c) and (d)    

   5.    The three parts of a basic isolation amplifi er are  

   (a)   amplifi er, fi lter, and power     (b)   input, output, and coupling  
  (c)   input, output, and power     (d)   gain, attenuation, and offset    

   6.    The stages of most isolation amplifi ers are connected by  

   (a)   copper strips     (b)   transformers  
  (c)   microwave links     (d)   current loops    

   7.    The characteristic that allows an isolation amplifi er to amplify small signal voltages in the pres-
ence of much greater noise voltages is its  

   (a)   CMRR  
  (b)   high gain  
  (c)   high input impedance  
  (d)   magnetic coupling between input and output    

   8.    The term  OTA  means  

   (a)   operational transistor amplifi er  
  (b)   operational transformer amplifi er  
  (c)   operational transconductance amplifi er  
  (d)   output transducer amplifi er    

   9.    In an OTA, the transconductance is controlled by  

   (a)   the dc supply voltage     (b)   the input signal voltage  
  (c)   the manufacturing process     (d)   a bias current    

   10.    The voltage gain of an OTA circuit is set by  

   (a)   a feedback resistor  
  (b)   the transconductance only  
  (c)   the transconductance and the load resistor  
  (d)   the bias current and supply voltage    

   11.    An OTA is basically a  

   (a)   voltage-to-current amplifi er  
  (b)   current-to-voltage amplifi er  
  (c)   current-to-current amplifi er  
  (d)   voltage-to-voltage amplifi er    

   12.    The operation of a logarithmic amplifi er is based on  

   (a)   the nonlinear operation of an op-amp  
  (b)   the logarithmic characteristic of a  pn  junction  
  (c)   the reverse breakdown characteristic of a  pn  junction  
  (d)   the logarithmic charge and discharge of an  RC  circuit    

   13.    If the input to a log amplifi er is  x,  the output is proportional to  

   (a)    e x                 (b)   ln  x            (c)   log 10  x          (d)   2.3 log 10  x   
  (e)   answers (a) and (c)      (f)   answers (b) and (d)    

   14.    If the input to an antilog amplifi er is  x,  the output is proportional to  

   (a)    e  ln x         (b)    e x         (c)   ln  x        (d)    e  - x      

   15.    The logarithm of the product of two numbers is equal to the  

   (a)   sum of the two numbers  
  (b)   sum of the logarithms of each of the numbers  
  (c)   difference of the logarithms of each of the numbers  
  (d)   ratio of the logarithms of the numbers     



  TROUBLESHOOTER’S QUIZ 
  Answers are at the end of the chapter.  

  Refer to  Figure   12–35   . 

  • If  R  5  opens,   

   1.    The output signal voltage will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

     • If the output of op-amp 3 opens ,    

   2.    The output signal voltage will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

  Refer to  Figure   12–36   . 

  • If  R  G  opens ,    

   3.    The voltage gain will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

     • If the value of  R  G  is larger than the specifi ed value ,    

   4.    The bandwidth will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

  Refer to  Figure   12–37   (a). 

  • If there is a short across the 18 k� resistor ,    

   5.    The voltage gain will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

     • If the 150 k� resistor shorts ,    

   6.    The output signal voltage will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

     • If the capacitor between pins 19 and 20 is open ,    

   7.    The gain will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

  Refer to  Figure   12–38   . 

  • If the value of  R  BIAS  is less than the specifi ed value ,    

   8.    The output voltage will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    
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     • If the negative dc supply voltage decreases (less negative) ,    

   9.    The output voltage will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

     • If the positive supply voltage increases ,    

   10.    The transconductance will  

   (a)   increase  

  (b)   decrease  

  (c)   not change     
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  PROBLEMS 
  Answers to odd-numbered problems are at the end of the book.  

   SECTION   12–1    Instrumentation Amplifi ers    

   1.    Determine the voltage gains of op-amps A1 and A2 for the instrumentation amplifi er confi gura-
tion in  Figure   12–35   .    

   2.    Find the overall voltage gain of the instrumentation amplifi er in  Figure   12–35   .   

   3.    The following voltages are applied to the instrumentation amplifi er in  Figure   12–35   .  V in   1  = 
5 mV,  V in   2  = 10 mV, and  V cm   = 225 mV. Determine the fi nal output voltage.   

   4.    What value of  R  G  must be used to change the gain of the instrumentation amplifi er in  Figure 
  12–35    to 1000?   

   5.    What is the voltage gain of the AD622 instrumentation amplifi er in  Figure   12–36   ?    

   6.    Determine the approximate bandwidth of the amplifi er in  Figure   12–36    if the voltage gain is set 
to 10. Use the graph in  Figure   12–6   .   

   7.    Specify what you must do to change the gain of the amplifi er in  Figure   12–36    to approximately 24.   

   8.    Determine the value of  R  G  in  Figure   12–36    for a voltage gain of 20.   
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   SECTION   12–2    Isolation Amplifi ers    

   9.    The op-amp in the input stage of a certain isolation amplifi er has a voltage gain of 30. The out-
put stage is set for a gain of 10. What is the overall voltage gain of this device?   

   10.    Determine the overall voltage gain of each 3656KG in  Figure   12–37   .    
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   11.    Specify how you would change the overall gain of the amplifi er in  Figure   12–37   (a) to approxi-
mately 100 by changing only the gain of the input stage.   

   12.    Specify how you would change the overall gain in  Figure   12–37   (b) to approximately 440 by 
changing only the gain of the output stage.   

   13.    Specify how you would connect each amplifi er in  Figure   12–37    for unity gain.   

   SECTION   12–3    Operational Transconductance Amplifi ers (OTAs)    

   14.    A certain OTA has an input voltage of 10 mV and an output current of 10 mA. What is the 
transconductance?   

   15.    A certain OTA with a transconductance of 5000 mS has a load resistance of 10 k�. If the input 
voltage is 100 mV, what is the output current? What is the output voltage?   

   16.    The output voltage of a certain OTA with a load resistance is determined to be 3.5 V. If its 
transconductance is 4000 mS and the input voltage is 100 mV, what is the value of the load 
resistance?   

   17.    Determine the voltage gain of the OTA in  Figure   12–38   . Assume  K  = 16 mS/mA for the graph 
in  Figure   12–39   .     

   18.    If a 10 k� rheostat is added in series with the bias resistor in  Figure   12–38   , what are the mini-
mum and maximum voltage gains?   
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   19.    The OTA in  Figure   12–40    functions as an amplitude modulation circuit. Determine the output 
voltage waveform for the given input waveforms assuming  K  = 16 mS/mA.    
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   20.    Determine the trigger points for the Schmitt-trigger circuit in  Figure   12–41   .    

   21.    Determine the output voltage waveform for the Schmitt trigger in  Figure   12–41    in relation to a 
1 kHz sine wave with peak values of {10 V.   
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   SECTION   12–4    Log and Antilog Amplifi ers    

   22.    Using your calculator, fi nd the natural logarithm (ln) of each of the following numbers: 
   (a)   0.5  
  (b)   2  
  (c)   50  
  (d)   130     

   23.    Repeat Problem 22 for log 10 .   

   24.    What is the antilog of 1.6?   

   25.    Explain why the output of a log amplifi er is limited to approximately 0.7 V.   

   26.    What is the output voltage of a certain log amplifi er with a diode in the feedback path when the 
input voltage is 3 V? The input resistor is 82 k� and the reverse leakage current is 100 nA.   

   27.    Determine the output voltage for the amplifi er in  Figure   12–42   . Assume  I  EBO  = 60 nA.    

   28.    Determine the output voltage for the amplifi er in  Figure   12–43   . Assume  I  EBO  = 60 nA.    
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   29.    Signal compression is one application of logarithmic amplifi ers. Suppose an audio signal with a 
maximum voltage of 1 V and a minimum voltage of 100 mV is applied to the log amplifi er in 
 Figure   12–42   . What will be the maximum and minimum output voltages? What conclusion can 
you draw from this result?   

  MULTISIM TROUBLESHOOTING 
PROBLEMS    
   30.    Open fi le P12-30 and determine the fault.   

   31.    Open fi le P12-31 and determine the fault.   

   32.    Open fi le P12-32 and determine the fault.   

   33.    Open fi le P12-33 and determine the fault.    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   12–1     

   1.   The main purpose of an instrumentation amplifi er is to amplify small signals that occur on large 
common-mode voltages. The key characteristics are high input impedance, high CMRR, low 
output impedance, and low output offset.  

   2.   Three op-amps and seven resistors are required to construct a basic instrumentation amplifi er 
(see  Figure   12–2   ).  

   3.   The gain is set by the external resistor  R  G .  

   4.    A v   � 6  

   5.   A shield guard driver can reduce leakage current and reduce the effects of distributed capaci-
tance between signal conductors and the shield.   

   SECTION   12–2     

   1.   Isolation amplifi ers are used in medical equipment, power plant instrumentation, industrial 
processing, and automated testing.  

   2.   The two stages of an isolation amplifi er are input and output.  

   3.   The stages are connected by transformer coupling.  

   4.   The oscillator acts as a dc to ac converter so that the dc power can be ac coupled to the input and 
output stages.  

   5.   The third port sends isolated power to the input and output sides.  

   SECTION   12–3     

   1.   OTA stands for operational transconductance amplifi er.  

   2.   Transconductance increases with bias current.  

   3.   Assuming that the bias input is connected to the supply voltage, the voltage gain increases when 
the supply voltage is increased because this increases the bias current.  

   4.   The gain decreases as the bias voltage decreases.  

MULTISIM
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   SECTION   12–4     

   1.   A diode or transistor in the feedback loop provides the exponential (nonlinear) characteristic.  

   2.   The output of a basic log amplifi er is limited to the barrier potential of the  pn  junction (about 0.7 V).  

   3.   The output voltage is determined by the input voltage, the input resistor, and the emitter-to-base 
leakage current.  

   4.   The transistor in an antilog amplifi er is in series with the input rather than in the feedback loop.  

   5.   A multiplier is made of two log amplifi ers, a summing amplifi er, an antilog amplifi er, and an 
inverting amplifi er.  

   6.   Each signal has been inverted three times in processing. A 4th inversion restores the sign.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   12–1   240 �  

   12–2   Make  R  G  = 1.1 k�.  

   12–3   Adding an output fi lter capacitor will attenuate the ripple.  

   12–4   Many combinations are possible. Here is one:  R f   1  = 10 k�,  R i   1  = 1.0 k�,  R f    2  = 10 k�, 
 R i   2  = 1.0 k�  

   12–5   62.5 mA. Note the scale is logarithmic.  

   12–6   Yes. Approximately 110.  

   12–7    V out   ( max )  = 3.61 V;  V out   ( min )  = 1.76 V  

   12–8   -0.167 V  

   12–9   -0.193 V  

   12–10   -4.4 V   

  ANSWERS TO SELF-TEST 
   1.   (d)     2.   (b)     3.   (a)     4.   (e)     5.   (c)  

   6.   (b)     7.   (a)     8.   (c)     9.   (d)     10.   (c)  

  11.   (a)     12.   (b)     13.   (f)     14.   (b)     15.   (b)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
  1.   increase     2.   decrease     3.   decrease     4.   increase     5.   decrease  

   6.   decrease     7.   not change     8.   increase     9.   decrease     10.   increase       
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  OBJECTIVES 
  •   Describe basic superheterodyne receivers  

  •   Discuss the function of a linear multiplier  

  •   Discuss the fundamentals of amplitude 
modulation  

  •   Discuss the basic function of a mixer  

  •   Describe AM demodulation  

  •   Describe IF and audio amplifi ers  

  •   Describe frequency modulation  

  •   Describe the phase-locked loop (PLL)  

  •   Discuss fi ber optics   

  KEY TERMS 
    Amplitude modulation 
(AM)   
   Frequency modulation 
(FM)   

   Four-quadrant 
multiplier   
   Balanced modulation   
   Mixer   

  INTRODUCTION 
 Communications electronics encompasses a wide range 
of systems, including both analog (linear) and digital. 
Any system that sends information from one point to 
another over relatively long distances can be classifi ed 
as a communications system. Some of the categories of 
communications systems are radio (broadcast, ham, CB, 
marine), television, telephony, radar, navigation, satel-
lite, data (digital), and telemetry. 

 Many communications systems use either amplitude 
modulation (AM) or frequency modulation (FM) to send 
information. Other modulation methods include pulse 
modulation, phase modulation, and frequency shift keying 
(FSK) as well as more specialized techniques. By neces-
sity, the scope of this chapter is limited and is intended to 
introduce you to basic AM and FM communications sys-
tems and circuits and to fi ber optics.  

  VISIT THE WEBSITE 
 Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd    

   Voltage-controlled 
oscillator (VCO)   
   Phase-locked loop (PLL)   

   Modem   
   Fiber optics   
   Critical angle     

http://pearsonhighered.com/floyd


  Receivers based on the superheterodyne principle are standard in one form or another in most 
types of analog communications systems and are found in familiar systems such as standard 
broadcast radio, stereo, and television. This section provides a basic introduction to amplitude 
modulation and frequency modulation and an overview of the complete AM and FM receiver.  

   After completing this section, you should be able to  

  •   Describe basic superheterodyne receivers 

   •   Defi ne  AM  and  FM   

  •   Discuss the major functional blocks of an AM receiver  

  •   Discuss the major functional blocks of an FM receiver     

      13–1  BASIC RECEIVERS 

  Amplitude Modulation (AM) 
  Amplitude modulation (AM)  is a method for sending audible information, such as voice 
and music, by electromagnetic waves that are broadcast through the atmosphere. In AM, 
the amplitude of a signal with a specifi c frequency (  f c  ), called the  carrier,  is varied accord-
ing to a modulating signal, which can be an audio signal (such as voice or music), as 
shown in  Figure   13–1   . The carrier frequency permits the receiver to be tuned to a specifi c 
known frequency. The resulting AM waveform contains the carrier frequency, an upper-
side frequency equal to the carrier frequency plus the modulation frequency ( f c   �  f m  ), 
and a lower-side frequency equal to the carrier frequency minus the modulation frequency 
(  f c   -  f m  ). Harmonics of these frequencies are also present. For example, if a 1 MHz car-
rier is amplitude modulated with a 5 kHz audio signal, the frequency components in the 
AM waveform are 1 MHz (carrier), 1 MHz � 5 kHz = 1,005,000 Hz (upper side), and 
1 MHz - 5 kHz = 995,000 Hz (lower side).  

Amplitude
modulated
envelope

Carrier

 FIGURE 13–1         An example of an amplitude modulated signal. In this case, the 
higher-frequency carrier is modulated by a lower-frequency sinusoidal signal.   

 The frequency band for AM broadcast receivers is 540 kHz to 1640 kHz. This 
means that an AM receiver can be tuned to pick up a specifi c carrier frequency that lies 
in the broadcast band. Each AM radio station transmits at a specifi c carrier frequency 
that is different from any other station in the area, so you can tune the receiver to pick up 
any desired station.  

  The Superheterodyne AM Receiver 
 A block diagram of a superheterodyne AM receiver is shown in  Figure   13–2   . The receiver 
shown consists of an antenna, an RF (radio frequency) amplifi er, a mixer, a local oscillator 
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(LO), an IF (intermediate frequency) amplifi er, a detector, an audio amplifi er and a power 
amplifi er, and a speaker.  

  ANTENNA     The antenna picks up all radiated signals and feeds them into the RF 
amplifi er. These signals are very small (usually only a few microvolts).  

  RF AMPLIFIER     This circuit can be adjusted (tuned) to select and amplify any fre-
quency within the AM broadcast band. Only the selected frequency and its two side 
bands pass through the amplifi er. (Some AM receivers do not have a separate RF ampli-
fi er stage.)  

  LOCAL OSCILLATOR     This circuit generates a steady sine wave at a frequency 
455 kHz above the selected RF frequency.  

  MIXER     This circuit accepts two inputs, the amplitude modulated RF signal from the 
output of the RF amplifi er (or the antenna when there is no RF amplifi er) and the sinusoi-
dal output of the local oscillator. These two signals are then “mixed” by a nonlinear pro-
cess called  heterodyning  to produce sum and difference frequencies. For example, if the 
RF carrier has a frequency of 1000 kHz, the LO frequency is 1455 kHz and the sum and 
difference frequencies out of the mixer are 2455 kHz and 455 kHz, respectively. The differ-
ence frequency is always 455 kHz no matter what the RF carrier frequency.  

  IF AMPLIFIER     The input to the IF amplifi er is the 455 kHz AM signal, a replica of 
the original AM carrier signal except that the frequency has been lowered to 455 kHz. The 
IF amplifi er signifi cantly increases the level of this signal.  

  DETECTOR     This circuit recovers the modulating signal (audio signal) from the 
455 kHz IF. At this point the IF is no longer needed, so the output of the detector consists 
of only the audio signal.  

  AUDIO AND POWER AMPLIFIERS     This circuit amplifi es the detected audio 
signal and drives the speaker to produce sound.  

  AGC     The automatic gain control (AGC) provides a dc level out of the detector that is 
proportional to the strength of the received signal. This level is fed back to the IF ampli-
fi er, and sometimes to the mixer and RF amplifi er, to adjust the gains and thus maintain 
constant signal levels throughout the system over a wide range of incoming carrier sig-
nal strengths. 
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 FIGURE 13–2         Superheterodyne AM receiver block diagram.   
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  Frequency Modulation (FM) 
 In this method of  modulation , the modulating signal (audio) varies the frequency of a carrier 
as opposed to the amplitude, as in the case of AM.  Figure   13–3    illustrates basic  frequency 
modulation (FM) . The standard FM broadcast band consists of carrier frequencies from 

AM RECEIVER SIGNAL FLOW
  Figure SE  13–1    shows the signal fl ow through an AM superheterodyne receiver. The 
receiver can be tuned to accept any frequency in the AM band. The RF amplifi er, mixer, 
and local oscillator are tuned simultaneously so that the LO frequency is always 455 kHz 
above the incoming RF signal frequency. This is called  gang tuning.     

S Y S T E M  E X A M P L E  1 3 – 1

Modulating
signal

Frequency-
modulated

carrier

f

f

 FIGURE 13–3         An example of 
frequency modulation.   
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88 MHz to 108 MHz, which is signifi cantly higher than AM. The FM receiver is similar to 
the AM receiver in many ways, but there are several differences.   

  The Superheterodyne FM Receiver 
 A block diagram of a superheterodyne FM receiver is shown in  Figure   13–4   . Notice 
that it includes an RF amplifi er, mixer, local oscillator, and IF amplifi er just as in the 
AM receiver. These circuits must operate, however, at higher frequencies than in the 
AM system. A signifi cant difference in FM is the way the audio signal must be recov-
ered from the modulated IF. This is accomplished by the limiter, discriminator, and 
de-emphasis network.   

LimiterMixer

Local
oscillator

IF
amplifier

Gang tuned

AGC

Discriminator
(Detector)

De-emphasis
network

Audio and power
amplifiers

RF
amplifier

 FIGURE 13–4         Superheterodyne FM receiver block diagram.   

  RF AMPLIFIER     This circuit must be capable of amplifying any frequency between 
88 MHz and 108 MHz. It is highly selective so that it passes only the selected carrier fre-
quency and signifi cant side-band frequencies that contain the  audio .  

  LOCAL OSCILLATOR     This circuit produces a sine wave at a frequency 10.7 MHz 
above the selected RF frequency.  

  MIXER     This circuit performs the same function as in the AM receiver, except that its 
output is a 10.7 MHz FM signal regardless of the RF carrier frequency.  

  IF AMPLIFIER     This circuit amplifi es the 10.7 MHz FM signal.  

  LIMITER     The limiter removes any unwanted variations in the amplitude of the FM 
signal as it comes out of the IF amplifi er and produces a constant amplitude FM output at 
the 10.7 MHz intermediate frequency.  

  DISCRIMINATOR     This circuit performs the equivalent function of the detector in 
an AM system and is often called a detector rather than a discriminator. The  discriminator  
recovers the audio from the FM signal.  

  DE-EMPHASIS NETWORK     For certain reasons, the higher modulating frequen-
cies are amplifi ed more than the lower frequencies at the transmitting end of an FM system 
by a process called  preemphasis . The de-emphasis circuit in the FM receiver brings 
the high-frequency audio signals back to the proper amplitude relationship with the lower 
frequencies.  

  AUDIO AND POWER AMPLIFIERS     This circuit is the same as in the AM sys-
tem and can be shared when there is a dual AM/FM confi guration. 
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  1.    What do  AM  and  FM  mean?   

  2.    How do AM and FM differ?   

  3.    What are the standard broadcast frequency bands for AM 
and FM?   

    SECTION 13–1 CHECKUP* 

  *Answers are at the end of the chapter.      

   13–2  THE LINEAR MULTIPLIER 
  The linear multiplier is a key circuit in many types of communications systems. In this section, 
you will examine the basic principles of IC linear multipliers. In the following sections, we will 
concentrate on multiplier applications in AM and FM systems.  

   After completing this section, you should be able to  

  •   Discuss the function of a linear multiplier 

   •   Describe multiplier quadrants  

  •   Discuss linear multiplier scale factor  

  •   Discuss the transfer function of a linear multiplier     

S Y S T E M  E X A M P L E  1 3 – 2

FM RECEIVER SIGNAL FLOW
Figure SE13–2 shows the signal fl ow through an FM superheterodyne receiver. The receiver 
can be tuned to accept any frequency in the FM band. The RF amplifi er, mixer, and local 
oscillator are tuned simultaneously so that the LO frequency is always 10.7 MHz above the 
incoming RF signal frequency. 

De-emphasis
network

DiscriminatorLimiter

88 MHz–108 MHz
electromagnetic
waves

Audio

Mixer
RF

amplifier
IF

amplifier

10.7 MHz FMFM fc

fc + 10.7 MHz

Local
oscillator

Audio and
power

amplifiers
Sound

10.7 MHz
Amplified FM

10.7 MHz
Limited FM

Compensated
audio

Amplified
audio

 FIGURE SE13–2            
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  Multiplier Quadrants 
 There are one-quadrant, two-quadrant, and  four-quadrant multipliers . The quadrant clas-
sifi cation indicates the number of input polarity combinations that the multiplier can han-
dle. A graphical representation of the quadrants is shown in  Figure   13–5   . A four-quadrant 
multiplier can accept any of the four possible input polarity combinations and produce an 
output with the corresponding polarity.   
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 FIGURE 13–6         Block diagram of an AD532 linear multiplier IC.   
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 FIGURE 13–5         Four-quadrant 
polarities and their products.   

  The AD532 Linear Multiplier 
 Modern linear multiplier ICs like the AD532 contain all of the components necessary to 
multiply two input signals. Refer to the AD532 block diagram shown in  Figure   13–6   . As 
you can see, the X and Y inputs can be viewed as differential inputs to two operational 
amplifi ers. These inputs can also be connected single-ended simply by connecting one of 
the X or Y inputs to ground. 
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 All resistors are laser-trimmed thin-fi lm components deposited directly on the substrate 
of the chip. This results in multiplication accuracy of up to ;1% at full scale. In older linear 
multiplier ICs external resistors were required. This resulted in more complex  circuitry with 
the associated larger footprint, higher current draw and lower effi ciency, and increased noise. 

 The input op-amps are connected to the multiplier cell where the product of the 
inputs is generated. Depending on the magnitude of the inputs, and how they are connected 
to the inverting and noninverting inputs, either a positive or negative output can be 
achieved. Also note the output op-amp. Again, in older linear multipliers external op-amps 
were often required. The on-board output op-amp provides low output impedance, allow-
ing the multiplier to drive low-impedance loads.   

  Transfer Function and Scale Factor 
 The  transfer function  for a linear multiplier defi nes the output signal for a given set of 
inputs. For the AD532 the transfer function is 

   Vout =
(X1 - X2)(Y1 - Y2)

10 V
   

 Note the 10 V value in the denominator of the transfer function. This value is referred to as the 
 scale factor  (SF) for the device. As you can imagine, multiplying voltages can result in large 
magnitudes, so a scale factor is built into each linear multiplier to allow for larger magnitude 
inputs. In some literature you will see the scale factor represented by the letter  K  and stated as 
the inverse of SF. For the AD532,  K  = 0.1, so the output will be one-tenth the product of the 
inputs. An SF value of 10 V ( K  = 0.1) is a very common value for linear multipliers.  

  Connecting the AD532 as a Multiplier 
  Figure   13–7    shows the pin-out for the AD532 in a 14-pin DIP package. It is also available 
in a 20-lead leadless chip carrier package.  Figure   13–8    shows how the AD532 should be 
connected so that it operates as a linear multiplier. First of all note that the Z input is con-
nected to the output. Referring back to  Figure   13–6    you can see that this closes the feed-
back loop of the output op-amp. 
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 FIGURE 13–7         14-pin DIP pin-out for 
the AD532.   
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 FIGURE 13–8         AD532 multiplier connection.   

 Also note the potentiometer connected between the supply inputs, with its wiper con-
nected to the V OS  input. This is an optional connection and is used to compensate for any 
possible output offset. The device is laser-trimmed for a 0 V offset during production, so 
in many cases a compensation circuit is not necessary. For precision work, all inputs are 
grounded and the compensation potentiometer is adjusted so that the output is 0 V. It can 
also be used to compensate for offsets introduced by other components in the system. 
When a compensation network is not required, the V OS  pin is tied to ground.   
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 The AD532 is a four-quadrant multiplier so any combination of input polarities can 
be accepted. Its inputs can be connected single-ended or as differential inputs, and the 
output can be either a positive or negative value. These characteristics are illustrated in the 
following examples. 

  E X A M P L E  1 3 – 2 

 Assume an AD532 is connected as a multiplier and the inputs are single-ended. X 1  = 4.15 V and Y 1  = -1.51 V. 
Determine the output voltage. 

  S O L U T I O N 

 The output voltage is found as 

   Vout =
(X1 - 0 V)(Y1 - 0 V)

10 V
=

(4.15 V)(-1.51 V)

10 V
=

-6.27 V2

10 V
= -627 mV    

  P R A C T I C E  E X E R C I S E 

 Find V OUT  if the Y 1  input is grounded and -1.51 V is applied to Y 2 .    

  Other Multiplier Applications 
 The focus of this chapter is on AM and FM communication systems. In later sections you 
will be shown how the linear multiplier is an important component in modulation, demod-
ulation, and mixer circuits. In all of these applications it is confi gured as a multiplier, but 
these devices have other applications, especially in instrumentation. The AD532 can also 
be confi gured as a two-quadrant divider, a squaring circuit, a square root circuit, and a dif-
ference of squares circuit. A full discussion of these applications is beyond the scope of 
this text, but more information on these circuits, and the spec sheet for the AD532, can be 
found at  www.analog.com . 

  1.    Compare a four-quadrant multiplier to a one-quadrant 
 multiplier in terms of the inputs that can be handled.   

  2.    What does SF stand for and what is its value for the AD532?   

  3.    What does the transfer function of a linear multiplier defi ne?      

    SECTION 13–2 CHECKUP 

  E X A M P L E  1 3 – 1 

 Assume an AD532 is connected as a multiplier. The inputs are X 1  = 3 V, X 2  = 1.4 V, and Y 1  = 5.3 V, and 
Y 2  = 1.8 V. Determine the output voltage. 

  S O L U T I O N 

 The output voltage is found as 

   Vout =
(X1 - X2)(Y1 - Y2)

10 V
=

(3 V - 1.4 V)(5.3 V - 1.8 V)

10 V
=

5.6 V2

10 V
= 560 mV    

  P R A C T I C E  E X E R C I S E* 

 Find V OUT  if all the inputs in  Example   13–1    have their polarity reversed. 

  *Answers are at the end of the chapter.    

www.analog.com
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 As you learned in  Section   13–1   , amplitude modulation is the process of varying the ampli-
tude of a signal of a given frequency (carrier) with another signal of much lower frequency 
(modulating signal). One reason that the higher-frequency carrier signal is necessary is 
because audio or other signals with relatively low frequencies cannot be transmitted with 
antennas of a practical size. The basic concept of standard amplitude modulation is illus-
trated in  Figure   13–9   .  

  A Multiplication Process 
 If a signal is applied to the input of a variable-gain device, the resulting output is an ampli-
tude-modulated signal because  V out   =  A v V in  . The output voltage is the input voltage mul-
tiplied by the voltage gain. For example, if the gain of an amplifi er is made to vary 
sinusoidally at a certain frequency and an input signal is applied at a higher frequency, the 
output signal will have the higher frequency. However, its amplitude will vary according 
to the variation in gain as illustrated in  Figure   13–10   . Amplitude modulation is basically a 
multiplication process (input voltage multiplied by a variable gain).   

  Sum and Difference Frequencies 
 If the expressions for two sinusoidal signals of different frequencies are multiplied math-
ematically, a term containing both the difference and the sum of the two frequencies is 
produced. Recall from ac circuit theory that a sinusoidal voltage can be expressed as 

   v = Vpsin 2pft   

Amplitude
modulator

Carrier signal

Modulating signal

The envelope (variation in the amplitude)
of the output signal follows the shape of
the modulating signal.

In a broadcast radio system, this would
be the audio signal (voice or music).

fc

fm

fout

 FIGURE 13–9         Basic concept of amplitude modulation.   

  Amplitude modulation (AM) is an important method for transmitting information. Of course, 
the AM superheterodyne receiver is designed to receive transmitted AM signals. In this sec-
tion, we further defi ne amplitude modulation and show how the linear multiplier can be used 
as an amplitude-modulated device.  

   After completing this section, you should be able to  

  •   Discuss the fundamentals of amplitude modulation 

   •   Explain how AM is basically a multiplication process  

  •   Describe sum and difference frequencies  

  •   Discuss balanced modulation  

  •   Describe the frequency spectra  

  •   Explain standard AM     
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t
Gain variation

Vin Vout =  AvVinAv

Av

 FIGURE 13–10         The amplitude of the output voltage varies according to the gain and is the 
 product of voltage gain and input voltage.   

 where  V p   is the peak voltage and  f  is the frequency. Two different sinusoidal signals can be 
expressed as follows: 

    v1 = V1(p)sin 2pf1t

 v2 = V2(p)sin 2pf2t   

 Multiplying these two sinusoidal wave terms, 

    v1v2 = (V1(p)sin 2pf1t)(V2(p)sin 2pf2t)

 = V1(p)V2(p)(sin 2pf1t)(sin 2pf2t)    

 The basic trigonometric identity for the product of two sinusoidal functions is 

   (sin A)(sin B) =
1

2
 [cos(A - B) - cos(A + B)]   

 Applying this identity to the previous formula for  v  1  v  2 , 

    v1v2 =
V1(p)V2(p)

2
 [(cos 2pf1t - 2pf2t) - (cos 2pf1t + 2pf2t)]

 =
V1(p)V2(p)

2
 [(cos 2p( f1 - f2)t) - (cos 2p( f1 + f2)t)]    

    v1v2 =
V1(p)V2(p)

2
 cos 2p( f1 - f2)t -

V1(p)V2(p)

2
 cos 2p( f1 + f2)t  (13–1)    

 You can see in Equation (13–1) that the product of the two sinusoidal voltages  V  1  and 
 V  2  contains a difference frequency ( f  1  -  f  2 ) and a sum frequency ( f  1  �  f  2 ). The fact 
that the product terms are cosine simply indicates a 90° phase shift in the multiplica-
tion process.  

  Balanced Modulation 
 Since amplitude modulation is simply a multiplication process, the preceding analysis is 
now applied to carrier and modulating signals. The expression for the sinusoidal carrier 
signal can be written as 

   vc = Vc(p)sin 2pfct   

 Assuming a sinusoidal modulating signal, it can be expressed as 

   vm = Vm(p)sin 2pfmt   
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 Substituting these two signals in Equation (13–1), 

   vcvm =
Vc(p)Vm(p)

2
 cos 2p( fc - fm)t -

Vc(p)Vm(p)

2
 cos 2p( fc + fm)t   

 An output signal described by this expression for the product of two sinusoidal signals is 
produced by a linear multiplier. Notice that there is a difference frequency term ( f c   -  f m  ) 
and a sum frequency term ( f c   �  f m  ), but the original frequencies,  f c   and  f m  , do not appear 
alone in the expression. Thus, the product of two sinusoidal signals contains no signal with 
the carrier frequency,  f c ,  or with the modulating frequency,  f m .  This form of amplitude 
modulation is called  balanced modulation  because there is no carrier frequency in the out-
put. The carrier frequency is “balanced out.”  

  The Frequency Spectra of a Balanced Modulator 
 A graphical picture of the frequency content of a signal is called its frequency spectrum 
(see Sec. 1–2). A frequency spectrum shows voltage on a frequency base rather than on a 
time base as a waveform diagram does. The frequency spectra of the product of two sinu-
soidal signals are shown in  Figure   13–11   . Part (a) shows the two input frequencies and 
part (b) shows the output frequencies. In communications terminology, the sum fre-
quency is called the  upper-side frequency  and the difference frequency is called the 
 lower-side frequency  because the frequencies appear on each side of the missing carrier 
frequency.   

f
fc +  fm

fcfm

Modulating frequency

Carrier frequency

(a) Input frequencies

(b) Output frequencies

Lower-side frequency Upper-side frequency

f

fc – fm

 FIGURE 13–11         Illustration of the input and output frequency spectra for a 
linear multiplier.   

  The Linear Multiplier as a Balanced Modulator 
 As mentioned, the linear multiplier acts as a balanced modulator when a carrier signal and 
a modulating signal are applied to its inputs, as illustrated in  Figure   13–12   . A balanced 
modulator produces an upper-side frequency and a lower-side frequency, but it does not 
produce a carrier frequency. Since there is no carrier signal, balanced modulation is some-
times known as  suppressed-carrier modulation.  Balanced modulation is used in certain 
types of communications such as single side-band systems, but it is not used in standard 
AM broadcast systems.  
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fm

fc

f
 fc –  fm  fc  fc +  fm

 FIGURE 13–12         The linear multiplier as a balanced modulator.   

  Standard Amplitude Modulation (AM) 
 In standard AM systems, the output signal contains the carrier frequency as well as the 
sum and difference side frequencies. Standard amplitude modulation is illustrated by the 
frequency spectrum in  Figure   13–14   .  

Vout

Vm

Vc

f
 fc –  fm  fc  fc +  fm

Carrier  FIGURE 13–14         The output 
frequency spectrum of a 
 standard amplitude modulator.   

 The expression for a standard amplitude-modulated signal is 

    Vout = V2
c1p2sin 2pfct +

Vc1p2Vm1p2
2

 cos 2p1 fc - fm2 t -
Vc1p2Vm1p2

2
 cos 2p1 fc + fm2 t  

(13–2)    

  E X A M P L E  1 3 – 3 

 Determine the frequencies contained in the output signal of the balanced modula-
tor in  Figure   13–13   .  

  S O L U T I O N 

 The upper-side frequency is 

   fc + fm = 5 MHz + 10 kHz = 5.01 MHz   

 The lower-side frequency is 

   fc - fm = 5 MHz - 10 kHz = 4.99 MHz    

  P R A C T I C E  E X E R C I S E 

 Explain how the separation between the side frequencies can be increased using 
the same carrier frequency.    

fout

fc =  5 MHz

fm =  10 kHz

 FIGURE 13–13        
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 Notice in Equation (13–2) that the fi rst term is for the carrier frequency and the other 
two terms are for the side frequencies. Let’s see how the carrier-frequency term gets into 
the equation. 

 If a dc voltage equal to the peak of the carrier voltage is added to the modulating 
signal before the modulating signal is multiplied by the carrier signal, a carrier-signal term 
appears in the fi nal result as shown in the following steps. Add the peak carrier voltage to 
the modulating signal, and you get the following expression: 

   Vc( p) + Vm( p)sin 2pfmt   

 Multiply by the carrier signal. 

    Vout = (Vc( p)sin 2pfct)(Vc( p) + Vm( p)sin 2pfmt)

 = V2
c( p)sin 2pfct + Vc( p)Vm( p)(sin 2pfct)(sin 2pfmt)   

  carrier term product term 

 Apply the basic trigonometric identity to the product term. 

   Vout = V2
c1p2sin 2pfct +

Vc1p2Vm1p2
2

 cos 2p1 fc - fm2 t -
Vc1p2Vm1p2

2
 cos 2p1 fc + fm2 t   

 This result shows that the output of the multiplier contains a carrier term and two side-
frequency terms.  Figure   13–15    illustrates how a standard amplitude modulator can be 
implemented by a summing circuit followed by a linear multiplier.  Figure   13–16    shows a 
possible implementation of the summing circuit.   

Vc (p)  +  Vm (p)sin 2π fm t

Vc (p)

Vm (p)sin 2π fm t

R2

R3

–

+

R1

 FIGURE 13–16         Implementation of the summing circuit in the amplitude 
modulator.   

Vc (p)  + Vm (p)sin 2π fm t

 Vm (p)sin 2π fmt

Vc (p)sin 2π fc t

Vc (p)

Vc ( p)sin 2π f c t2 +                   cos 2π ( fc –  fm)t
Vc ( p)Vm (p)

2

Vc ( p)Vm( p)

2
–                    cos 2π ( fc + fm ) t

 FIGURE 13–15         Basic block diagram of an amplitude modulator.   
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  E X A M P L E  1 3 – 4 

 A carrier frequency of 1200 kHz is modulated by a sinusoidal wave with a fre-
quency of 25 kHz by a standard amplitude modulator. Determine the output 
frequency spectrum. 

  S O L U T I O N 

 The lower-side frequency is 

   fc - fm = 1200 kHz - 25 kHz = 1175 kHz   
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  Amplitude Modulation with Voice or Music 
 To this point in our discussion, we have considered the modulating signal to be a pure 
sinusoidal signal just to keep things fairly simple. If you receive an AM signal modu-
lated by a pure sinusoidal signal in the audio frequency range, you will hear a single tone 
from the receiver’s speaker. 

 A voice or music signal consists of many sinusoidal components within a range 
of frequencies from about 20 Hz to 20 kHz. For example, if a carrier frequency is 
amplitude modulated with voice or music with frequencies from 100 Hz to 10 kHz, 
the frequency spectrum is as shown in  Figure   13–18   . Instead of one lower-side and 
one upper-side frequency, as in the case of a single-frequency modulating signal, 
a band of lower-side frequencies, and a band of upper-side frequencies correspond 
to the sum and difference frequencies of each sinusoidal component of the voice or 
music signal. 

f
1175 kHz 1200 kHz 1225 kHz

fc

 fc – fm  fc + fm

 FIGURE 13–17        

  P R A C T I C E  E X E R C I S E 

 Compare the output frequency spectrum in this example to that of a balanced 
modulator having the same inputs.    

Lower-side band

999.9 kHz 1000.1 kHz

Upper-side band

990 kHz 1010 kHz

Carrier
1000 kHz

f

 FIGURE 13–18         Example of a frequency spectrum for 
a voice or music signal.   

 The upper-side frequency is 

   fc + fm = 1200 kHz + 25 kHz = 1225 kHz   

 The output contains the carrier frequency and the two side frequencies as shown 
in  Figure   13–17   .   
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 The  mixer  is basically a frequency converter because it changes the frequency of a 
signal to another value. The mixer in a receiver system takes the incoming modulated RF 
signal (which is sometimes amplifi ed by an RF amplifi er and sometimes not) along with 
the signal from the local oscillator and produces a modulated signal with a frequency equal 
to the difference of its two input frequencies (RF and LO). The mixer also produces a 
frequency equal to the sum of the input frequencies. The mixer function is illustrated in 
 Figure   13–19   .  

  1.    What is amplitude modulation?   

  2.    What is the difference between balanced modulation and 
standard AM?   

  3.    What two input signals are used in amplitude modulation? 
Explain the purpose of each signal.   

  4.    What are the upper-side frequency and the lower-side 
frequency?   

  5.    How can a balanced modulator be changed to a standard 
amplitude modulator?      

     SECTION 13–3 CHECKUP 

   13–4  THE MIXER 
  The mixer in the receiver system discussed in  Section   13–1    can be implemented with a linear 
multiplier as you will see in this section. The basic principles of linear multiplication of 
sinusoidal signals are covered, and you will see how sum and difference frequencies are 
produced. The difference frequency is a critical part of the operation of many types of 
receiver systems.  

   After completing this section, you should be able to  

  •   Discuss the basic function of a mixer 

   •   Explain why a mixer is a linear multiplier  

  •   Describe the frequencies in the mixer and IF portion of a receiver     

Modulated carrier signal, fc
(from RF amplifier or antenna)

Modulated sum and
difference frequencies
fo +  fc and  fo –  fc

Local oscillator signal, fo

Mixer

 FIGURE 13–19         The mixer function.   

  The Mixer Is a Linear Multiplier 
 In the case of receiver applications, the mixer must produce an output that has a frequency 
component equal to the difference of its input frequencies. From the mathematical analysis 
in  Section   13–3   , you can see that if two sinusoidal signals are multiplied, the product con-
tains the difference frequency and the sum frequency. Thus, the mixer is actually a linear 
multiplier as indicated in  Figure   13–20   .  
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 In the receiver system, both the sum and difference frequencies from the mixer are 
applied to the IF (intermediate frequency) amplifi er. The IF amplifi er is actually a tuned 
amplifi er that is designed to respond to the difference frequency while rejecting the sum 
frequency. You can think of the IF amplifi er section of a receiver as a band-pass fi lter plus 
an amplifi er because it uses resonant circuits to provide the frequency selectivity. This is 
illustrated in  Figure   13–21   .  

                   cos 2π ( fo  –  fc)t –                   cos 2π ( fo  +  fc )t
Vc ( p)Vo ( p)

2

Vc ( p)Vo ( p)

2

Mixer (multiplier)

V o (p)sin 2π fo t

Vc (p)sin 2π fc t

 FIGURE 13–20         The mixer as a linear multiplier.   

  E X A M P L E  1 3 – 5 

 Determine the output expression for a multiplier with one sinusoidal input having 
a peak voltage of 5 mV and a frequency of 1200 kHz and the other input having a 
peak voltage of 10 mV and a frequency of 1655 kHz. 

  S O L U T I O N 

 The two input expressions are 

   v1 = (5 mV)sin 2p(1200 kHz)t    

   v2 = (10 mV)sin 2p(1655 kHz)t   

 Multiplying, 

   v1v2 = (5 mV)(10 mV)[sin 2p(1200 kHz)t][sin 2p(1655 kHz)t]   

 Applying the trigonometric identity, (sin  A )(sin  B ) = ½[cos( A  -  B ) - cos( A  
+  B )], 

    Vout =
(5 mV)(10 mV)

2
 cos 2p(1655 kHz - 1200 kHz)t   

    -
(5 mV)(10 mV)

2
 cos 2p(1655 kHz + 1200 kHz)t   

   Vout � (25 MV)cos 2P(455 kHz)t � (25 MV)cos 2P(2855 kHz)t    

  P R A C T I C E  E X E R C I S E 

 What is the value of the peak amplitude and frequency of the difference frequency 
component in this example?   

fsum =  190.7 MHz

Mixer (multiplier)

fo =  100.7 MHz

fc =  90 MHz
IF

amplifier
10.7  MHz

fdiff = 10.7  MHz

 FIGURE 13–21         Example of 
frequencies in the mixer and IF 
portion of a receiver.   
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  The Basic AM Demodulator 
 An AM demodulator can be implemented with a linear multiplier followed by a low-pass 
fi lter, as shown in  Figure   13–23   . The critical frequency of the fi lter is the highest audio 
frequency that is required for a given application (15 kHz, for example).   

  E X A M P L E  1 3 – 6 

 Determine the output frequency of the IF amplifi er for the conditions shown in 
 Figure   13–22   .  

  S O L U T I O N 

 The IF amplifi er produces only the difference frequency signal on its output. 

   fout = fdiff = fo - fc = 1035 kHz - 580 kHz = 455 kHz    

  P R A C T I C E  E X E R C I S E 

 Based on your basic knowledge of the superheterodyne receiver from  Section 
  13–1   , determine the IF output frequency when the incoming RF signal changes to 
1550 kHz.   

IF
amplifier

fo =  1035 kHz

fc = 580 kHz fout

 FIGURE 13–22        

  1.    What is the purpose of the mixer in a superheterodyne 
receiver?   

  2.    How does the mixer produce its output?   

  3.    If a mixer has 1000 kHz on one input and 350 kHz on the 
other, what frequencies appear on the output?      

    SECTION 13–4 CHECKUP 

   13–5  AM DEMODULATION 
  The linear multiplier can be used to demodulate or detect an AM signal as well as to perform 
the modulation process that was discussed in  Section   13–3   .   Demodulation   can be thought of as 
reverse modulation. The purpose is to get back the original modulating signal (voice or music 
in the case of standard AM receivers). The detector in the AM receiver can be implemented 
using a multiplier, although another method using peak envelope detection is common.  

   After completing this section, you should be able to  

  •   Describe AM demodulation 

   •   Discuss a basic AM demodulator  

  •   Discuss the frequency spectra     
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  Operation in Terms of the Frequency Spectra 
 Let’s assume a carrier modulated by a single tone with a frequency of 10 kHz is received 
and converted to a modulated intermediate frequency of 455 kHz, as indicated by the fre-
quency spectra in  Figure   13–24   . Notice that the upper-side and lower-side frequencies are 
separated from both the carrier and the IF by 10 kHz.  

IF

0 15 kHz

Low-pass
filter

Audio modulated IF
Audio

Filter response

f

 FIGURE 13–23         Basic AM demodulator.   
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(through IF
amplifier)

 FIGURE 13–24         An AM signal converted to IF.   

Low-pass
filter465 kHz – 455 kHz = 10 kHz

465 kHz + 455 kHz = 920 kHz

445 kHz
455 kHz
465 kHz

10 kHz

455 kHz –  445 kHz =  10 kHz
455 kHz + 445 kHz = 900 kHz

 FIGURE 13–25         Example of demodulation.   

 When the modulated output of the IF amplifi er is applied to the demodulator along 
with the IF, sum and difference frequencies for each input frequency are produced as 
shown in  Figure   13–25   . Only the 10 kHz audio frequency is passed by the fi lter. A draw-
back to this type of AM detection is that a pure IF must be produced to mix with the 
modulated IF.  

  1.    What is the purpose of the fi lter in the linear multiplier 
demodulator?   

  2.    If a 455 kHz IF modulated by a 1 kHz audio frequency is 
demodulated, what frequency or frequencies appear on the 
output of the demodulator?      

    SECTION 13–5 CHECKUP 



  The Basic Function of the IF Amplifi er 
 The IF amplifi er in a receiver is a tuned amplifi er with a specifi ed bandwidth operating at a 
center frequency of 455 kHz for AM and 10.7 MHz for FM. The IF amplifi er is one of the key 
features of a superheterodyne receiver because it is set to operate at a single resonant fre-
quency that remains the same over the entire band of carrier frequencies that can be received. 
 Figure   13–26    illustrates the basic function of an IF amplifi er in terms of the frequency spectra.  

   13–6  IF AND AUDIO AMPLIFIERS 
  In this section, IC amplifi ers for intermediate and audio frequencies are introduced. As you 
have learned, the IF amplifi er in a communications receiver provides amplifi cation of the mod-
ulated IF signal out of the mixer before it is applied to the detector. After the audio signal is 
recovered by the detector, it goes to the audio preamp where it is amplifi ed and applied to the 
power amplifi er that drives the speaker.  

   After completing this section, you should be able to  

  •   Describe IF and audio amplifi ers 

   •   Discuss the function of an IF amplifi er  

  •   Explain how the local oscillator and mixer operate with the IF amplifi er  

  •   State the purpose of the audio amplifi er  

  •   Discuss the LM386 audio power amplifi er     

Frequency band
passed by IF amplifier
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 1.455 MHz
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IF

 FIGURE 13–26         An illustration of the basic function of the IF amplifi er in an AM receiver.   

 Assume, for example, that the received carrier frequency of  f c   = 1 MHz is modulated 
by an audio signal with a maximum frequency of  f m   = 5 kHz, indicated in  Figure   13–26    by 
the frequency spectrum on the input to the mixer. For this frequency, the local oscillator is 
at a frequency of 

   fo = 1 MHz + 455 kHz = 1.455 MHz   
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 The mixer produces the following sum and difference frequencies as indicated in  Figure 
  13–26   . 

    fo + fc = 1.455 MHz + 1 MHz = 2.455 MHz    

    fo - fc = 1.455 MHz - 1 MHz = 455 kHz    

    fo + ( fc + fm) = 1.455 MHz + 1.005 MHz = 2.46 MHz   

    fo + ( fc - fm) = 1.455 MHz + 0.995 MHz = 2.45 MHz   

    fo - ( fc + fm) = 1.455 MHz - 1.005 MHz = 450 kHz    

    fo - ( fc - fm) = 1.455 MHz - 0.995 MHz = 460 kHz    

 Since the IF amplifi er is a frequency-selective circuit, it responds only to 455 kHz 
and any side frequencies lying in the 10 kHz band centered at 455 kHz. So all of the fre-
quencies out of the mixer are rejected except the 455 kHz IF, all lower-side frequencies 
down to 450 kHz, and all upper-side frequencies up to 460 kHz. This frequency spectrum 
is the audio modulated IF.  

  A Basic IF Amplifi er 
 Although the detailed circuitry of the IF amplifi er may differ from one system to another, 
it always has a tuned (resonant) circuit on the input or on the output or on both.  Figure 
  13–27   (a) shows a basic IF amplifi er with tuned transformer coupling at the input and out-
put. The general frequency response curve is shown in  Figure   13–27   (b).  

  AGC IN IF AMPLIFIERS     IF amplifi ers can be used in either AM or FM systems. 
 Figure   13–28    shows a typical circuit diagram for an application in an AM receiver. This 
confi guration has a single-tuned transformer-coupled output. The AGC input is normally 
fed back from the detector in an AM receiver and is used to keep the IF gain at a constant 
level so that variations in the strength of the incoming RF signal do not cause the audio 
output to vary signifi cantly. Signal strength can vary for a number of reasons, but atmos-
pheric factors are the most common, assuming the receiver is stationary. If the receiver is 
mobile, then any number of environmental factors can affect the strength of the signal at 
the receiver. When the AGC voltage increases, the IF gain decreases; when the AGC volt-
age decreases, the IF gain increases.       

(a) (b)

450 455 460
f (kHz)

IF

 FIGURE 13–27         A basic IF 
amplifi er with a tuned circuit 
on the input and output.   

Input

AGC

Output

+V  FIGURE 13–28         A typical 
circuit confi guration for 
an IF amplifi er.   
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  Audio Amplifi ers 
 Audio amplifi ers are used in a receiver system following the detector to provide amplifi cation 
of the recovered audio signal and audio power to drive the speaker(s), as indicated in  Figure 
  13–29   . Audio amplifi ers typically have bandwidths of 3 kHz to 15 kHz or more depending on 
the requirements of the system. High quality audio systems will cover the range of human 
hearing, which is usually stated as 20 Hz to 20 kHz. For strictly voice communications a 3 kHz 
bandwidth is reasonable and represents the bandwidth of a typical telephone system. IC audio 
amplifi ers are available with a range of capabilities. Previously, in  Section   5–7   , the fi xed-gain, 
LM384 IC power amplifi er was introduced. To complete the radio, the more versatile LM386 
is selected here. The data sheet for the LM386 can be found at  www.national.com .  

 Although  Figure   13–27    shows tuned LC circuits at the input and output of the IF amplifi er, 
crystal fi lters are commonly used. Remember that a crystal can be modeled as a series or paral-
lel resonant LC circuit. Crystal fi lters have a much higher  Q  than discrete LC fi lters, resulting 
in more selectivity and a much smaller footprint. 

 The fi lter used at the front end of the IF amplifi er is often referred to as a  roofi ng fi lter . In 
some literature this term is misinterpreted to mean that a roofi ng fi lter is only used in systems 
where the IF frequency is higher, or above, the highest RF frequency. This is simply not the 
case. The term “roofi ng” means protection. The roofi ng fi lter at the front end of an IF amplifi er 
protects later stages, like mixers and signal processing subsystems farther downstream. 

 S Y S T E M  N O T E 
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 FIGURE 13–29         The audio amplifi er in a receiver system.   
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 FIGURE 13–30         Pin confi guration and gain connections for the LM386 audio amplifi er.   

  THE LM386 AUDIO-POWER AMPLIFIER     This device is an example of a 
low-power audio power amplifi er that is capable of providing several hundred milliwatts 
to an 8 Æ speaker. The LM386 is specifi ed for much higher frequencies than just audio 
frequencies. It operates from any dc supply voltage in the 4 V to 12 V range, making it a 
good choice for systems that are battery powered. The pin confi guration of the LM386 is 
shown in  Figure   13–30   (a). The voltage gain is 20 without external connections to the gain 
terminals, as shown in  Figure   13–30   (b). A voltage gain of 200 is achieved by connecting a 
10 mF capacitor from pin 1 to pin 8, as shown in  Figure   13–30   (c). Voltage gains between 

www.national.com
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20 and 200 can be realized by a resistor ( R  G ) and capacitor ( C  G ) connected in series from 
pin 1 to pin 8 as shown in  Figure   13–30   (d). These external components are effectively 
placed in parallel with an internal gain-setting resistor.  

 A typical application of the LM386 as a power amplifi er in a radio receiver is shown 
in  Figure   13–31   . Here the detected AM signal is fed to the inverting input through the vol-
ume control potentiometer,  R  1 , and resistor  R  2 .  C  1  is the input coupling capacitor and  C  2  is 
the power supply decoupling capacitor.  R  2  and  C  3  fi lter out any residual RF or IF signal 
that may be on the output of the detector.  R  3  and  C  6  provide additional fi ltering before the 
audio signal is applied to the speaker through the coupling capacitor  C  7 .  
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 FIGURE 13–31         The LM386 as an AM audio power amplifi er.   

 In a frequency-modulated (FM) signal, the carrier frequency is increased or decreased 
according to the modulating signal. The amount of deviation above or below the carrier 
frequency depends on the amplitude of the modulating signal. The rate at which the fre-
quency deviation occurs depends on the frequency of the modulating signal. 

  1.    What is the purpose of the IF amplifi er in an AM receiver?   

  2.    What is the center frequency of an AM IF amplifi er?   

  3.    Why is the bandwidth of an AM receiver IF amplifi er 
10 kHz?   

  4.    Why must the audio amplifi er follow the detector in a receiver 
system?   

  5.    Compare the frequency response of the IF amplifi er to that of 
the audio amplifi er.       

    SECTION 13–6 CHECKUP 

   13–7  FREQUENCY MODULATION 
  As you have seen, modulation is the process of varying a parameter of a carrier signal with an 
information signal. Recall that in amplitude modulation the parameter of amplitude is varied. 
In frequency modulation (FM), the frequency of a carrier is varied above and below its normal 
or at-rest value by a modulating signal. This section provides a basic introduction to FM and 
discusses the differences between an AM and an FM receiver.  

   After completing this section, you should be able to  

  •   Describe frequency modulation 

   •   Discuss the voltage-controlled oscillator  

  •   Explain frequency demodulation     
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  Figure   13–32    illustrates both a square wave and a sine wave modulating the fre-
quency of a carrier. The carrier frequency is highest when the modulating signal is at its 
maximum positive amplitude and is lowest when the modulating signal is at its maximum 
negative amplitude.  

VCO FM
output

Vm

Voltage-controlled
oscillator

 FIGURE 13–33         Frequency modulation with a voltage-controlled oscillator.   

  A Basic Frequency Modulator 
 Frequency modulation is achieved by varying the frequency of an oscillator with the mod-
ulating signal. A  voltage-controlled oscillator (VCO)  is typically used for this purpose, as 
illustrated in  Figure   13–33   .  

 Generally, a variable-reactance type of voltage-controlled oscillator is used in FM 
applications. The variable-reactance VCO uses the varactor diode as a voltage-variable 
capacitance, as illustrated in  Figure   13–34   , where the capacitance is varied with the modu-
lating voltage,  V m  .      

Vm

FM

(a) Frequency modulation with a square wave

Vm

FM

(b) Frequency modulation with a sine wave

 FIGURE 13–32         Examples of frequency modulation.   

VFM
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 FIGURE 13–34         Basic variable-
reactance VCO.   
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  An Integrated Circuit FM Transmitter 
There are a number of integrated circuit low-power FM transmitters in a single IC that can 
be used in portable systems such as cordless phones and FM communication equipment. 
One IC that can be used as the heart of an FM transmitter is the MAXIM 
MAX2605 to MAX2609 series of voltage-controlled oscillators (VCOs). 
These are sophisticated circuits with 158 internal transistors, but easy to 
implement in various circuits. 

The VCO is contained in a six pin SOT23 case, so it is small and easily 
works in a portable, battery-powered device (VCC is specifi ed from +2.7 V to 
+5.5 V). Figure 13–35 shows the pin diagram for the series. Each increase in 
part number corresponds to a higher frequency range; the series covers the 
range from 45 MHz to 650 MHz. Tuning is accomplished by applying a DC 
voltage to the TUNE pin, which is connected internally to a varactor diode. 
Only an external inductor between the IND pin and GND (ground) is required 
for the oscillator to operate. The output is an open-collector differential out-
put between pins 4 and 6. The spec sheet is available www.maxim-ic.com.

With only a few external components, any of the MAX2605-MAX2609 
series can be confi gured as an FM transmitter for short distance communication. 
The circuit is shown in Figure 13–36, using a MAX2606 (70–150 MHz). The oscillator 
frequency is set by L1. For the MAX2606, an inductance of 430 mH will produce a rest 
frequency of approximately 100 MHz. This frequency can be tuned over a limited range by 
adjusting the voltage to the internal varactor using R1 to set a dc level. The frequency 

 Noise is a concern in voltage-controlled oscillators. A perfect oscillator would have an 
infi nitesimally narrow frequency spectrum, but no such device has yet been manufactured. 
Noise can result in amplitude or frequency modulation of the oscillator; remember that 
varactors are nonlinear devices so modulation can occur if a modulating signal (the noise) 
is applied. 

 Noise can come from many sources, such as harmonics on the supply lines or even 
mechanical vibrations. It can also be the result of thermal vibrations or fl icker (1> f  ) noise 
within the device. Commonsense steps can be taken to limit noise. Basic considerations 
like using shielded cables and maintaining proper grounding will lower noise levels. The 
oscillator should be isolated from any digital circuitry and separate power supplies should 
be used whenever possible. Also, capacitive decoupling of the power supply lines can 
reduce noise. 

 S Y S T E M  N O T E 
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 FIGURE 13–36         FM transmitter using the MAX2606 VCO.   

FIGURE 13–35 Pin diagram for the 
MAX2605-MAX2609.

www.maxim-ic.com
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increases and decreases in proportion to the dc level on the internal varactor. The input 
audio level is set by R2 and causes the varactor voltage to follow the audio signal, hence 
introduces frequency modulation.  The outputs of the MAX2606 are open collector, mean-
ing there is no internal collector resistor.  Resistors R7 and R8 are pull-up resistors con-
nected between collector outputs of the differential amplifi er to VCC. These resistors 
provide DC bias for the output amplifi er. As shown, the output power is very low (only 
about 100 mW) but the addition of a power amplifi er can easily increase the power.    

  FM Demodulation 
 Except for the higher frequencies, the standard broadcast FM receiver is basically the same 
as the AM receiver up through the IF amplifi er. The main difference between an FM receiver 
and an AM receiver is the method used to recover the audio signal from the modulated IF. 

 There are several methods for demodulating an FM signal. These include slope 
detection, phase-shift discrimination, ratio detection, quadrature detection, and phase-
locked loop demodulation. Most of these methods are covered in detail in communications 
courses. However, because of its importance in many systems, the next section is devoted 
to the phase-locked loop (PLL) including FM demodulation. 

  1.    How does an FM signal carry information?   

  2.    What does VCO stand for?   

  3.    On what principle are most VCOs used in FM based?      

    SECTION 13–7 CHECKUP 

   13–8  THE PHASE-LOCKED LOOP (PLL) 
  In the last section, the PLL was mentioned as a way to demodulate an FM signal. In addition to 
FM demodulation, PLLs are used in a wide variety of communications applications, which 
include TV receivers, tone decoders, telemetry receivers, modems, and data synchronizers, to 
name a few. Many of these applications are covered in an electronic communications course. In 
fact, entire books have been written on the fi ner points of PLL operation, analysis, and applica-
tions. The approach in this section is intended only to present the basic concept and give you an 
intuitive idea of how PLLs work and how they are used in FM demodulation.  

   After completing this section, you should be able to  

  •   Describe the phase-locked loop (PLL) 

   •   Draw a basic block diagram for the PLL  

  •   Discuss the phase detector and state its purpose  

  •   State the purpose of the VCO  

  •   State the purpose of the low-pass fi lter  

  •   Explain lock range and capture range  

  •   Explain how a PLL can be used as an FM demodulator     

  The Basic PLL Concept 
 The  phase-locked loop (PLL)  is a feedback circuit consisting of a phase detector, a low-
pass fi lter, and a voltage-controlled oscillator (VCO). Some PLLs also include an amplifi er 
in the loop, and in some applications the fi lter is not used. 
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 The PLL is capable of locking onto or synchronizing with an incoming signal. When 
the phase of the incoming signal changes, indicating a change in frequency, the phase 
detector’s output increases or decreases just enough to keep the VCO frequency the same as 
the frequency of the incoming signal. A basic PLL block diagram is shown in  Figure   13–37   .  

Vi
fi

Output is proportional to
phase difference of Vi and Vo.Phase

detector
θ

Low-pass
filter

Voltage-
controlled
oscillator

VCO

Vo fo

 FIGURE 13–37         Basic PLL 
block diagram.   

 The general operation of the PLL is as follows. The phase detector compares the phase 
difference between the incoming signal,  V i ,  and the VCO signal,  V o .  When the frequency of 
the incoming signal,  f i ,  is different from that of the VCO frequency,  f o ,  the phase angle 
between the two signals is also different. The output of the phase detector and the fi lter is 
proportional to the phase difference of the two signals. This proportional voltage is fed to the 
VCO, forcing its frequency to move toward the frequency of the incoming signal until the 
two frequencies are equal. At this point, the PLL is locked onto the incoming frequency. If  f i   
changes, the phase difference also changes, forcing the VCO to track the incoming frequency.  

  The Phase Detector 
 The phase-detector circuit in a PLL is basically a linear multiplier. The following analysis 
illustrates how it works in a PLL application. The incoming signal,  V i ,  and the VCO signal, 
 V o ,  applied to the phase detector can be expressed as 

    vi = Visin(2pfit + ui)    

    vo = Vosin(2pfot + uo)   

 where u  i   and u  o   are the relative phase angles of the two signals. The phase detector multi-
plies these two signals and produces a sum and difference frequency output,  V d ,  as follows: 

    Vd = Visin(2pfit + ui) * Vosin(2pfot + uo)

 =
ViVo

2
 cos[(2pfit + ui) - (2pfot + uo)] -

ViVo

2
 cos[(2pfit + ui) + (2pfot + uo)]   

 When the PLL is locked, 

   fi = fo   

 and 

   2pfit = 2pfot   

 Therefore, the detector output voltage is 

   Vd =
ViVo

2
[cos (ui - uo) - cos(4pfit + ui + uo)]   

 The second cosine term in the above equation is a second harmonic term (2 * 2p f i t ) and 
is fi ltered out by the low-pass fi lter. The control voltage on the output of the fi lter is 
expressed as 

    Vc =
ViVo

2
 cos ue  (13–3)    
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  The Voltage-Controlled Oscillator (VCO) 
 Voltage-controlled oscillators can take many forms. A VCO can be some type of  LC  
or crystal oscillator, as was shown in  Section   13–7,    or it can be some type of  RC  oscil-
lator or multivibrator. No matter the exact type, most VCOs employed in PLLs operate 
on the principle of  variable reactance  using the varactor diode as a voltage-variable 
capacitor. 

 The capacitance of a varactor diode varies inversely with reverse-bias voltage. The 
capacitance decreases as reverse voltage increases, and vice versa. 

fi

fo

fi  –   fo

fi –  fo 2( fi +  fo)

Filter passband

 FIGURE 13–38         Basic phase detector/fi lter operation.   

  E X A M P L E  1 3 – 7 

 A PLL is locked onto an incoming signal with a frequency of 1 MHz at a phase 
angle of 50°. The VCO signal is at a phase angle of 20°. The peak amplitude of 
the incoming signal is 0.5 V and that of the VCO output signal is 0.7 V. 

   (a)   What is the VCO frequency?  

  (b)   What is the value of the control voltage being fed back to the VCO at this 
point?   

  S O L U T I O N 

   (a)   Since the PLL is in lock,  f i   =  f o   =  1 MHz.   

  (b)   u  e   = u  i   - u  o   = 50° - 20° = 30° 

    Vc =
ViVo

2
 cos ue =

(0.5 V)(0.7 V)

2
 cos 30� = (0.175 V)cos 30� = 0.152 V      

  P R A C T I C E  E X E R C I S E 

 If the phase angle of the incoming signal changes instantaneously to 30°, indicat-
ing a change in frequency, what is the instantaneous VCO control voltage?    

 where u  e   = u  i   - u  o  , where u  e   is the  phase error.  The fi lter output voltage is proportional 
to the phase difference between the incoming signal and the VCO signal and is used as the 
control voltage for the VCO. This operation is illustrated in  Figure   13–38   .  
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 In a PLL, the control voltage fed back to the VCO is applied as a reverse-bias voltage 
to the varactor diode within the VCO. The frequency of oscillation is inversely related to 
capacitance for an  RC  type oscillator by the formula 

   fo =
1

2pRC
   

 and for an  LC  type oscillator by the formula 

   fo =
1

2p1LC
   

 These formulas show that frequency increases as capacitance decreases and vice versa. 
 Capacitance decreases as reverse voltage (control voltage) increases. Therefore, an 

increase in control voltage to the VCO causes an increase in frequency and vice versa. 
Basic VCO operation is illustrated in  Figure   13–39   . The graph in part (b) shows that at 
the nominal control voltage,  V c   ( nom ) , the oscillator is running at its nominal or free-
running frequency,  f o   ( nom ) . An increase in  V c   above the nominal value forces the oscilla-
tor frequency to increase, and a decrease in  V c   below the nominal value forces the 
oscillator frequency to decrease. There are, of course, limits on the operation as indi-
cated by the minimum and maximum points. The transfer function or conversion gain, 
 K,  of the VCO is normally expressed as a certain frequency deviation per unit change in 
control voltage. 

   K =
�fo
�Vc

    

  E X A M P L E  1 3 – 8 

 The output frequency of a certain VCO changes from 50 kHz to 65 kHz when the 
control voltage increases from 0.5 V to 1 V. What is the conversion gain,  K ? 

  S O L U T I O N 

   K =
�fo
�Vc

=
65 kHz - 50 kHz

1 V - 0.5 V
=

15 kHZ

0.5 V
= 30 kHz/V    

  P R A C T I C E  E X E R C I S E 

 If the conversion gain of a certain VCO is 20 kHz/V, how much frequency devia-
tion does a change in control voltage from 0.8 V to 0.5 V produce? If the VCO 
frequency is 250 kHz at 0.8 V, what is the frequency at 0.5 V?    
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fo (max)

VCO

Control voltage

(a)

fo (nom)

fo (min)

(b)

VcVc(min) Vc (nom) Vc(max)

 FIGURE 13–39         Basic VCO operation.   
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  Basic PLL Operation 
 When the PLL is locked, the incoming frequency,  f i ,  and the VCO frequency,  f o ,  are equal. 
However, there is always a phase difference between them called the  static phase error.  
The phase error, u  e,   is the parameter that keeps the PLL locked in. As you have seen, the 
fi ltered voltage from the phase detector is proportional to u  e   (Equation (13–3). This volt-
age controls the VCO frequency and is always just enough to keep  f o   =  f i  . 

  Figure   13–40    shows the PLL and two sinusoidal signals of the same frequency but 
with a phase difference, u  e  . For this condition the PLL is in lock and the VCO control volt-
age is constant. If  f i   decreases, u  e   increases to u  e 1  as illustrated in  Figure   13–41   . This 
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 FIGURE 13–40         PLL in lock under static condition ( f o � f i  and constant U e ).   
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 FIGURE 13–41         PLL action when f i  decreases.   
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 FIGURE 13–42         PLL action when f i  increases.   

  LOCK RANGE     Once the PLL is locked, it will track frequency changes in the incom-
ing signal. The range of frequencies over which the PLL can maintain lock is called the 
 lock  or  tracking range.  Limitations on the hold-in range are the maximum frequency devi-
ations of the VCO and the output limits of the phase detector. The hold-in range is inde-
pendent of the bandwidth of the low-pass fi lter because, when the PLL is in lock, the 
difference frequency ( f i   -  f o  ) is zero or a very low instantaneous value that falls well 
within the bandwidth. The hold-in range is usually expressed as a percentage of the VCO 
frequency.  

  CAPTURE RANGE     Assuming the PLL is not in lock, the range of frequencies over 
which it can acquire lock with an incoming signal is called the  capture range.  Two basic 
conditions are required for a PLL to acquire lock. First, the difference frequency ( f o   -  f i  ) 
must be low enough to fall within the fi lter’s bandwidth. This means that the incoming 
frequency must not be separated from the nominal or free-running frequency of the VCO 
by more than the bandwidth of the low-pass fi lter. Second, the maximum deviation, ¢ f max ,  
of the VCO frequency must be suffi cient to allow  f o   to increase or decrease to a value equal 
to  f i .  These conditions are illustrated in  Figure   13–43   ; and when these conditions exist, the 
PLL will “pull” the VCO frequency toward the incoming frequency until  f o   =  f i  .  

increase in u  e   is sensed by the phase detector causing the VCO control voltage to decrease, 
thus decreasing  f o   until  f o   =  f i   and keeping the PLL in lock. If  f i   increases, u  e   decreases to 
u  e 1  as illustrated in  Figure   13–42   . This decrease in u  e   causes the VCO control voltage to 
increase, thus increasing  f o   until  f o   =  f i   and keeping the PLL in lock.    
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 A DATA COMMUNICATIONS SYSTEM USING 
AN FSK MODEM 
 Digital data, consisting of a series of binary digits (1s and 0s), can be sent from one device 
to another over the telephone lines. Two voltage levels are used to represent the two types 
of bits, a high-voltage level (1) and a low voltage level (0). The data stream is made up of 
time intervals when the voltage has a constant high value or a constant low value with very 
fast transitions from one level to the other. In other words, the data stream contains very 
low frequencies (constant-voltage intervals) and very high frequencies (transitions). Since 
the standard telephone system has a bandwidth of approximately 3000 Hz, it cannot handle 
the very low and the very high frequencies that make up a typical data stream without los-
ing most of the information. Because of the bandwidth limitation of the telephone system, 
it is necessary to modify digital data before they are sent out. One method of doing this is 
with frequency shift keying (FSK), which is a form of frequency modulation. 

 A simplifi ed block diagram of a digital communication system for interfacing digital 
terminal equipment (DTE) to the telephone network is shown in  Figure   SE13–3   . The sys-
tem FSK modulates digital data before they are transmitted over the phone line and 
demodulates FSK signals received from another DTE. Because its basic function is to 
 mod ulate and  dem odulate, it is called a  modem.  Although the modem performs many asso-
ciated functions, as indicated by the different blocks, in this system example our focus will 
be on the modulation and demodulation circuits. 

 S Y S T E M  E X A M P L E  1 3 – 3 

fofi  –  fo fi

Δ f

fofi  – fo

(a)

(b) fi  –  fo decreases as fo deviates towards fi.

Difference frequency falls
into filter's passband.

fo must be able to deviate an amount Δ f.

f

f

fi

 FIGURE 13–43         Illustration of the conditions for a PLL to acquire lock.   
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 FIGURE SE13–3         A data communications system.   



13–8 THE PHASE-LOCKED LOOP (PLL)   617

FSK modulator/demodulator

DTE
interface

Timing and control
circuits

Duplexer/phone line
coupling circuits

and filters

R
S-

23
2C

Telephone
network

DCE (modem)

Data from
DTE

Demodulated
data to DTE

FSK data
to phone
line interface

FSK data
from phone
line interface

Phone line interface

Originate/answer

 FIGURE SE13–4         Basic block diagram of a modem.   

  The FSK  modem  interfaces digital terminal equipment with the telephone network so 
that digital data can be transmitted and received over regular phone lines, thus allowing 
DTEs to communicate with each other.  Figure   SE13–3    shows a block diagram of a simple 
data communications system in which a modem at each end of the phone line provides 
interfacing for the two DTEs. 

 The modem (DCE) consists of three basic functional blocks as shown in  Figure 
  SE13–4   : the FSK modem circuits, the phone line interface circuits, and the timing and 
control circuits. The dual polarity power supply is not shown. Although the focus of this 
system application is the FSK modem, we will briefl y look at each of the other parts to 
give you a basic idea of the overall system function. 

  THE PHONE LINE INTERFACE     The main purposes of this circuitry are to couple 
the phone line to the modem by proper impedance matching, to provide necessary fi ltering, 
and to accommodate full-duplex transmission of data.  Full-duplex  means essentially that 
information can be going both ways on a single phone line at the same time. This allows a 
DTE connected to a modem to be sending data and receiving data simultaneously without 
the transmitted data interfering with the received data. Full-duplexing is implemented by 
assigning the transmitted data one bandwidth and the received data another separate band-
width within the 300 Hz to 3 kHz overall bandwidth of the phone network.  

  TIMING AND CONTROL     One basic function of the timing and control circuits is to 
determine the proper mode of operation for the modem. The two modes are the originate 
mode and the answer mode. Another function is to provide a standard interface (such as 
RS-232C) with the DTE. The RS-232C standard requires certain defi ned command and 
control signals, data signals, and voltage levels for each signal.  

  FREQUENCY-SHIFT KEYING (FSK)     FSK is one method used to overcome the 
bandwidth limitation of the telephone system so that digital data can be sent over the phone 
lines. The basic idea of FSK is to represent 1s and 0s by two different frequencies within 
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the telephone bandwidth. By the way, any frequency within the telephone bandwidth is an 
audible tone. The standard frequencies for a full-duplex 300 baud modem in the originate 
mode are 1070 Hz for a 0 (called a space) and 1270 Hz for a 1 (called a mark). In the 
answer mode, 2025 Hz is a 0 and 2225 Hz is a 1.  

 An example of a digital data stream converted to FSK by a modem is shown in 
 Figure   SE13–5   .       

(a) Data stream

(b) Corresponding FSK signal (frequency relationships are not exact)

0                1                1                1               0          0             1              0               0              0               1            1

 FIGURE SE13–5         Example of FSK data.   

  1.    List the three basic components in a phase-locked loop.   

  2.    What is another circuit used in some PLLs other than the 
three listed in Question 1?   

  3.    What is the basic function of a PLL?   

  4.    What is the difference between the lock range and the capture 
range of a PLL?   

  5.    Basically, how does a PLL track the incoming frequency?                                                       

    SECTION 13–8 CHECKUP 

   13–9  FIBER OPTICS 
  Fiber optic cables are replacing copper wire as a means of sending signals over long distances 
in many types of communications systems. Fiber optics is used by cable television, telephone, 
and electric utility companies, among others.  

   After completing this section, you should be able to  

  •   Discuss fi ber optic cables 

   •   Describe how signals are sent through a fi ber optic cable  

  •   Defi ne the basic types of fi ber optic cable     

 Instead of using electrical pulses to transmit information through copper lines,  fi ber 
optics  uses light pulses to transmit information through fi ber optic cables about the diam-
eter of a human hair, which is about 100 microns (one millionth of a meter). Fiber optic 
systems have several advantages over systems using copper wire. These include faster 
speed, higher signal capacity, longer transmission distances without amplifi cation, less 
susceptibility to interference, and they are more economical to maintain. 
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  Basic Operation 
 When light is introduced into one end of a fi ber optic cable, it “bounces” along until it 
emerges from the other end. The fi ber is generally made of pure glass or plastic that is sur-
rounded by a highly refl ective cladding that acts essentially as a mirrored surface but actu-
ally uses a physics phenomenon called  total internal refl ection  to produce an almost 
lossless refl ection. Think of a fi ber optic cable as a pipe lined inside with a mirror. As the 
light moves along the fi ber, it is refl ected off the cladding so that it can move around bends 
in the fi ber with essentially no loss. A fi ber optic cable consists of the core, which is the 
glass fi ber itself, the cladding that surrounds the fi ber and provides the refl ective surface, 
and the outer coating or jacket that provides protection. Other layers may be added for 
strengthening. The basic structure of a single fi ber optic cable is illustrated in  Figure 
  13–44   (a), and the propagation of light along a fi ber with a bend is shown in part (b). It 
doesn’t matter whether the fi ber is straight or bent; the light still travels through it but with 
higher loss when the bend angle is high.  

Jacket

Cladding

Core

(b) Propagation of a light ray(a) Basic construction

 FIGURE 13–44         Simplifi ed structure and operation of a fi ber optic cable.   

 When a light ray enters the fi ber optic cable, it strikes the refl ective surface of the 
cladding at an angle called the  angle of incidence , u  i  , If the angle of incidence is greater 
than a parameter known as the  critical angle  ,  u  c  , the light ray is then refl ected back into the 
core at an angle called the  angle of refl ection, u r ,  as shown in  Figure   13–45   (a). The angle 
of incidence is always equal to the angle of refl ection. If the angle of incidence is less than 
the critical angle, the light ray is refracted and passes into the cladding, causing energy to 
be lost, as shown in  Figure   13–45   (b). This is called  scattering  and any refracted light rep-
resents a loss or attenuation as a light ray is propagated through the fi ber optic cable. 
Another cause of attenuation of light in a fi ber optic cable is called  absorption,  which is 
caused by the interactions of the light photons and the molecules of the core.  

 The core material and the cladding material each have a parameter known as the 
 index of refraction , which determines the critical angle. The critical angle is defi ned by 
the formula 

    uc = cos-1a n2

n1
b   (13–4)    

 where  n  1  is the index of refraction of the core and  n  2  is the index of refraction of the 
cladding. 

θc

(a) Reflection of a light ray (θi > θc)

θi

θc
θr

(b) Refraction of a light ray (θi < θc)

θi

 FIGURE 13–45         Critical angle in a fi ber optic cable.   
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  SINGLE-MODE STEP INDEX      Figure   13–47    shows a fi ber optic cable in which 
the diameter core is very small relative to the diameter of the cladding. There is a sharp 
transition in the index of refraction going from the core to the cladding. Light entering 
the cable tends to propagate through the core in a single ray or mode. This results in 
much less attenuation and, ideally, no time dispersion compared to the multimode 
cable.   

n1

n2

 FIGURE 13–46         Multimode step index fi ber optic cable.   

  E X A M P L E  1 3 – 9 

 A certain fi ber optic cable has a core index of refraction of 1.35 and a cladding 
index of refraction of 1.30. Determine the critical angle. 

  S O L U T I O N 

   uc = cos-1a n2

n1
b = cos-1a 1.30

1.35
b = 15.6�    

  R E L A T E D  P R O B L E M 

 Calculate the critical angle if  n  1  = 1.67 and  n  2  = 1.59.    

  Modes of Light Propagation 
 Three basic modes of light propagation in fi ber optic cables are multimode step index, 
single-mode step index, and multimode graded index. 

  MULTIMODE STEP INDEX      Figure   13–46    shows a fi ber optic cable in which the 
diameter of the core is fairly large relative to the diameter of the cladding. As shown, there 
is a sharp transition in the index of refraction going from the core to the cladding, thus the 
term  step.  Light entering the cable will tend to propagate through the core in multiple rays 
or modes, as indicated. Some of the rays will go straight down the core, while others will 
bounce back and forth as they propagate. Still others will scatter due to their small angle of 
incidence, causing attenuation in the light energy. As a result of the multiple modes, the 
light will encounter time dispersion; that is, all the light rays will not arrive at the end of 
the cable at exactly the same time.   

n1

n2

 FIGURE 13–47         Single-mode step index fi ber 
optic cable.   
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 FIGURE 13–48         Multimode graded index fi ber optic cable.   
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 FIGURE 13–49         Basic block diagram of a fi ber optic data communication link.   

  A Fiber Optic Data Communications Link 
 A simplifi ed block diagram of a fi ber optic data communications link is shown in  Figure 
  13–49   . The source provides the electrical signal that is to be transmitted. This electrical 
signal is converted to a light signal and coupled to the fi ber optic cable by the transmitter. At 
the receiving end, the light signal is coupled out of the cable into the receiver, which con-
verts it to an electrical signal. This signal is then processed and connected to the end user.  

 The electrical signal modulates the light intensity and produces a light signal that car-
ries the same information as the electrical signal. A special connector then couples the 
light signal into the fi ber optic cable. At the other end the receiver demodulates the light 
signal and converts it back into the original electrical signal.    

 Fiber optic systems are preferred over wired and wireless systems for a number of reasons. Band-
width is certainly one major advantage. The full bandwidth capability of fi ber optics has not been 
fully realized even today. The fact that a fi ber optic signal can travel over 60 miles before it needs 
to be regenerated is another major advantage. Also light is not subject to outside interference 
sources like EMI, RFI, lightening, or electromagnetic pulses (EMPs) so data are less likely to be 
corrupted. There are no grounding or shorting issues and there is no crosstalk between channels. 

 Another advantage of fi ber optics is security. Intelligence on a wired system can be 
tapped fairly easily using electromagnetic induction techniques. Wireless data is also easy to 
steal. Although data in a fi ber optic system is still susceptible to security breaches, it is much 
more diffi cult to access without detection than traditional systems. 

 S Y S T E M  N O T E 

  MULTIMODE GRADED INDEX      Figure   13–48    shows a fi ber optic cable in which 
the diameter of the core is fairly large relative to the diameter of the cladding. There is a 
gradual or graded transition in the index of refraction going from the center of the core into 
the cladding. Light rays will be more curved as they bounce through the gradually chang-
ing indices of refraction, resulting in less attenuation and time dispersion than in the mul-
timode step index cable.    

  1.    Generally, what is a fi ber optic cable made of?   

  2.    Typically, what is the approximate diameter of a fi ber optic 
cable?   

  3.    Name three basic parts of a fi ber optic cable.   

  4.    What is the difference between the critical angle and the angle 
of incidence?   

  5.    List three types of fi ber optic cables.       

    SECTION 13–9 CHECKUP 
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     SUMMARY 
   •   In amplitude modulation (AM), the amplitude of a higher-frequency carrier signal is varied by a 

lower-frequency modulating signal (usually an audio signal).  

  •   A basic superheterodyne AM receiver consists of an RF amplifi er (not always), a mixer, a local 
oscillator, an IF (intermediate frequency) amplifi er, an AM detector, and audio and power 
amplifi ers.  

  •   The IF in a standard AM receiver is 455 kHz.  

  •   The AGC (automatic gain control) in a receiver tends to keep the signal strength constant within 
the receiver to compensate for variations in the received signal.  

  •   In frequency modulation (FM), the frequency of a carrier signal is varied by a modulating signal.  

  •   A superheterodyne FM receiver is basically the same as an AM receiver except that it requires 
a limiter to keep the IF amplitude constant, a different kind of detector or discriminator, and a 
deemphasis network. The IF is 10.7 MHz.  

  •   A four-quadrant linear multiplier can handle any combination of voltage polarities on its inputs.  

  •   Amplitude modulation is basically a multiplication process.  

  •   The multiplication of sinusoidal signals produces sum and difference frequencies.  

  •   The output spectrum of a balanced modulator includes upper-side and lower-side frequencies, but 
no carrier frequency.  

  •   The output spectrum of a standard amplitude modulator includes upper-side and lower-side fre-
quencies and the carrier frequency.  

  •   A linear multiplier is used as the mixer in receiver systems.  

  •   A mixer converts the RF signal down to the IF signal. The radio frequency varies over the AM or 
FM band. The intermediate frequency is constant.  

  •   One type of AM demodulator consists of a multiplier followed by a low-pass fi lter.  

  •   The audio and power amplifi ers boost the output of the detector or discriminator and drive the 
speaker.  

  •   A voltage-controlled oscillator (VCO) produces an output frequency that can be varied by a con-
trol voltage. Its operation is based on a variable reactance.  

  •   A VCO is a basic frequency modulator when the modulating signal is applied to the control volt-
age input.  

  •   A phase-locked loop (PLL) is a feedback circuit consisting of a phase detector, a low-pass fi lter, 
a VCO, and sometimes an amplifi er.  

  •   The purpose of a PLL is to lock onto and track incoming frequencies.  

  •   A linear multiplier can be used as a phase detector.  

  •   A modem is a modulator/demodulator.  

  •   DTE stands for digital terminal equipment.  

  •   DCE stands for digital communications equipment.  

  •   Fiber optics provides a light path from a light-emitting device to a light-activated device.  

  •   The three parts of a fi ber optic cable are the core, the cladding and the jacket.  

  •   Light rays bounce off the core boundary at the angle of incidence greater than the critical angle 
in order to be refl ected. If the angle is less than the critical angle, the light rays are refracted 
into the cladding.  

  •   The three types of cable are multimode step index, single-mode step index, and multimode graded 
index.    

  KEY TERMS   
  Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary.  

  Amplitude modulation (AM)      A communication method in which a lower-frequency signal mod-
ulates (varies) the amplitude of a higher-frequency signal (carrier).   

  Balanced modulation      A form of amplitude modulation in which the carrier is suppressed; some-
times known as  suppressed-carrier modulation.    

  Critical angle      The angle above which full refl ection occurs in a fi ber optic cable.   



  Fiber optics      The use of light pulses to transmit information through a fi ber optic cable.   

  Four-quadrant multiplier      A linear device that produces an output voltage proportional to the 
product of two input voltages.   

  Frequency modulation (FM)      A communication method in which a lower-frequency intelligence-
carrying signal modulates (varies) the frequency of a higher-frequency signal.   

  Mixer      A device for down-converting frequencies in a receiver system.   

  Modem      A device that converts signals produced by one type of device to a form compatible with 
another;  mo dulator/ dem odulator.   

  Phase-locked loop (PLL)      A device for locking onto and tracking the frequency of an incoming 
signal.   

  Voltage-controlled oscillator (VCO)      An oscillator for which the output frequency is dependent 
on a controlling input voltage.    

  KEY FORMULAS 

    (13–1)  VOUT � KVXVY     Multiplier output voltage 

    (13–2)   v1v2 �
V11 p2V2 1 p2

2
 cos 2P 1 f1 � f2 2 t

     �
V11 p2V2 1 p2

2
 cos 2P 1 f1 � f2 2 t    

 Sum and difference frequencies 

    (13–3)  Vout � V2
c 1 p2 sin 2Pfct

        �
Vc 1 p2Vm1 p2

2
 cos 2P 1 fc � fm 2 t

        �
Vc 1 p2Vm1 p2

2
 cos 2P 1 fc � fm 2 t    

 Standard AM 

    (13–4)  Uc � cos�1a
n2

n1
b     Critical angle of fi ber optic cable  

  SELF-TEST 
  Answers are at the end of the chapter.  

   1.    In amplitude modulation, the pattern produced by the peaks of the carrier signal is called the  

   (a)   index      (b)   envelope      (c)   audio signal      (d)   upper-side frequency    

   2.    Which of the following is not a part of an AM superheterodyne receiver?  

   (a)   Mixer     (b)   IF amplifi er     (c)   DC restorer  
  (d)   Detector      (e)   Audio amplifi er      (f)   Local oscillator    

   3.    In an AM receiver, the local oscillator always produces a frequency that is above the incoming 
RF by  

   (a)   10.7 kHz      (b)   455 MHz      (c)   10.7 MHz      (d)   455 kHz    

   4.    An FM receiver has an IF frequency that is  

   (a)   in the 88 MHz to 108 MHz range  
  (b)   in the 540 kHz to 1640 kHz range  
  (c)   455 kHz  
  (d)   greater than the IF in an AM receiver    

   5.    The detector or discriminator in an AM or an FM receiver  

   (a)   detects the difference frequency from the mixer  
  (b)   changes the RF to IF  
  (c)   recovers the audio signal  
  (d)   maintains a constant IF amplitude    
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  TROUBLESHOOTER’S QUIZ 
  Answers are at the end of the chapter.  

  Refer to  Figure   13–59   . 

  • If the  R  1  potentiometer is 20 kÆ instead of 10 kÆ,   

   1.    The output signal range will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  C  3  opens,   

   2.    A low-frequency output signal voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   6.    In order to handle all combinations of input voltage polarities, a multiplier must have  

   (a)   four-quadrant capability  
  (b)   three-quadrant capability  
  (c)   four inputs  
  (d)   dual-supply voltages    

   7.    The internal attenuation of a multiplier is called the  

   (a)   transconductance      (b)   scale factor      (c)   reduction factor    

   8.    If the X 2  input of a linear multiplier is grounded, the X 1  input is operating as a(n)  

   (a)   difference input     (b)   differential input  
  (c)   single-ended input      (d)   averaging input    

   9.    Amplitude modulation is basically a  

   (a)   summing of two signals     (b)   multiplication of two signals  
  (c)   subtraction of two signals      (d)   nonlinear process    

   10.    The frequency spectrum of a balanced modulator contains  

   (a)   a sum frequency     (b)   a difference frequency      (c)   a carrier frequency  
  (d)   answers (a), (b), and (c)      (e)   answers (a) and (b)     (f)   answers (b) and (c)    

   11.    The IF in a receiver is the  

   (a)   sum of the local oscillator frequency and the RF carrier frequency  
  (b)   local oscillator frequency  
  (c)   difference of the local oscillator frequency and the carrier RF frequency  
  (d)   difference of the carrier frequency and the audio frequency    

   12.    When a receiver is tuned from one RF frequency to another,  

   (a)   the IF changes by an amount equal to the LO (local oscillator) frequency  
  (b)   the IF stays the same  
  (c)   the LO frequency changes by an amount equal to the audio frequency  
  (d)   both the LO and the IF frequencies change    

   13.    The output of the AM detector goes directly to the  

   (a)   IF amplifi er      (b)   mixer      (c)   audio amplifi er      (d)   speaker    

   14.    If the control voltage to a VCO increases, the output frequency  

   (a)   decreases      (b)   does not change      (c)   increases    

   15.    A PLL maintains lock by comparing the  

   (a)   phase of two signals  
  (b)   frequency of two signals  
  (c)   amplitude of two signals    

   16.    The attenuation in a fi ber optic cable as a result of photons interacting with the molecules of the 
core is called  

   (a)   scattering      (b)   absorption      (c)   cladding      (d)   incidence     



   3.    A high-frequency cutoff will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  C  2  opens,   

   4.    The amplifi er gain will  

   (a)   increase      (b)   decrease      (c)   not change     

  PROBLEMS 
  Answers to odd-numbered problems are at the end of the book.  

   SECTION   13–1    Basic Receivers     

   1.    Label each block in the AM receiver in  Figure   13–50   .    
   2.    Label each block in the FM receiver in  Figure   13–51   .    
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 FIGURE 13–50        

 FIGURE 13–51        

   3.    An AM receiver is tuned to a transmitted frequency of 680 kHz. What is the local oscillator 
(LO) frequency?   

   4.    An FM receiver is tuned to a transmitted frequency of 97.2 MHz. What is the LO frequency?   

   5.    The LO in an FM receiver is running at 101.9 MHz. What is the incoming RF? What is the IF?   

   SECTION   13–2    The Linear Multiplier     

   6.    Calculate the output from an AD532 linear multiplier for the following differential input voltages. 
   (a)   X 1  = 2.75 V, X 2  = -4.32 V, Y 1  = 2.26 V, Y 2  = 6.67 V  
  (b)   X 1  = -3.33 V, X 2  = 9.31 V, Y 1  = 4.42 V, Y 2  = -5.15 V  
  (c)   X 1  = -2.75 V, X 2  = -4.32 V, Y 1  = 2.26 V, Y 2  = -6.67 V  
  (d)   X 1  = -3.33 V, X 2  = 9.31 V, Y 1  = -4.42 V, Y 2  = 5.15 V     
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   7.    Calculate the output from an AD532 linear multiplier for the following differential input 
voltages. 
   (a)   X 1  = -6.22 V, X 2  = -1.15 V, Y 1  = 4.33 V, Y 2  = -4.85 V  
  (b)   X 1  = 7.43 V, X 2  = -5.55 V, Y 1  = -4.86 V, Y 2  = -9.11 V  
  (c)   X 1  = 11.6 V, X 2  = 650 mV, Y 1  = 880 mV, Y 2  = 2.35 V  
  (d)   X 1  = -750 mV, X 2  = 875 mV, Y 1  = -12.2 V, Y 2  = 4.66 V     

   8.    Calculate the output from an AD532 linear multiplier for the following single-ended input volt-
ages. Assume that the X 2  and Y 2  inputs are tied to ground. 
   (a)   X = 18.6 V, Y = 1.65 V     (b)   X = -2.44 V, Y = 22.6 V  
  (c)   X = 12.1 V, Y = -4.2 V     (d)   X = -750 mV, Y = -44 V     

   9.    Calculate the output from an AD532 linear multiplier for the following single-ended input volt-
ages. Assume that the X 1  and Y 1  inputs are tied to ground. 
   (a)   X = 450 mV, Y = -15.5 V     (b)   X = -2.75 V, Y = -15.4 V  
  (c)   X = -22.1 V, Y = 800 mV     (d)   X = 40 V, Y = 85 mV     

   SECTION   13–3    Amplitude Modulation     

   10.    If a 100 kHz signal and a 30 kHz signal are applied to a balanced modulator, what frequencies 
will appear on the output?   

   11.    What are the frequencies on the output of the balanced modulator in  Figure   13–52   ?    
   12.    If a 1000 kHz signal and a 3 kHz signal are applied to a standard amplitude modulator, what 

frequencies will appear on the output?   

   13.    What are the frequencies on the output of the standard amplitude modulator in  Figure   13–53   ?    

1 ms

Balanced
modulator

f1

f2

fout

 FIGURE 13–52        

10 μs

Standard amplitude
modulator

 FIGURE 13–53        

1.1955 MHz 1.2 MHz 1.2045 MHz

 FIGURE 13–54        

847 kHz 853 kHz

 FIGURE 13–55        

   14.    The frequency spectrum in  Figure   13–54    is for the output of a standard amplitude modulator. 
Determine the carrier frequency and the modulating frequency.    

   15.    The frequency spectrum in  Figure   13–55    is for the output of a balanced modulator. Determine 
the carrier frequency and the modulating frequency.    

   16.    A voice signal ranging from 300 Hz to 3 kHz amplitude modulates a 600 kHz carrier. Develop 
the frequency spectrum.   



   SECTION   13–4    The Mixer     

   17.    Determine the output expression for a multiplier with one sinusoidal input having a peak volt-
age of 0.2 V and a frequency of 2200 kHz and the other input having a peak voltage of 0.15 V 
and a frequency of 3300 kHz.   

   18.    Determine the output frequency of the IF amplifi er for the frequencies shown in  Figure   13–56   .    
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 FIGURE 13–56        

   SECTION   13–5    AM Demodulation     

   19.    The input to a certain AM receiver consists of a 1500 kHz carrier and two side frequencies 
separated from the carrier by 20 kHz. Determine the frequency spectrum at the output of the 
mixer amplifi er.   

   20.    For the same conditions stated in Problem 19, determine the frequency spectrum at the output 
of the IF amplifi er.   

   21.    For the same conditions stated in Problem 19, determine the frequency spectrum at the output 
of the AM detector (demodulator).   

   SECTION   13–6    IF and Audio Amplifi ers     

   22.    For a carrier frequency of 1.2 MHz and a modulating frequency of 8.5 kHz, list all of the fre-
quencies on the output of the mixer in an AM receiver.   

   23.    In a certain AM receiver, one amplifi er has a passband from 450 kHz to 460 kHz and another 
has a passband from 10 Hz to 5 kHz. Identify these amplifi ers.   

   24.    Determine the maximum and minimum output voltages for the audio power amplifi er in  Figure 
  13–57   .    
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 FIGURE 13–57        

   SECTION   13–7    Frequency Modulation     

   25.    Explain how a VCO is used as a frequency modulator.   

   26.    How does an FM signal differ from an AM signal?   

   27.    Explain how an audio signal is converted to frequency modulation in the MAX2606 in  Figure 
  13–36   ?   
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   29.    A PLL is locked onto an incoming signal with a peak amplitude of 250 mV and a frequency of 
10 MHz at a phase angle of 30°. The 400 mV peak VCO signal is at a phase angle of 15°. 
   (a)   What is the VCO frequency?  
  (b)   What is the value of the control voltage being fed back to the VCO at this point?     

   30.    What is the conversion gain of a VCO if a 0.5 V increase in the control voltage causes the out-
put frequency to increase by 3.6 kHz?   

   31.    If the conversion gain of a certain VCO is 1.5 kHz per volt, how much does the frequency 
change if the control voltage increases 0.67 V?   

   32.    Name two conditions for a PLL to acquire lock.   

   SECTION   13–9    Fiber Optics     

   33.    A certain fi ber-optic cable has a core index of refraction of 1.43 and a cladding index of refrac-
tion of 1.40. Determine the critical angle.   

   34.    A certain fi ber-optic cable has a core index of refraction of 1.55 and a cladding index of refrac-
tion of 1.35. If a light ray strikes the core/cladding boundary at an angle of 28.2°, will it be 
refl ected or refracted?    

  ANSWERS TO SECTION CHECKUPS 
   SECTION   13–1     

   1.   AM is amplitude modulation. FM is frequency modulation.  

   2.   In AM, the modulating signal varies the amplitude of a carrier. In FM, the modulating signal 
varies the frequency of a carrier.  

   3.   AM: 540 kHz to 1640 kHz; FM: 88 MHz to 108 MHz  

   SECTION   13–2     

   1.   A four-quadrant multiplier can handle any combination (4) of positive and negative inputs. 
A one-quadrant multiplier can only handle two positive inputs, for example.  

   2.   SF stands for scale factor. SF = 10 V for the AD532.  

   3.   The transfer function of a linear multiplier defi nes the output for a given set of inputs.  

   SECTION   13–3     

   1.   Amplitude modulation is the process of varying the amplitude of a carrier signal with a modu-
lating signal.  

   2.   Balanced modulation produces no carrier frequency on the output, whereas standard AM 
does.  

 FIGURE 13–58        

   SECTION   13–8    The Phase-Locked Loop (PLL)     

   28.    Label each block in the PLL diagram of  Figure   13–58   .    



   3.   The carrier signal is the modulated signal and has a suffi ciently high frequency for transmission. 
The modulating signal is a lower-frequency signal that contains information and varies the 
carrier amplitude according to its waveshape.  

   4.   The upper-side frequency is the sum of the carrier frequency and the modulating frequency. 
The lower-side frequency is the difference of the carrier frequency and the modulating 
frequency.  

   5.   By summing the peak carrier voltage and the modulating signal before mixing with the car-
rier signal.  

   SECTION   13–4     

   1.   The mixer produces (among other frequencies) a signal representing the difference between the 
incoming carrier frequency and the local oscillator frequency. This is called the intermediate 
frequency.  

   2.   The mixer multiplies the carrier and the local oscillator signals.  

   3.   1000 kHz + 350 kHz = 1350 kHz, 1000 kHz - 350 kHz = 650 kHz  

   SECTION   13–5     

   1.   The fi lter removes all frequencies except the audio.  

   2.   Only the 1 kHz  

   SECTION   13–6     

   1.   To amplify the 455 kHz amplitude modulated IF coming from the mixer.  

   2.   The IF center frequency is 455 kHz.  

   3.   The 10 kHz bandwidth allows the upper-side and lower-side frequencies that contain the infor-
mation to pass.  

   4.   The audio amplifi er follows the detector because the detector is the circuit that recovers the 
audio from the modulated IF.  

   5.   The IF has a response of approximately 455 kHz { 5 kHz. The typical audio amplifi er has a 
maximum bandwidth from tens of hertz up to about 15 kHz, although for many amplifi ers, the 
bandwidth can be much less than this typical maximum.  

   SECTION   13–7     

   1.   The frequency variation of an FM signal bears the information.  

   2.   VCO is voltage-controlled oscillator.  

   3.   VCOs are based on the principle of voltage-variable reactance.  

   SECTION   13–8     

   1.   Phase detector, low-pass fi lter, and VCO  

   2.   Sometimes a PLL uses an amplifi er in the loop.  

   3.   A PLL locks onto and tracks a variable incoming frequency.  

   4.   The lock range specifi es how much a lock-on frequency can deviate without the PLL losing 
lock. The capture range specifi es how close the incoming frequency must be from the free-
running VCO frequency in order for the PLL to lock.  

   5.   The PLL detects a change in the phase of the incoming signal compared to the VCO signal that 
indicates a change in frequency. The positive feedback then causes the VCO frequency to 
change along with the incoming frequency.  

   SECTION   13–9     

   1.   Fiber is made from pure glass or plastic.  

   2.   Fiber optic cables have a diameter of approximately 100 microns.  

   3.   A fi ber optic cable is composed of a core, the cladding, and a protective outer jacket.  

   4.   The angle of incidence is the angle at which light rays strike the surface of the cladding. If the 
angle of incidence is less than the critical angle, light is refracted rather than being refl ected, 
light enters the cladding and energy is lost.  

   5.   Multimode step index, single-mode step index, and multimode graded index.   

ANSWERS TO SECTION CHECKUPS   629
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  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   13–1   The output does not change. V out  = 560 mV.  

   13–2   627 mV  

   13–3   Modulate the carrier with a higher-frequency signal.  

   13–4   The balanced modulator output has the same side frequencies but does not have a carrier 
frequency.  

   13–5    V p   = 0.025 mV,  f  = 455 kHz  

   13–6   455 kHz  

   13–7   0.172 V  

   13–8   A decrease of 6 kHz; 244 kHz  

   13–9   17.8°   

  ANSWERS TO SELF-TEST 
   1.   (b)     2.   (c)     3.   (d)     4.   (d)     5.   (c)     6.   (a)     7.   (b)  

   8.   (c)     9.   (b)     10.   (e)     11.   (c)     12.   (b)     13.   (c)     14.   (c)  

   15.   (a)     16.   (b)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   not change     2.   not change     3.   increase     4.   not change     



 DATA CONVERSION    

    CHAPTER 14 

  OUTLINE 
     14–1  Analog Switches     

     14–2  Sample-and-Hold Amplifi ers     

     14–3  Interfacing the Analog and Digital Worlds     

     14–4  Digital-to-Analog (D/A) Conversion     

     14–5  Basic Concepts of Analog-to-Digital (A/D) 
Conversion     

     14–6  Analog-to-Digital (A/D) Conversion Methods     

     14–7  Voltage-to-Frequency ( V / F ) and Frequency-to-
Voltage ( F / V ) Converters     

     14–8  Troubleshooting      

  OBJECTIVES 
  •   Explain analog switches and identify each type  

  •   Discuss the operation of sample-and-hold amplifi ers  

  •   Discuss analog and digital quantities and general 
interfacing considerations  

  •   Describe the operation of digital-to-analog 
 converters (DACs)  

  •   Describe A/D conversion  

  •   Discuss the operation of analog-to-digital converters 
(ADCs)  

  •   Discuss the basic operation of  V / F  converters and 
 F / V  converters  

  •   Troubleshoot DACs and ADCs   

  KEY TERMS 
    Analog switch   
   Sample-and-hold   
   Acquisition time   
   Analog-to-digital 
converter (ADC)   
   Digital-to-analog 
converter (DAC)   

   Resolution   
   Quantization   
   Flash   
   Successive 
approximation     

  INTRODUCTION 
 Data conversion circuits make interfacing between 
 analog and digital systems possible. Most things in 
nature occur in analog form. For example, your voice is 
analog, time is analog, temperature and pressure are 
analog, and the speed of your vehicle is analog. These 
quantities and others are fi rst sensed or measured with 
analog (linear) circuits and are then frequently con-
verted to digital form to facilitate storage, processing, 
or display. 

 Also, in many applications, information in digital 
form must be converted back to analog form. An exam-
ple of this is digitized music that is stored on a CD. 
Before you can hear the sounds, the digital information 
must be converted to its original analog form. 

 In this chapter, you will study several basic types of 
circuits found in applications that require data  conversion.  

  VISIT THE WEBSITE 
 Study aids for this chapter are available at 

 http://pearsonhighered.com/fl oyd    

http://pearsonhighered.com/floyd


  Analog switches are important in many types of electronic systems where it is necessary to 
switch signals on and off electronically. Major applications of analog switches are in signal 
selection, routing, and processing. Analog switches usually incorporate a FET as the basic 
switching element.  

   After completing this section, you should be able to  

  •   Explain analog switches and identify each type 

   •   Identify a single-pole–single-throw analog switch  

  •   Identify a single-pole–double-throw analog switch  

  •   Identify a double-pole–single-throw analog switch  

  •   Describe the ADG1212 analog switch IC  

  •   Discuss multiple-channel analog switches     

      14–1  ANALOG SWITCHES 

  Types of Analog Switches 
 Three basic types of  analog switches  in terms of their functional operation are 

   •   Single pole–single throw (SPST)  

  •   Single pole–double throw (SPDT)  

  •   Double pole–single throw (DPST)   

  Figure   14–1    illustrates these three basic types of analog switches. Most analog switches 
use MOSFETs as the switching device. As you can see, the analog switch consists of a 
control element and one or more input-to-output paths called  switch channels.   
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 FIGURE 14–1         Basic types of analog switches.   

 An example of an analog switch is the ADG1212. This IC device has four independ-
ently operated SPST switches as shown in  Figure   14–2   (a). Typical packages are shown in 
 Figure   14–2   (b).  
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 The only difference between the ADG1212 and the other two devices in this family 
is how they respond to input control logic. Refer to  Figure   14–2   (a), which illustrates how 
each device responds to a high input control signal. The switches in the ADG1212 close 
when the input control is at a high logic level and open when the input is low. The 
ADG1211 control logic is inverted—the switches are closed for a low input and open for a 
high. The ADG1213 exhibits  break-before-make  switching. Switches 1 and 4 are closed 
for a high and open for a low. Switches 2 and 3 are open for a high and closed for a low. 
When used in multiplexer applications, the control inputs to switches 1 and 2 and switches 
3 and 4 are tied together. This means that a single high input closes one switch and opens 
the other. This family of analog switches is 3 V logic compatible with a minimum high 
voltage of 2.0 V and maximum low of 0.8 V. The data sheet for this family of switches can 
be found at  www.analog.com . 
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 FIGURE 14–2         The ADG12XX family of Quad SPST switches.   

  E X A M P L E  1 4 – 1 

 Determine the output waveform of the analog switch in  Figure   14–3   (a) for the 
control voltage and analog input voltage shown. Assume the switch closes when 
the control voltage is high.  

www.analog.com
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  Multiple-Channel Analog Switches 
 In data acquisition systems where inputs from several different sources must be independ-
ently converted to digital form for processing, a technique called  multiplexing  is used. A 
separate analog switch is used for each analog source as illustrated in  Figure   14–4    for a four-
channel system. In this type of application, all of the outputs of the analog switches are con-
nected together to form a common output and only one switch can be closed at a given time. 
The common switch outputs are connected to the input of a voltage-follower as indicated.  

–

+

Vout

Vin1

Vin2

Vin3

Vin4

 FIGURE 14–4         A four-channel analog multiplexer.   

 An example of an IC analog multiplexer is the AD9300 shown in  Figure   14–5   . This 
device contains four analog switches that are controlled by a channel decoder. The inputs  A  0  
and  A  1  determine which one of the four switches is on. If  A  0  and  A  1  are both low, input  In  1  
is selected. If  A  0  is high and  A  1  is low, input  In  2  is selected. If  A  0  is low and  A  1  is high, input 
 In  3  is selected. If  A  0  and  A  1  are both high, input  In  4  is selected. The Enable input controls 

  S O L U T I O N 

 When the control voltage is high, the switch is closed and the analog input passes 
through to the output. When the control voltage is low, the switch is open and 
there is no output voltage. The output waveform is shown in  Figure   14–3   (b) in 
relation to the other voltages.  

  P R A C T I C E  E X E R C I S E* 

 What will be the output waveform in  Figure   14–3    if the frequency of the control 
voltage is doubled but you keep the same duty cycle? 

Vout

Vin
0

(a)

Vcont
0

(b)

Vout
0

 FIGURE 14–3        

  *Answers are at the end of the chapter.     
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the switch that connects or disconnects the output. The output is in a high-impedance state 
when the chip is not enabled, allowing more than one device to be connected together. This 
idea is shown in System Example 14–1. The AD9300 is capable of switching 4 channels of 
video for applications including video routing, medical imaging, radar systems, and data 
acquisition systems. The data sheet for the AD9300 can be found at  www.analog.com .  
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 FIGURE 14–5         The AD9300 analog multiplexer.   

  E X A M P L E  1 4 – 2 

 Determine the output waveform of the analog multiplexer in  Figure   14–6    for the control inputs and the analog 
inputs shown.  
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 FIGURE 14–6        
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  P R A C T I C E  E X E R C I S E 

 How is the output waveform in  Figure   14–7    affected if the time interval between the control voltage pulses is 
decreased?   

Vout

 FIGURE 14–7        

  S O L U T I O N 

 When a control input is a high level, the corresponding switch is closed and the analog voltage on its input is 
switched through to the output. Notice that only one control voltage is high at a time. The inputs to the switches 
are sinusoidal waves, each having a different frequency. The resulting output is a sequence of different sinusoidal 
waves that last for one second and that are separated by a one-second interval, as indicated in  Figure   14–7   .   

A Solar Tracking System
The solar panel control system in this system example shares some of the basic elements of 
the one introduced in Chapter 4. In this system, there are four solar panels to control, and 
the system uses stepper motors rather than dc motors. The panels are mounted on an alt-
azimuth mounting that moves horizontally and vertically using stepper motors to track the 
sun, and potentiometers to relay position information to the controller. The control cir-
cuitry maintains each solar panel at approximately a 90° angle with respect to the sun’s 
rays. An alt-azimuth arrangement for very large panels is common, because it is mechani-
cally stable and the panels do not need to be mounted as high for ground clearance. Figure 
SE14–1 shows the basic arrangement of each panel, showing the stepper motors and the 
position potentiometers.

S Y S T E M  E X A M P L E  1 4 – 1
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 FIGURE SE14–1         A solar 
panel with position controls 
and sensors for azimuth and 
elevation.   

A digital controller containing pre-programmed position information for the sun will 
control all eight stepper motors. Figure SE14–2 shows the block diagram of the control 
circuits. Our focus in this system is the analog control board and specifi cally the AD9300 
IC, which is the analog multiplexer (MUX). The ADC9300 accepts altitude and elevation 
voltages from each potentiometer on all four panels and routes the information to an analog-
to-digital converter, which changes the analog signals into digital signals for processing.
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Obviously, a solar tracking system requires only occasional adjustments in position 
to track the sun across the sky. In this system, the controller is mostly idle, but every eight 
minutes, it wakes up, reads the data, and adjusts all of the trackers. At this time, various 
signals are generated by the digital controller to read the data. One MUX is enabled and 
puts the data for one of the potentiometers on its Out line. The analog-to-digital converter 
converts it to a digital signal for the controller. The controller continues to rapidly generate 
select and enable signals for the multiplexers, reading the four azimuth and the four eleva-
tion position voltages, one at a time. Each resulting digital code is processed by comparing 
the angle it represents to angular information about solar position based on time of day and 
date that is stored in the digital controller’s memory. Based on its computations, the digital 
controller issues the proper control signal to the appropriate stepping motor to realign the 

solar panel for maximum solar energy production.
Figure SE14–3 shows the timing signals for the system. As you can see, the control-

ler generates all of the timing signals necessary to read the position information from the 
panels. First one analog MUX is enabled and address signals are sent to select a potentiom-
eter to read. A short time later, the controller requests the ADC to do a conversion. After 
the ADC completes the conversion, it sends a Data ready signal to the controller and the 
data is then transferred to the controller. The process repeats for the second MUX. 
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A series of A/D conversions occurs every eight minutes.
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 FIGURE SE14–3         Timing diagram for the solar tracking sequence.   
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  1.    What is the purpose of an analog switch?   

  2.    What is the basic function of an analog multiplexer?

3. In Figure SE14–2, the outputs of two AD9300s are shown 
connected through potentiometers to a common input on the 
ADC. Why is this a valid connection?   

    SECTION 14–1 CHECKUP* 

  *Answers are at the end of the chapter.     

   14–2  SAMPLE-AND-HOLD AMPLIFIERS 
  A sample-and-hold amplifi er samples an analog input voltage at a certain point in time and 
retains or holds the sampled voltage for an extended time after the sample is taken. The sample-
and-hold process keeps the sampled analog voltage constant for the length of time necessary to 
allow an analog-to-digital converter (ADC) to convert the voltage to digital form.  

   After completing this section, you should be able to  

  •   Discuss the operation of sample-and-hold amplifi ers 

   •   Describe tracking in a sample-and-hold amplifi er  

  •   Defi ne  aperture time, aperture jitter, acquisition time, droop,  and  feedthrough   

  •   Describe the AD585 sample-and-hold amplifi er     

  A Basic Sample-and-Hold Circuit 
 A basic  sample-and-hold  circuit consists of an analog switch, a capacitor, and input and 
output buffer amplifi ers as shown in  Figure   14–8   . The analog switch samples the analog 
input voltage through the input buffer amplifi er, the capacitor ( C H  ) stores or holds the sam-
pled voltage for a period of time, and the output buffer amplifi er provides a high input 
impedance to prevent the capacitor from discharging quickly.  
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Input buffer Output buffer
CH

 FIGURE 14–8         A basic sample-
and-hold circuit.   

 As illustrated in  Figure   14–9   , a relatively narrow control voltage pulse closes the ana-
log switch and allows the capacitor to charge to the value of the input voltage. The switch 
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 FIGURE 14–9         Basic action of 
a sample-and-hold.   
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then opens, and the capacitor holds the voltage for a relatively long period of time because of 
the very high impedance discharge path through the op-amp input. So basically, the sample-
and-hold circuit converts an instantaneous value of the analog input voltage to a dc voltage.   

  Tracking During Sample Time 
 Perhaps a more appropriate designation for a sample-and-hold amplifi er is sample/track-
and-hold because the circuit actually tracks the input voltage during the sample interval. 
As indicated in  Figure   14–10   , the output follows the input during the time that the control 
voltage is high; and when the control voltage goes low, the last voltage is held until the 
next sample interval.  

  E X A M P L E  1 4 – 3 

 Determine the output voltage waveform for the sample/track-and-hold amplifi er in  Figure   14–11   , given the input 
and control voltage waveforms.  

  S O L U T I O N 

 During the time that the control voltage is high, the analog switch is closed and the circuit is tracking the input. 
When the control voltage goes low, the analog switch opens; the last voltage value is held at a constant level until 
the next time the control voltage goes high. This is shown in  Figure   14–12   .   
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 FIGURE 14–11        
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 FIGURE 14–10         Example of 
tracking during a sample-and-
hold sequence.   
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  Performance Specifi cations 
 In addition to specifi cations similar to those of a closed-loop op-amp that were discussed 
in  Chapter   6   , several specifi cations are peculiar to sample-and-hold amplifi ers. These 
include the aperture time, aperture jitter,  acquisition time , droop, and feedthrough. 

   •    Aperture time —the time for the analog switch to fully open after the control voltage 
switches from its sample level to its hold level. Aperture time produces a delay in the 
effective sample point.  

  •    Aperture jitter —the uncertainty in the aperture time.  

  •    Acquisition time —the time required for the device to reach its fi nal value when the 
control voltage switches from its hold level to its sample level.  

  •    Droop —the change in voltage from the sampled value during the hold interval 
because of charge leaking off the hold capacitor.  

  •    Feedthrough —the component of the output voltage that follows the input signal 
after the analog switch is opened. The inherent capacitance from the input to the out-
put of the switch causes feedthrough.   

 Each of these parameters is illustrated in  Figure   14–13    for an example input voltage 
waveform.      

Vin 0

0Control

Vout 0

 FIGURE 14–12        

  P R A C T I C E  E X E R C I S E 

 Sketch the output voltage waveform for  Figure   14–11    if the control voltage frequency is reduced by half.    

 Sample-and-hold circuits are used in systems requiring analog-to-digital conversion, such as 
analog data collection systems where various transducers provide the inputs. The sample time 
of a sample-and-hold circuit is primarily a function of the value of the holding capacitor. In 
order for the holding capacitor to be fully charged during a short sample time, a low-value 
holding capacitor is necessary. On the other hand, to achieve a long accurate hold time, a high-
value holding capacitor is necessary. It would appear that a sample-and-hold circuit capable of 
sampling very short samples with long accurate hold times is not possible. 

 By cascading two sample-and-hold circuits, long hold times of short duration samples 
can be realized. The fi rst stage has a low-value holding capacitor providing the short sample 
time. The second stage has a large-value holding capacitor, which allows for longer hold times. 
In this way both objectives can be achieved. 

 S Y S T E M  N O T E 
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  A Specifi c Device 
 An example of a basic sample-and-hold amplifi er is the AD585. The circuit and pin con-
fi guration are shown in  Figure   14–14   . As shown in the fi gure, this particular device con-
sists of two buffer amplifi ers and an analog switch that is controlled by a logic gate. The 
internal hold capacitor has a value of 100 pF. An additional capacitor can be connected 
externally in parallel, if necessary, between pins 7 and 8.  

Value actually
sampled here
due to aperture
time

Sample ends
here

Feedthrough Feedthrough

Acquisition timeAperture time

Sample HoldSample Hold

Droop

Aperture
jitter

Actual
held value

Ideal held value

 FIGURE 14–13         Sample-and-hold amplifi er specifi cations. The effects are 
exaggerated for clarity. The black curve is the input voltage waveform. The 
colored curve is output voltage.   
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 FIGURE 14–14         The AD585 sample-and-hold amplifi er.   

 The control voltage for establishing the sample/hold intervals is applied between pins 
14 and 13 or pins 12 and 13. The input signal to be sampled is applied to pin 2. A potenti-
ometer for nulling out the offset voltage can be connected between pins 3 and 5, and the 
overall gain of the device can be set to pin 1 or pin 2 without external feedback connec-
tions. Two typical confi gurations are shown in  Figure   14–15   . Other values of gain can be 
achieved using external resistors. The data sheet for the AD585 can be found at  www.
analog.com .  

www.analog.com
www.analog.com
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(a) Sample and hold with Av = +1 and an optional offset null adjustment

(b) Sample and hold with Av =  +2 (Av = R2/R1 + 1 = 10 k�/10 k� + 1 = 2).
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 FIGURE 14–15         Two possible 
confi gurations of the AD585 
sample-and-hold amplifi er.   

  1.    What is the basic function of a sample-and-hold amplifi er?   

  2.    In reference to the output of a sample-and-hold amplifi er, 
what does droop mean?   

  3.    Defi ne  aperture time.    

  4.    What is acquisition time?      

    SECTION 14–2 CHECKUP 



   14–3  INTERFACING THE ANALOG 
AND DIGITAL WORLDS 

  Analog quantities are sometimes called real-world quantities because most physical quantities 
are analog in nature. Many systems have analog inputs representing quantities, such as tem-
perature, speed, position, pressure, and force. The analog quantity is converted to digital for 
processing and control, thus it is important to have a basic understanding of the interface 
between analog and digital quantities. A basic familiarity with the binary number system is 
assumed for this and the next sections.  

   After completing this section, you should be able to  

  •   Discuss digital and analog quantities and general interfacing considerations 

   •   Describe an analog quantity  

  •   Describe a digital quantity  

  •   Discuss examples of real-world analog/digital interfacing     

  Digital and Analog Signals 
 An analog quantity is one that has a continuous set of values over a given range, as con-
trasted with discrete values for the digital case. Almost any measurable quantity is analog 
in nature, such as temperature, pressure, speed, and time. To further illustrate the differ-
ence between an analog and a digital representation of a quantity, let’s take the case of a 
voltage that varies over a range from 0 V to +15 V. The analog representation of this 
quantity takes in all values between 0 and +15 V, of which there is an infi nite number. 

 In a  digital  representation using a 4-bit binary code, only sixteen values can be 
defi ned. More values between 0 and +15 can be represented by using more bits in the 
digital code. So an analog quantity can be represented to a high degree of accuracy with a 
digital code that specifi es discrete values within the range. This concept is illustrated in 
 Figure   14–16   , where the analog function shown is a smoothly changing curve that takes on 
values between 0 V and +15 V. If a 4-bit code is used to represent this curve, each binary 
number represents a discrete point on the curve.  

 In  Figure   14–16    the voltage on the analog curve is measured, or sampled, at each of 
thirty-fi ve equal intervals. The voltage at each of these intervals is represented by a 4-bit code 
as indicated. At this point, we have a series of binary numbers representing various voltage 
values along the analog curve. This is the basic idea of analog-to-digital (A/D) conversion. 
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 FIGURE 14–16         Discrete (digital) points on an analog curve.   
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 FIGURE 14–17         A rough digital reproduction of an analog curve.   

 An approximation of the analog function in  Figure   14–16    can be reconstructed from 
the sequence of digital numbers that has been generated. Obviously, there will be some 
error in the reconstruction because only certain values are represented (thirty-six in this 
example) and not the continuous set of values. If the digital values at all of the thirty-six 
points are graphed as shown in  Figure   14–17   , we have a reconstructed function. As you 
can see, the graph only approximates the original curve because values between the points 
are not known.   

AN ELECTRONIC THERMOSTAT 
   A simplifi ed block diagram of a digital controller based electronic thermostat is shown in 
 Figure   SE14–4   . The room temperature sensor produces an analog voltage that is propor-
tional to the temperature. This voltage is increased by the linear amplifi er and applied to 
the analog-to-digital converter (ADC), where it is converted to a digital code and periodi-
cally sampled by the controller. For example, suppose the room temperature is 67°F. A 
specifi c voltage value corresponding to this temperature appears on the ADC input and is 
converted to an 8-bit binary number, 01000011.  

 Internally, the digital controller compares this binary number with a binary number 
representing the desired temperature (say, 01001000 for 72°F). This desired value has been 
previously entered from the keypad and stored in a register. The comparison shows that the 
actual room temperature is less than the desired temperature. As a result, the controller 
instructs the unit control circuit to turn the furnace on. As the furnace runs, the controller 
continues to monitor the actual temperature via the ADC. When the actual temperature 
equals or exceeds the desired temperature, the controller turns the furnace off. The system 
will have two thresholds (hysteresis) to avoid cycling the furnace to quickly.

  S Y S T E M  E X A M P L E  1 4 – 2

 To interface between the digital and analog worlds, two basic processes are required. 
These are analog-to-digital (A/D) conversion and digital-to-analog (D/A) conversion. 
Analog-to-digital conversion is accomplished by a special integrated circuit called an 
 analog-to-digital converter (ADC) . Basically an ADC converts an analog signal into a 
sequence of digital codes. The codes are input to a computer or other digital device for 
processing. The following two system examples illustrate the application of these conver-
sion processes. 
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Some systems require both A/D and D/A conversion. D/A conversion is accomplished 
by a special integrated circuit called a digital-to-analog converter (DAC). A DAC is defi ned 
as a device in which information in digital form is converted to an analog form. The follow-
ing system example is one with both a ADC and a DAC.                     
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 FIGURE SE14–4         An electronic thermostat that uses an ADC.   

S Y S T E M  E X A M P L E  1 4 – 3

THE ADC AND DAC IN A CELLULAR PHONE
Figure SE14–5 shows a simplifi ed block diagram of a digital cell phone. Our focus is the 
ADC and DAC necessary to convert between the analog voice signal and a digital voice 
format and back. The voice codec (codec is the abbreviation for coder/decoder) contains, 
among other functions, the ADC and DAC. For transmission, the voice signal from the 
microphone is converted to digital form by the ADC in the codec and then it goes to a 
digital signal processor (DSP) for processing. Digital Signal Processors are basically spe-
cialized computers designed to run a built-in set of instructions in real time. From the DSP, 
the digital signal goes to the rf (radio frequency) section where it is modulated and changed 
to the radio frequency for transmission to a cell phone relay point (tower).

When there is an incoming message, the rf signal containing voice data is picked up 
by the antenna, demodulated, and changed to a digital signal. The digital signal is then 
applied to the DSP for processing, after which it goes to the codec for conversion back to 
the original voice signal by the DAC. It is then amplifi ed and applied to the speaker.
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FIGURE SE14–5 Simplifi ed block diagram of a digital cellular phone. 

  1.    In what form do quantities appear naturally?   

  2.    Explain the basic purpose of A/D conversion.   

  3.    Explain the basic purpose of D/A conversion.      

    SECTION 14–3 CHECKUP 

   14–4  DIGITAL-TO-ANALOG (D/A) 
CONVERSION 

  A digital-to-analog converter is a devise in which information in digital form is converted to 
analog form. D/A conversion is an important part of many systems. In this section, we will 
examine two basic types of digital-to-analog converters (DACs) and learn about their perform-
ance characteristics. The binary-weighted-input DAC was introduced in  Chapter   8    as an 
example of a scaling adder application and is covered more thoroughly in this section. Also, a 
more commonly used confi guration called the R/2R ladder DAC is introduced.  

   After completing this section, you should be able to  

  •   Describe the operation of digital-to-analog converters (DACs) 

   •   Describe the binary-weighted-input DAC  

  •   Describe the  R /2 R  ladder DAC  

  •   Discuss resolution, accuracy, linearity, monotonicity, and settling time     

  Binary-Weighted-Input Digital-to-Analog 
Converter 
 The binary-weighted-input DAC uses a resistor network with resistance values that repre-
sent the binary weights of the input bits of the digital code.  Figure   14–18    shows a 4-bit 
DAC of this type. Each of the input resistors will either have current or have no current, 
depending on the input voltage level. If the input voltage is zero (binary 0), the current is 
also zero. If the input voltage is high (binary 1), the amount of current depends on the input 
resistor value and is different for each input resistor, as indicated by the meters.  
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  E X A M P L E  1 4 – 4 

 Determine the output of the DAC in  Figure   14–19   (a) if the waveforms representing a sequence of 4-bit binary 
numbers in  Figure   14–19   (b) are applied to the inputs. Input  D  0  is the least signifi cant bit (LSB).  
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 FIGURE 14–19        

  S O L U T I O N 

 First, determine the current for each of the weighted inputs. Since the inverting (-) input of the op-amp is at 0 V 
(virtual ground) and a binary 1 corresponds to +5 V, the current through any of the input resistors is 5 V divided 
by the resistance value. 

   I0 =
5 V

40 k�
= 0.125 mA   

   I1 =
5 V

20 k�
= 0.25 mA    

 FIGURE 14–18         A 4-bit DAC 
with binary-weighted inputs.   

 Since there is practically no current at the op-amp inverting (-) input, all of the input 
currents sum together and go through  R  F . Since the inverting input is at 0 V (virtual 
ground), the drop across  R  F  is equal to the output voltage, so  V  OUT  =  -I  F  R  F . Notice that 
 V  OUT  is negative because of inversion. 

 The values of the input resistors are chosen to be inversely proportional to the binary 
weights of the corresponding input bits. The lowest-value resistor ( R ) corresponds to the 
highest binary-weighted input (2 3 ). The other resistors are multiples of  R  (that is, 2 R,  4 R,  
and 8 R ) and correspond to the binary weights 2 2 , 2 1 , and 2 0 , respectively. The input cur-
rents are also proportional to the binary weights. Thus, the output voltage is proportional to 
the sum of the binary weights because the sum of the currents is through  R  F . 

 One of the disadvantages of this type of DAC is the number of different resistor val-
ues. For example, an 8-bit converter requires eight resistors, ranging from some value of  R  
to 128 R  in binary-weighted steps. This range of resistors requires tolerances of one part in 
255 (less than 0.5%) to accurately convert the input, making this type of DAC more diffi -
cult to mass-produce. 
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  P R A C T I C E  E X E R C I S E 

 What size are the output steps of the DAC if the feedback resistance is changed to 2.0 k�?    
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 FIGURE 14–20         Output of the 
DAC in  Figure   14–19   .   

   I2 =
5 V

10 k�
= 0.5 mA    

   I3 =
5 V

5 k�
= 1.0 mA    

 There is essentially no current at the inverting op-amp input because of its extremely high impedance. 
Therefore, assume that all of the current goes through the feedback resistor  R  F . Since one end of  R  F  is at 0 V 
(virtual ground), the drop across  R  F  equals the output voltage, which is negative with respect to virtual ground. 

   VOUT(D0) = (1.0 k�)(-0.125 mA) = -0.125 V   

   VOUT(D1) = (1.0 k�)(-0.25 mA) = -0.25 V    

   VOUT(D2) = (1.0 k�)(-0.5 mA) = -0.5 V    

   VOUT(D3) = (1.0 k�)(-1.0 mA) = -1.0 V    

 From  Figure   14–19   (b), the fi rst binary input code is 0000, which produces an output voltage of 0 V. The 
next input code is 0001, which produces an output voltage of -0.125 V. The next code is 0010, which produces 
an output voltage of -0.25 V. The next code is 0011, which produces an output voltage of -0.125 V + -0.25 V = 
-0.375 V. Each successive binary code increases the output voltage by -0.125 V, so for this particular straight 
binary sequence on the inputs, the output is a stairstep waveform going from 0 V to -1.875 V in -0.125 V steps. 
This is shown in  Figure   14–20   .   

  The  R >2 R  Ladder Digital-to-Analog Converter 
 Another method of D/A conversion is the  R >2 R  ladder, as shown in  Figure   14–21    for four 
bits. It overcomes one of the problems in the binary-weighted-input DAC in that it requires 
only two resistor values.  

 Start by assuming that the  D  3  input is at a high level (+5 V) and the others are at a 
low level (ground, 0 V). This condition represents the binary number 1000. A circuit anal-
ysis will show that this reduces to the equivalent form shown in  Figure   14–22   (a). Essen-
tially no current goes through the 2 R  equivalent resistance because the inverting input is at 
virtual ground. Thus, all of the current ( I  = 5 V>2 R ) through  R  7  also goes through  R  F , and 
the output voltage is -5 V.  

  Figure   14–22   (b) shows the equivalent circuit when the  D  2  input is at +5 V and the 
others are at ground. This condition represents 0100. If we thevenize looking from  R  8 , we 
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 FIGURE 14–22         Analysis of the R>2R ladder DAC.   
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get 2.5 V in series with  R,  as shown in part (b).  1   This results in a current through  R  F  of 
 I  = -2.5 V>2 R,  which gives an output voltage of -2.5 V. Keep in mind that there is no 
current at the op-amp inverting input and that there is no current through the equivalent 
resistance to ground because it has 0 V across it, due to the virtual ground.  

  Figure   14–22   (c) shows the equivalent circuit when the  D  1  input is at +5 V and the 
others are at ground. Again thevenizing looking from  R  8 , we get 1.25 V in series with  R  as 
shown. This results in a current through  R  F  of  I  = -1.25 V>2 R,  which gives an output 
voltage of -1.25 V. 

 In part (d) of  Figure   14–22   , the equivalent circuit representing the case where  D  0  is at 
+5 V and the other inputs are at ground is shown. Thevenizing from  R  8  gives an equivalent 
of 0.625 V in series with  R  as shown. The resulting current through  R  F  is  I  = -0.625 
V>2 R,  which gives an output voltage of -0.625 V. 

 Notice that each successively lower-weighted input produces an output voltage that 
is halved, so that the output voltage is proportional to the binary weight of the input bits.     

 In systems that use an R>2R ladder, a monolithic IC is almost always used. The actual value of 
the resistors in an R>2R ladder does not affect the accuracy of the circuit; however, resistor 
ratios should be matched as closely as possible. Constructing the ladder network on a mono-
lithic IC provides much better matching of the R and 2R values, in the same way that transistor 
arrays provide better device matching than individual discrete devices. Thin-fi lm monolithic 
R>2R networks constructed on the same substrate are signifi cantly superior to systems pro-
duced using discrete resistors. 

 There is another source of system inaccuracy in R>2R networks that is often overlooked. 
The inputs applied to the 2R input resistors are switched between the reference voltage and 
ground. The resistance of the switch itself can be signifi cant enough to affect the accuracy of 
the ladder network. By using automated laser trimming techniques, the 2R legs of the ladder 
can be trimmed to compensate for switch resistance, thus improving network accuracy. 

 S Y S T E M  N O T E 

 1   Section   1–3    describes the Thevenin equivalent circuit and how to thevenize. 

  Performance Characteristics 
of Digital-to-Analog Converters 
 The performance characteristics of a DAC include resolution, accuracy, linearity, monoto-
nicity, and settling time, each of which is discussed in the following list: 

   •    Resolution.  The resolution of a DAC is the reciprocal of the maximum number of 
discrete steps in the output. Resolution, of course, is dependent on the number of 
input bits. For example, a 4-bit DAC has a resolution of one part in 2 4  - 1 (one part 
in fi fteen). Expressed as a percentage, this is (1>15)100 = 6.67%. The total number 
of discrete steps equals 2  n   - 1, where  n  is the number of bits. Resolution can also be 
expressed as the number of bits that are converted.  

  •    Accuracy  .  Accuracy is a comparison of the actual output of a DAC with the expected 
output. It is expressed as a percentage of a full-scale, or maximum, output voltage. 
For example, if a converter has a full-scale output of 10 V and the accuracy is ;0.1%, 
then the maximum error for any output voltage is (10 V)(0.001) = 10 mV. Ideally, 
the accuracy should be no worse than ;½ of a least signifi cant bit (LSB). For an 8-bit 
converter, the least signifi cant bit is 0.39% of full scale. The accuracy should be 
approximately ;0.2%.  

  •    Linearity  .  A linear error is a deviation from the ideal straight-line output of a DAC. 
A special case is an offset error, which is the amount of output voltage when the 
input bits are all zeros.  

  •    Monotonicity  .  A DAC is monotonic if it does not miss any steps when it is 
sequenced over its entire range of input bits.  
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  •    Settling time  .  Settling time is normally defi ned as the time it takes a DAC to settle 
within ;1>2 LSB of its fi nal value when a change occurs in the input code.   

  E X A M P L E  1 4 – 5 

 Determine the resolution, expressed as a percentage, of (a) an 8-bit DAC and 
(b) a 12-bit DAC. 

  S O L U T I O N 

   (a)   For the 8-bit converter, 

   
1

28 - 1
* 100 =

1

255
* 100 = 0.392%    

  (b)   For the 12-bit converter, 

   
1

212 - 1
* 100 =

1

4095
* 100 = 0.0244%      

  P R A C T I C E  E X E R C I S E 

 Determine the percent resolution for an 18-bit converter.   

  1.    What is the disadvantage of the DAC with binary-weighted 
inputs?   

  2.    What is the resolution of a 4-bit DAC?   

  3.    What is the advantage of a monolithic IC over a discrete cir-
cuit for an R/2R ladder?      

    SECTION 14–4 CHECKUP 

   14–5  BASIC CONCEPTS OF ANALOG-
TO-DIGITAL (A/D) CONVERSION 

  As you have seen, analog-to-digital conversion is the process by which an analog quantity is 
converted to digital form. A/D conversion is necessary when measured quantities must be in 
digital form for processing in a computer or for display or storage. Basic concepts of A/D con-
version including resolution, conversion time, sampling theory, and quantization error are 
introduced in this section.  

   After completing this section, you should be able to  

  •   Describe A/D conversion 

   •   Defi ne  resolution   

  •   Explain conversion time  

  •   Discuss sampling theory  

  •   Defi ne  quantization error      

  Resolution 
 An analog-to-digital converter (ADC) translates a continuous analog signal into a series of 
binary numbers. Each binary number represents the value of the analog signal at the time of 
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conversion. The  resolution  of an ADC can be expressed as the number of bits (binary digits) 
used to represent each value of the analog signal. A 4-bit ADC can represent sixteen different 
values of an analog signal because 2 4  = 16. An 8-bit ADC can represent 256 different values 
of an analog signal because 2 8  = 256. A 12-bit ADC can represent 4096 different values of 
the analog signal because 2 12  = 4096. The more bits, the more accurate is the conversion and 
the greater is the resolution because more values of a given analog signal can be represented. 

 Resolution is basically illustrated in  Figure   14–23    using the analog voltage ramp in part 
(a). For the case of 3-bit resolution as shown in part (b), only eight values of the voltage ramp 
can be represented by binary numbers. D/A reconstruction of the ramp using the eight binary 
values results in the stair-step approximation shown. For the case of 4-bit resolution as shown 
in part (c), sixteen values can be represented, and D/A reconstruction results in a more accu-
rate 16-step approximation as shown. For the case of 5-bit resolution as shown in part (d), 
D/A reconstruction produces an even more accurate 32-step approximation of the ramp.   

(a) Analog ramp

V

(b)

t

D/A reconstruction with
3-bit resolution

V

t

(d)(c) D/A reconstruction with
4-bit resolution

D/A reconstruction with
5-bit resolution

V

t

V

t

 FIGURE 14–23         Illustration of the effect of resolution on the representation of an analog signal 
(a ramp in this case).   

  Conversion Time 
 In addition to resolution, another important characteristic of ADCs is conversion time. The 
conversion of a value on an analog waveform into a digital quantity is not an instantaneous 
event, but it is a process that takes a certain amount of time. The conversion time can range 
from microseconds for fast converters to milliseconds for slower devices. Conversion time 
is illustrated in a basic way in  Figure   14–24   . As you can see, the value of the analog volt-
age to be converted occurs at time  t  0  but the conversion is not complete until time  t  1 .   

V

v

t0 t1

Value to be converted to digital

Portion of analog waveform

A/D
conversion time

t1 – t0

Binary value of v available on A/D ouput

t

 FIGURE 14–24         An illustration of A/D conversion time.   
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  Sampling Theory 
 In A/D conversion, an analog waveform is sampled at a given point and the sampled value 
is then converted to a binary number. Since it takes a certain interval of time to accomplish 
the conversion, the number of samples of an analog waveform during a given period of 
time is limited. For example, if a certain ADC can make one conversion in 1 ms, it can 
make 1000 conversions in one second. That is, it can convert 1000 different analog values 
to digital form in a one-second interval. 

 In order to represent an analog waveform, the minimum sample rate must be greater 
than twice the maximum frequency component of the analog signal. This minimum sam-
pling rate is known as the  Nyquist rate . At the Nyquist rate, an analog signal is sampled 
and converted more than two times per cycle, which establishes the fundamental frequency 
of the analog signal. Filtering can be used to obtain a facsimile of the original signal after 
D/A conversion. Obviously, a greater number of conversions per cycle of the analog signal 
results in a more accurate representation of the analog signal. This is illustrated in  Figure 
  14–25    for two different sample rates. The lower waveforms are the D/A reconstructions 
for various sample rates.   

Sample points

t

t

(a) Eight samples per cycle

t

(b) Sixteen samples per cycle

t

Original
waveform

Reconstructed
D/A waveform

 FIGURE 14–25         Illustration of two sampling rates.   

  Quantization Error 
 The term  quantization  in this context refers to determining a value for an analog quantity. 
Ideally, we would like to determine a value at a given instant and convert it immediately to 
digital form. This is, of course, impossible because of the conversion time of ADCs. Since 
an analog signal may change during a conversion time, its value at the end of the conver-
sion time may not be the same as it was at the beginning (unless the input is a constant dc). 
This change in the value of the analog signal during the conversion time produces what is 
called the  quantization error , as illustrated in  Figure   14–26   .  

 One way to avoid or at least minimize quantization error is to use a sample-and-
hold circuit at the input to the ADC. As you learned in  Section   14–2   , a sample-and-hold 
amplifi er quickly samples the analog input and then holds the sampled value for a cer-
tain time. When used in conjunction with an ADC, the sample-and-hold is held con-
stant for the duration of the conversion time. This allows the ADC to convert a constant 
value to digital form and avoids the quantization error. A basic illustration of this pro-
cess is shown in  Figure   14–27   . When compared to the conversion in  Figure   14–26   , you 
can see that a more accurate representation of the analog input at the desired sample 
point is achieved.  
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 FIGURE 14–26         Illustration of quantization error in A/D conversion.   
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 FIGURE 14–27         Using a sample-and-hold amplifi er to avoid quantization error.   

  1.    What is conversion time?   

  2.    According to sampling theory, what is the minimum sampling 
rate for a 100 Hz sine wave?   

  3.    Basically, how does a sample-and-hold circuit avoid 
 quantization error in A/D conversion?      

    SECTION 14–5 CHECKUP 



  Now that you are familiar with some basic A/D conversion concepts, we will look at several 
methods for A/D conversion. These methods are fl ash (simultaneous), stairstep ramp, tracking, 
single-slope, dual-slope, and successive approximation. The fl ash and dual-slope methods were 
introduced in  Chapter   8    as examples of op-amp applications. Some of that material is reviewed 
and expanded upon in this section.  

   After completing this section, you should be able to  

  •   Discuss the operation of analog-to-digital converters (ADCs) 

   •   Describe the fl ash ADC  

  •   Describe the stairstep-ramp ADC  

  •   Describe the tracking ADC  

  •   Describe the single-slope ADC  

  •   Describe the dual-slope ADC  

  •   Describe the successive-approximation ADC     

   14–6  ANALOG-TO-DIGITAL (A/D) 
CONVERSION METHODS 

  Flash (Simultaneous) Analog-to-Digital Converter 
 The  fl ash  (simultaneous) method utilizes comparators that compare reference voltages 
with the analog input voltage. When the analog voltage exceeds the reference voltage for a 
given comparator, a high-level output is generated.  Figure   14–28    shows a 3-bit converter 
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 FIGURE 14–28         A 3-bit fl ash 
ADC.   



656   CHAPTER 14  •   DATA CONVERSION

that uses seven comparator circuits; a comparator is not needed for the all-0s condition. A 
4-bit converter of this type requires fi fteen comparators. In general, 2  n   - 1 comparators 
are required for conversion to an  n -bit binary code. The large number of comparators nec-
essary for a reasonable-sized binary number is one of the disadvantages of the fl ash ADC. 
Its chief advantage is that it provides a fast conversion time.  

 The reference voltage for each comparator is set by the resistive voltage-divider net-
work. The output of each comparator is connected to an input of the priority encoder. The 
encoder is sampled by a pulse on the Enable input, and a 3-bit binary code representing the 
value of the analog input appears on the encoder’s outputs. The binary code is determined 
by the highest-order input having a high level. 

 The sampling rate determines the accuracy with which the sequence of digital codes 
represents the analog input of the ADC. The more samples taken in a given unit of time, 
the more accurately the analog signal is represented in digital form. 

 The following example illustrates the basic operation of the fl ash ADC in  Figure 
  14–28   . 

Sampling
pulses

1

D2

D1

D0

2 3 4 5 6 7 8 9 1110 12

100 110 111 110 100 010 000 001 011 101 110 111

 FIGURE 14–30         Resulting digital outputs for sampled values. Output D 0  is 
the least signifi cant bit (LSB).   
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 FIGURE 14–29         Sampling of values on an analog waveform for conversion 
to digital form.   

  E X A M P L E  1 4 – 6 

 Determine the binary code output of the 3-bit fl ash ADC for the analog input sig-
nal in  Figure   14–29    and the sampling pulses (encoder Enable) shown. For this 
example,  V  REF  = +8 V.  

  S O L U T I O N 

 The resulting A/D output sequence is listed as follows and shown in the wave-
form diagram of  Figure   14–30    in relation to the sampling pulses. 

   100, 110, 111, 110, 100, 010, 000, 001, 011, 101, 110, 111     
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  P R A C T I C E  E X E R C I S E 

 If the amplitude of the analog voltage in  Figure   14–29    is reduced by half, what 
will the A/D output sequence be?    

  Stairstep-Ramp Analog-to-Digital Converter 
 The stairstep-ramp method of A/D conversion is also known as the  digital-ramp  or the 
 counter  method. It employs a DAC and a binary counter to generate the digital value of an 
analog input.  Figure   14–31    shows a diagram of this type of converter.  
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 FIGURE 14–31         Stairstep-ramp ADC (8 bits).   

 Assume that the counter begins in the reset state (all 0s) and the output of the DAC is 
zero. Now assume that an analog voltage is applied to the input. When it exceeds the refer-
ence voltage (output of DAC), the comparator switches to a high-level output state and ena-
bles the AND gate. The clock pulses begin advancing the counter through its binary states, 
producing a stairstep reference voltage from the DAC. The counter continues to advance 
from one binary state to the next, producing successively higher steps in the reference volt-
age. When the stairstep reference voltage reaches the analog input voltage, the comparator 
output will go to its low level and disable the AND gate, thus cutting off the clock pulses to 
stop the counter. The binary state of the counter at this point equals the number of steps in the 
reference voltage required to make the reference equal to or greater than the analog input. 
This binary number, of course, represents the value of the analog input. The control logic 
loads the binary count into the latches and resets the counter, thus beginning another count 
sequence to sample the input value. 

 The stairstep-ramp method is slower than the fl ash method because, in the worst case 
of maximum input, the counter must sequence through its maximum number of states 
before a conversion occurs. For an 8-bit conversion, this means a maximum of 256 counter 
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states.  Figure   14–32    illustrates a conversion sequence for a 4-bit conversion. Notice that 
for each sample, the counter must count from zero up to the point at which the stairstep 
reference voltage reaches the analog input voltage. The conversion time varies, depending 
on the analog voltage.   
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 FIGURE 14–33         An 8-bit tracking ADC.   
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 FIGURE 14–32         Example of a 4-bit conversion, showing an analog input and the 
stairstep reference voltage.   

  Tracking Analog-to-Digital Converter 
 The tracking method uses an up/down counter (a counter that can go either way in a binary 
sequence) and is faster than the stairstep-ramp method because the counter is not reset 
after each sample, but rather tends to track the analog input.  Figure   14–33    shows a typical 
8-bit tracking ADC.  

 As long as the DAC reference voltage is less than the analog input, the comparator 
output level is high, putting the counter in the UP mode, which causes it to produce an up 
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sequence of binary counts. This causes an increasing stairstep reference voltage out of the 
DAC, which continues until the stairstep reaches the value of the input voltage. 

 When the reference voltage equals the analog input, the comparator’s output switches 
to its low level and puts the counter in the DOWN mode, causing it to back up one count. 
If the analog input is decreasing, the counter will continue to back down in its sequence 
and effectively track the input. If the input is increasing, the counter will back down one 
count after the comparison occurs and then will begin counting up again. When the input 
is constant, the counter backs down one count when a comparison occurs. The reference 
output is now less than the analog input, and the comparator output goes to its high level, 
causing the counter to count up. As soon as the counter increases one state, the reference 
voltage becomes greater than the input, switching the comparator to its low-output state. 
This causes the counter to back down one count. This back-and-forth action continues as 
long as the analog input is a constant value, thus causing an oscillation between two binary 
states in the ADC output. This is a disadvantage of this type of converter. 

  Figure   14–34    illustrates the tracking action of this type of ADC for a 4-bit conversion.   

  Single-Slope Analog-to-Digital Converter 
 Unlike the previous two methods, the single-slope converter does not require a DAC. It 
uses a linear ramp generator to produce a constant-slope reference voltage. A diagram is 
shown in  Figure   14–35   .  

Ram
p

+

–

V

t

Analog
input

Comparator

CLK

C

EN

Reset

CLEAR

Counter

Latches

Control
logic

Ramp
generator

Binary output

R
Q0 Q1 Q2 Q3 Q4 Q5 Q6 Q7

D0 D1 D2 D3 D4 D5 D6 D7

Q0 Q1 Q2 Q3 Q4 Q5 Q6 Q7
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 At the beginning of a conversion cycle, the counter is in the reset state and the ramp 
generator output is 0 V. The analog input is greater than the reference voltage at this point 
and therefore produces a high-level output from the comparator. This high level enables 
the clock to the counter and starts the ramp generator. 

 Assume that the slope of the ramp is 1 V/ms. The ramp will increase until it equals 
the analog input; at this point the ramp is reset, and the binary count is stored in the latches 
by the control logic. Let’s assume that the analog input is 2 V at the point of comparison. 
This means that the ramp is also 2 V and has been running for 2 ms. Since the comparator 
output has been at its high level for 2 ms, 200 clock pulses have been allowed to pass 
through the gate to the counter (assuming a clock frequency of 100 kHz). At the point of 
comparison, the counter is in the binary state that represents decimal 200. With proper 
scaling and decoding, this number can be displayed as 2.00 V. This basic concept is used 
in some digital voltmeters.  

  Dual-Slope Analog-to-Digital Converter 
 The operation of the dual-slope ADC is similar to that of the single-slope type except that 
a variable-slope ramp and a fi xed-slope ramp are both used. This type of converter is com-
mon in digital voltmeters. 

 A ramp generator (integrator), A1, is used to produce the dual-slope characteristic. A 
block diagram of a dual-slope ADC is shown in  Figure   14–36    for reference.  
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 FIGURE 14–36         Dual-slope ADC.   

  Figure   14–37    illustrates dual-slope conversion. Let’s assume that the counter is reset 
and the output of the integrator is zero. Now assume that a positive input voltage is applied 
to the input through the switch (SW) as selected by the control logic. Since the inverting 
(-) input of A1 is at virtual ground, and assuming that  V in   is constant for a period of time, 
there will be constant current through the input resistor  R  and therefore through the capac-
itor  C.  Capacitor  C  will charge linearly because the current is constant and, as a result, 
there will be a negative-going linear voltage ramp on the output of A1, as illustrated in 
 Figure   14–37   (a).  

 When the counter reaches a specifi ed count, it will be reset, and the control logic will 
switch the negative reference voltage (- V  REF ) to the input of A1, as shown in  Figure   14–37   (b). 
At this point the capacitor is charged to a negative voltage (- V ) proportional to the input 
analog voltage. 

 Now the capacitor discharges linearly because of the constant current from the 
- V  REF , as shown in  Figure   14–37   (c). This linear discharge produces a positive-going ramp 
on the A1 output, starting at - V  and having a constant slope that is independent of the 
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 FIGURE 14–37         Dual-slope conversion.   

charge voltage. As the capacitor discharges, the counter advances from its reset state. The 
time it takes the capacitor to discharge to zero depends on the initial voltage - V  (propor-
tional to  V in  ) because the discharge rate (slope) is constant. When the integrator (A1) out-
put voltage reaches zero, the comparator (A2) switches to its low state and disables the 
clock to the counter. The binary count is latched, thus completing one conversion cycle. 
The binary count is proportional to  V in   because the time it takes the capacitor to discharge 
depends only on - V,  and the counter records this interval of time.  
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  Successive-Approximation Analog-to-Digital 
Converter 
 Perhaps the most widely used method of A/D conversion is  successive approximation . It has 
a much faster conversion time than the other methods with the exception of the fl ash method. 
It also has a fi xed conversion time that is the same for any value of the analog input. 

  Figure   14–38    shows a basic block diagram of a 4-bit 
successive-approximation ADC. It consists of a DAC, a 
 successive-approximation register (SAR), and a comparator. 
The basic operation is as follows. The bits of the DAC are 
enabled one at a time, starting with the most signifi cant bit 
(MSB). As each bit is enabled, the comparator produces an 
output that indicates whether the analog input voltage is 
greater or less than the output of the DAC. If the DAC output 
is greater than the analog input, the comparator’s output is 
low, causing the bit in the register to reset. If the DAC output 
is less than the analog input, the bit is retained in the register. 
The system does this with the MSB fi rst, then the next most 
signifi cant bit, then the next, and so on. After all the bits of 
the DAC have been tried, the conversion cycle is complete.  

 In order to better understand the operation of the 
 successive-approximation ADC, let’s take a specifi c example 
of a 4-bit conversion.  Figure   14–39    illustrates the step-by-
step conversion of a given analog input voltage (5 V in this 

case). Let’s assume that the DAC has the following output characteristic:  V  OUT =  8 V for 
the 2 3  bit (MSB),  V  OUT  = 4 V for the 2 2  bit,  V  OUT  = 2 V for the 2 1  bit, and  V  OUT  = 1 V 
for the 2 0  bit (LSB).  

  Figure   14–39   (a) shows the fi rst step in the conversion cycle with the MSB = 1. The 
output of the DAC is 8 V. Since this is greater than the analog input of 5 V, the output of 
the comparator is low, causing the MSB in the SAR to be reset to a 0. 

  Figure   14–39   (b) shows the second step in the conversion cycle with the 2 2  bit equal to 
a 1. The output of the DAC is 4 V. Since this is less than the analog input of 5 V, the output 
of the comparator switches to its high level, causing this bit to be retained in the SAR. 
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 FIGURE 14–38         Successive-approximation ADC.   
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  Figure   14–39   (c) shows the third step in the conversion cycle with the 2 1  bit equal to 
a 1. The output of the DAC is 6 V because there is a 1 on the 2 2  bit input and on the 2 1  bit 
input; 4 V + 2 V = 6 V. Since this is greater than the analog input of 5 V, the output of 
the comparator switches to its low level, causing this bit to be reset to a 0. 

  Figure   14–39   (d) shows the fourth and fi nal step in the conversion cycle with the 2 0  
bit equal to a 1. The output of the DAC is 5 V because there is a 1 on the 2 2  bit input and 
on the 2 0  bit input; 4 V + 1 V = 5 V. 

 The four bits have all been tried, thus completing the conversion cycle. At this point 
the binary code in the register is 0101, which is the binary value of the analog input of 5 V. 
Another conversion cycle now begins, and the basic process is repeated. The SAR is 
cleared at the beginning of each cycle.  

  A Specifi c Analog-to-Digital Converter 
 The ADC0804 is an example of a successive-approximation ADC. The data sheet for this 
device can be found at  www.national.com . A block diagram is shown in  Figure   14–40   . 
This device operates from a +5 V supply and has a resolution of eight bits with a con-
version time of 100 ms. Also, it has guaranteed monotonicity and an on-chip clock gen-
erator. The data outputs are tristate so that they can be interfaced with a microprocessor 
bus system.  
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 FIGURE 14–40         The ADC0804 analog-to-digital 
 converter.   

 A detailed logic diagram of the ADC0804 is shown in  Figure   14–41   , and the 
basic operation of the device is as follows. The ADC0804 contains the equivalent of a 
256-resistor DAC network. The successive-approximation logic sequences the net-
work to match the analog differential input voltage (+ V  IN  - (- V  IN )) with an output 
from the resistive network. The MSB is tested fi rst. After eight comparisons (sixty-
four clock periods), an 8-bit binary code is transferred to an output latch, and the inter-
rupt (   INTR   ) output goes low. The device can be operated in a free-running mode by 
connecting the    INTR    output to the write (   WR   ) input and holding the conversion start 
(   CS   ) low. To ensure start-up under all conditions, a low    WR    input is required during 
the power-up cycle. Taking    CS    low anytime after that will interrupt the conversion 
process.  

 When the    WR    input goes low, the internal successive-approximation register (SAR) 
and the 8-bit shift register are reset. As long as both    CS    and    WR    remain low, the analog-
to-digital converter remains in a reset state. Conversion starts one to eight clock periods 
after    CS    or    WR    makes a low-to-high transition. 

www.national.com
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 FIGURE 14–41         Logic diagram of the ADC0804 ADC.   

 When the    CS    and    WR    inputs are low, the start fl ip-fl op is set, and the interrupt fl ip-
fl op and 8-bit register are reset. The high is ANDed with the next clock pulse, which puts 
a high on the reset input of the start fl ip-fl op. If either    CS    or    WR    has gone high, the set 
signal to the start fl ip-fl op is removed, causing it to be reset. A high is placed on the  D  
input of the 8-bit shift register, and the conversion process is started. If the    CS    and    WR    
inputs are still low, the start fl ip-fl op, the 8-bit shift register, and the SAR remain reset. 
This action allows for wide    CS    and    WR    inputs, with conversion starting from one to eight 
clock periods after one of the inputs has gone high. 

 When the high input has been clocked through the 8-bit shift register, completing 
the SAR search, it is applied to an AND gate controlling the output latches and to the  D  
input of a fl ip-fl op. On the next clock pulse, the digital word is transferred to the tristate 
output latches, and the interrupt fl ip-fl op is set. The output of the interrupt fl ip-fl op is 
inverted to provide an    INTR    output that is high during conversion and low when conver-
sion is complete. 
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 When a low is at both the    CS    and    RD    inputs, the tristate output latch is enabled, the 
output code is applied to the  D  0  through  D  7  lines, and the interrupt fl ip-fl op is reset. When 
either the    CS    or the    RD    input returns to a high, the  D  0  through  D  7  outputs are disabled. The 
interrupt fl ip-fl op remains reset. 

 A few additional IC analog-to-digital converters are listed in  Table   14–1   .  

 TABLE 14–1 •   Several popular ADCs. 

 DEVICE  DESCRIPTION  RESOLUTION 
 CONVERSION 

TIME 
 SUPPLY 

VOLTAGES 

 AD673 1   Successive Approximation   8 bits   20 ms  +5 V, -12 V 

 AD9220 1   Successive Approximation   12 bits    100 ns  +5 V 

 ADC0802N 2   Successive Approximation   8 bits   100 ms  +5 V 

 ADC0803N 2   Successive Approximation   8 bits   100 ms  +5 V 

 HI7191 3   Sigma Delta   24 bits   —  ;5 V 

 TLC5510 4   Flash Conversion   8 bits   25 ns  +5 V 

 ADS1216 4   Sigma Delta   24 bits   —  2.7 V to 5.25 V 

  1 Data sheet available at  www.analog.com  
  2 Data sheet available at  www.national.com  
  3 Data sheet available at  www.intersil.com  
  4 Data sheet available at  www.ti.com  

  1.    What is the fastest method of analog-to-digital conversion?   

  2.    Which A/D conversion method uses an up/down counter?   

  3.    The successive-approximation converter has a fi xed 
 conversion time. (True or false)      

    SECTION 14–6 CHECKUP 

  Voltage-to-frequency converters convert an analog input voltage to a pulse stream or square 
wave in such a way that there is a linear relationship between the analog voltage and the fre-
quency of the pulse stream. Frequency-to-voltage converters perform the inverse operation by 
converting a pulse stream to a voltage that is proportional to the pulse stream frequency. Actu-
ally, V/F and F/V converters can be used as ADCs and DACs in certain applications. In other 
applications, V/F and F/V converters are used, for example, in high-noise immunity digital 
transmission and in digital voltmeters.  

   After completing this section, you should be able to  

  •   Discuss the basic operation of  V / F  and  F / V  converters 

   •   Describe the AD650  V / F  converter  

  •   Discuss  V / F  and  F / V  applications     

   14–7  VOLTAGE-TO-FREQUENCY ( V / F ) 
AND FREQUENCY-TO-VOLTAGE ( F / V ) 

CONVERTERS 

www.analog.com
www.national.com
www.intersil.com
www.ti.com
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  A Basic Voltage-to-Frequency Converter 
 The concept of voltage-to-frequency converters is shown in  Figure   14–42   . An analog volt-
age on the input is converted to a pulse signal with a frequency that is directly proportional 
to the amplitude of the input voltage. There are several ways to implement a  V / F  converter. 
For example, the VCO (voltage-controlled oscillator) with which you are already familiar 
can be used as one type of  V / F  converter. In this section, we will look at a relatively com-
mon implementation called the  charge-balance V/F converter.   

V/F converter

Analog voltage input
Pulse stream output with
frequency proportional to
input voltage

 FIGURE 14–42         The basic V/F concept.   
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 FIGURE 14–43         A basic voltage-to-frequency converter.   

  Figure   14–43    shows the diagram of a basic charge-balance  V / F  converter. It consists 
of an integrator, a comparator, a one-shot, a current source, and an electronic switch. The 
input resistor  R in ,  the integration capacitor  C int ,  and the one-shot timing capacitor  C os   are 
components whose values are selected based on desired performance.  

 The basic operation of the  V / F  converter in  Figure   14–46    is as follows. A positive 
input voltage produces an input current ( I in   =  V in  > R in  ) that charges the capacitor  C int ,  as 
indicated in  Figure   14–44   (a). During this integrate mode, the integrator output voltage is 
a downward ramp, as shown. When the integrator output voltage reaches zero, the com-
parator triggers the one-shot. The one-shot produces a pulse with a fi xed width,  t os ,  that 
switches the 1 mA current source to the input of the integrator and initiates the reset 
mode.  
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 During the reset mode, current through the capacitor is in the opposite direction from 
the integrate mode, as indicated in  Figure   14–44   (b). This produces an upward ramp on the 
integrator output as indicated. After the one-shot times out, the current source is switched 
back to the integrator output, initiating another integrate mode, and the cycle repeats. 

 If the input voltage is held constant, the output waveform of the integrator is as 
shown in  Figure   14–45   (a), where the amplitude and the integrate time remain constant. 
The fi nal output of the  V / F  converter is taken off the one-shot, as indicated in  Figure   14–44   . 
As long as the input voltage is constant, the output pulse stream has a constant frequency 
as indicated in  Figure   14–45   (b).  
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 FIGURE 14–44         Basic operation of a V/F converter for a constant input voltage.   
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  WHEN THE INPUT VOLTAGE INCREASES     An increase in the input voltage, 
 V in ,  causes the input current,  I in ,  to increase. In the basic relationship  I C   = ( V C  > t ) C,  the 
term  V C  > t  is the slope of the capacitor voltage. If the current increases,  V C  > t  also increases 
since  C  is constant. As applied to the  V / F  converter, this means that if the input current ( I in  ) 
increases, then the slope of the integrator output during the integrate mode will also 
increase and reduce the period of the fi nal output voltage. Also, during the reset mode, the 
opposite current through the capacitor, 1 mA -  I in ,  is smaller, thus decreasing the slope of 
the upward ramp and reducing the amplitude of the integrator output voltage. This is illus-
trated in the waveform diagram of  Figure   14–46    where the input voltage, and thus the 
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 FIGURE 14–46         The output 
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input current, takes a step increase from one value to another. Notice that during reset, the 
positive-going slope of the integrator voltage is less, so it reaches a smaller amplitude dur-
ing the time  t os .  Remember,  t os   does not change. Notice also that during integration, the 
negative-going slope of the integrator voltage is greater, so it reaches zero quicker. The net 
result of this increase in input voltage is that the output frequency increases an amount 
proportional to the increase in the input voltage. So, as the input voltage varies, the output 
frequency varies proportionally.    

  The AD650 Integrated Circuit  V / F  Converter 
 The AD650 is a good example of a  V / F  converter very similar to the basic device we just 
discussed. The data sheet for the AD650 can be found at  www.analog.com . The main 
differences in the AD650 are the output transistor and the comparator threshold voltage 
of -0.6 V instead of ground, as shown in  Figure   14–47   . The input resistor, integrating 
capacitor, one-shot capacitor, and the output pull-up resistor are external components, as 
indicated.  
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 FIGURE 14–47         The AD650 V/F converter.   

 The values of the external components determine the operating characteristics of the 
device. The pulse width of the one-shot output is set by the following formula: 

    tos = Cos(6.8 * 103 s/F) + 3 * 10-7 s  (14–1)    

 During the reset interval, the integrator output voltage increases by an amount expressed as 

    �V =
(1 mA - Iin)tos

Cint
  (14–2)    

www.analog.com
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 The duration of the integrate interval when the integrator output is sloping downward is 

   tint =
�V

Iin>Cint
=

tos(1 mA - Iin)>Cint

Iin>Cint
   

    tint = a 1 mA

Iin
- 1b tos  (14–3)    

 The period of a full cycle consists of the reset interval plus the integrate interval. 

   T = tos + tint = tos + a 1 mA

Iin
- 1b tos = a1 +

1 mA

Iin
- 1b tos = a 1 mA

Iin
b tos   

 Therefore, the output frequency can be expressed as 

    fout =
Iin

tos(1 mA)
  (14–4)    

 As you can see in Equation (14–4), the output frequency is directly proportional to 
the input current; and since  I in   =  V in  > R in ,  it is also directly proportional to the input volt-
age and inversely proportional to the input resistance. The output frequency is also 
inversely proportional to  t os ,  which depends on the value of  C os .  

  E X A M P L E  1 4 – 7 

 Determine the output frequency for the AD650  V / F  converter in  Figure   14–48    when a constant input voltage of 5 V 
is applied.  
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 FIGURE 14–48        



  A Basic  F / V  Converter 
  Figure   14–49    shows a basic frequency-to-voltage converter. The elements are the same as those 
in the voltage-to-frequency converter of  Figure   14–43   , but they are connected differently.  

 When an input frequency is applied to the comparator input, it triggers the one-shot, 
which produces a fi xed pulse width ( t os  ) determined by  C os .  This switches the 1 mA cur-
rent source to the integrator input and  C int   charges. Between one-shot pulses,  C int   dis-
charges through  R  1 . The higher the input frequency, the closer the one-shot pulses are 
together and the less  C int   discharges. This causes the integrator output to increase as input 
frequency increases and to decrease as the input frequency decreases. The integrator out-
put is the fi nal voltage output of the  F / V  converter.  F / V  conversion action is illustrated by 
the waveforms in  Figure   14–50   .  C int   and  R  1  act as a fi lter and tend to smooth out the ripples 
on the integrator output as indicated by the dashed curve.  

  Figure   14–51    shows the AD650 connected to function as a frequency-to-voltage con-
verter. Compare this confi guration with the voltage-to-frequency connection in  Figure   14–47   .      
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 FIGURE 14–49         A basic 
 frequency-to-voltage (F/V) 
converter.   
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  S O L U T I O N 

    tos = Cos(6.8 * 103 s/F) + 3 * 10-7 s

 = 330 pF(6.8 * 103 s/F) + 3 * 10-7 s = 2.5 ms

 Iin =
Vin

Rin
=

5 V

10 k�
= 500 mA

 fout =
Iin

tos(1 mA)
=

500 mA

(2.5 ms)(1 mA)
= 200 kHz     

  P R A C T I C E  E X E R C I S E 

 What are the minimum and maximum output frequencies for the  V / F  converter in  Figure   14–48    when a triangular 
wave with a minimum peak value of 1 V and a maximum peak value of 6 V is applied to the input?    
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 Frequency-to-voltage converters are often used in systems where a rotating device or machine 
is monitored. One example would be the tachometer in an automobile. A timing gear or fl y-
wheel is used to generate pulses based on engine rpm. The number of teeth in the gear deter-
mines the pulses per rotation (ppr). The pulses are applied to the input of the F/V converter and 
a proportional output voltage is produced. This is then digitized by an ADC and processed by 
the car’s on-board computer. 

 For example, suppose a fl ywheel with 250 teeth is used as a timing device and engine 
rpm ranges from 800 rpm at idle to a maximum of 6000 rpm at red line. At idle the fl ywheel 
produces (800 rpm , 60 s/m) * (250 ppr) = 3333 pulses per second (3.33 kHz). The output 
frequency is 25 kHz at red line. 

 This is just one simple example, but F/V converters can be used in any system where the 
speed of a rotating device must be monitored. In some applications variations in rotational 
speed can result in serious problems. Suppose the speed of a dc motor is being monitored. If 
the rotational speed of the motor should vary outside some predetermined window, the applied 
voltage to the motor could be changed to compensate for the change in motor speed. This is 
especially important in dc motors since the speed of a dc motor is inversely proportional to 
load. If the load should be totally removed (a belt or drive chain should break), then the motor 
would speed out of control and eventually destroy itself. 

 S Y S T E M  N O T E 

  A Remote Sensing Application 
 One application of  V / F  and  F / V  converters is in the remote sensing of a quantity (temperature, 
pressure, level) that is converted to an analog voltage by a transducer. The analog voltage is 
then converted to a pulse frequency by a  V / F  converter, which is then transmitted by some 
method (radio link, fi ber-optical link, telemetry) to a base unit receiver that includes an  F / V  
converter. This basic application of  V / F  and  F / V  conversion is illustrated in  Figure   14–52   .  

Transducer V/F
converter

Transmitter

Sensed variable
(pressure,

temperature,
etc.)

Remote unit

Analog voltage
Pulse stream output with frequency
proportional to input voltage

Receiver F/V
converter

Base unit

 FIGURE 14–52         Basic application of V/F and F/V conversion.   
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  1.    List the basic components in a typical  V / F  converter.   

  2.    In a  V / F  converter, if the input voltage changes from 1 V to 
6.5 V, what happens to the output?   

  3.    Describe the basic differences between a  V / F  and a  F / V  
 converter in terms of inputs and outputs.                                         

  5.    Assume a fl ywheel with 150 teeth is rotating at 2000 rpm. 
What is the output frequency of the pulses?         

    SECTION 14–7 CHECKUP 



   14–8  TROUBLESHOOTING 
  Basic testing of DACs and ADCs includes checking their performance characteristics, such as 
monotonicity, offset, linearity, and gain, and checking for missing or incorrect codes. In this 
section, the fundamentals of testing these analog interfaces are introduced.   

  After completing this section, you should be able to  

  •   Troubleshoot DACs and ADCs 

   •   Identify D/A conversion errors  

  •   Identify A/D conversion errors     

  Testing Digital-to-Analog Converters 
 The concept of DAC testing is illustrated in  Figure   14–53   . In this basic method, a sequence 
of binary codes is applied to the inputs, and the resulting output is observed. The binary 
code sequence extends over the full range of values from 0 to 2  n   - 1 in ascending order, 
where  n  is the number of bits.  

 The ideal output is a straight-line stairstep as indicated. As the number of bits in the 
binary code is increased, the resolution is improved. That is, the number of discrete steps 
increases, and the output approaches a straight-line linear ramp.  

  D/A Conversion Errors 
 Several D/A conversion errors to be checked for are shown in  Figure   14–54   , which uses a 
4-bit conversion for illustration purposes. A 4-bit conversion produces fi fteen discrete 
steps. Each graph in the fi gure includes an ideal stairstep ramp for comparison with the 
faulty outputs.  

  NONMONOTONICITY     The step reversals in  Figure   14–54   (a) indicate  nonmonot-
onic  performance, which is a form of nonlinearity. In this particular case, the error occurs 
because the 2 1  bit in the binary code is interpreted as a constant 0. That is, a short is caus-
ing the bit input line to be stuck in the low state.  

  DIFFERENTIAL NONLINEARITY      Figure   14–54   (b) illustrates differential non-
linearity in which the step amplitude is less than it should be for certain input codes. This 
particular output could be caused by the 2 2  bit having an insuffi cient weight, perhaps 
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 FIGURE 14–53         Basic test setup for a DAC.   
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because of a faulty input resistor. We could also see steps with amplitudes greater than 
normal if a particular binary weight were greater than it should be.  

  LOW OR HIGH GAIN     Output errors caused by low or high gain are illustrated in 
 Figure   14–54   (c). In the case of low gain, all of the step amplitudes are less than ideal. In 
the case of high gain, all of the step amplitudes are greater than ideal. This situation may 
be caused by a faulty feedback resistor in the op-amp circuit.  

  OFFSET ERROR     An offset error is illustrated in  Figure   14–54   (d). Notice that when 
the binary input is 0000, the output voltage is nonzero and that this amount of offset is the 
same for all steps in the conversion. A faulty op-amp may be the culprit in this situation. 
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 FIGURE 14–54         Illustrations of several D/A conversion errors.   

  E X A M P L E  1 4 – 8 

 The DAC output in  Figure   14–55    is observed when a straight 4-bit binary 
sequence is applied to the inputs. Identify the type of error, and suggest an 

approach to isolate the fault.  
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  Testing Analog-to-Digital Converters 
 One method for testing ADCs is shown in  Figure   14–56   . A DAC is used as part of the 
test setup to convert the ADC output back to analog form for comparison with the test 
input.  

 A test input in the form of a linear ramp is applied to the input of the ADC. The 
resulting binary output sequence is then applied to the DAC test unit and converted to a 
stairstep ramp. The input and output ramps are compared for any deviation.  

  A/D Conversion Errors 
 Again, a 4-bit conversion is used to illustrate the principles. Let’s assume that the test input 
is an ideal linear ramp. 
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 FIGURE 14–55        

  S O L U T I O N 

 The DAC in this case is nonmonotonic. Analysis of the output reveals that the 
device is converting the following sequence, rather than the actual binary 
sequence applied to the inputs. 

   0010, 0011, 0010, 0011, 0110, 0111, 0110, 0111, 1010, 1011, 1010,
      1011, 1110, 1111, 1110, 1111   

 Apparently, the 2 1  bit (second from right) is stuck in the high (1) state. To 
fi nd the problem, fi rst monitor the bit input pin of the device. If it is changing 
states, the fault is internal, most likely an open. If the external pin is not changing 
states and is always high, check for an external short to + V  that may be caused by 
a solder bridge somewhere on the circuit board. If no problem is found here, dis-
connect the source output from the DAC input pin, and see if the output signal is 
correct. If these checks produce no results, the fault is most likely internal to the 
DAC, perhaps a short to the supply voltage.  

  P R A C T I C E  E X E R C I S E 

 Graph the output of a DAC if a straight 4-bit binary sequence is applied to the 
inputs and the most signifi cant bit input of the DAC is stuck high.     
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  MISSING CODE     The stairstep output in  Figure   14–57   (a) indicates that the binary 
code 1001 does not appear on the output of the ADC. Notice that the 1000 value stays for 
two intervals and then the output jumps to the 1010 value.  

 In a fl ash ADC, for example, a failure of one of the comparators can cause a missing-
code error.  
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 FIGURE 14–56         A method for testing ADCs.   
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 FIGURE 14–57         Illustrations of A/D conversion errors.   

  INCORRECT CODES     The stairstep output in  Figure   14–57   (b) indicates that several 
of the binary code words coming out of the ADC are incorrect. Analysis indicates that the 
2 1 -bit line is stuck in the low state in this particular case.  

  OFFSET     Offset conditions are shown in 14–57(c). In this situation, the ADC interprets 
the analog input voltage as greater than its actual value. This error is probably due to a 
faulty comparator circuit. 

  E X A M P L E  1 4 – 9 

 A 4-bit fl ash ADC is shown in  Figure   14–58   (a). It is tested with a setup like the one in  Figure   14–56   . The 
resulting reconstructed analog output is shown in  Figure   14–58   (b). Identify the problem and the most probable 
fault.  
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  S O L U T I O N 

 The binary code 0011 is missing from the ADC output, as indicated by the missing step. Most likely, the output 
of comparator 3 is stuck in its inactive state (low).  

  P R A C T I C E  E X E R C I S E 

 If the output of comparator 15 is stuck in the high state, what will be the reconstructed analog output when the 
ADC is tested in a setup like the one in  Figure   14–56   ?   
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  1.    How do you detect nonmonotonic behavior in a DAC?   

  2.    What effect does low gain have on a DAC output?   

  3.    Name two types of output errors in an ADC.        

    SECTION 14–8 CHECKUP 

     SUMMARY 
   •   There are three basic types of analog switches: single pole–single throw (SPST), single pole– 

double throw (SPDT), and double pole–single throw (DPST).  

  •   An analog switch is typically a MOSFET that is opened or closed with a control input.  

  •   A sample-and-hold amplifi er samples a voltage at a certain point in time and retains or holds that 
voltage for an interval of time.  

  •   An analog quantity is one that has a continuous set of values over time.  
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  •   A digital quantity is one that has a set of discrete values over time.  

  •   Two basic types of digital-to-analog converters (DACs) are the binary-weighted-input converter 
and the  R >2 R  ladder converter.  

  •   The  R >2 R  ladder DAC is easier to implement because only two resistor values are required com-
pared to a different value for each input in the binary-weighted-input DAC.  

  •   The number of bits in an analog-to-digital converter (ADC) determines its resolution.  

  •   The minimum sampling rate for A/D conversion is twice the maximum frequency component of 
the analog signal.  

  •   The fl ash or simultaneous method of A/D conversion is the fastest.  

  •   The successive-approximation method of A/D conversion is the most widely used.  

  •   Other common methods of A/D conversion are single-slope, dual-slope, tracking, and stairstep 
ramp (counter method).  

  •   In a voltage-to-frequency converter ( V / F ), the output frequency is directly proportional to the 
amplitude of the analog input voltage.  

  •   In a frequency-to-voltage converter ( F / V ), the amplitude of the output voltage is directly propor-
tional to the input frequency.  

  •   Types of D/A conversion errors include nonmonotonicity, differential nonlinearity, low or high 
gain, and offset error.  

  •   Types of A/D conversion errors include missing code, incorrect code, and offset.    

  KEY TERMS   
  Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary.  

  Acquisition time      In an analog switch, the time required for the device to reach its fi nal value when 
switched from hold to sample.   

  Analog switch      A type of semiconductor switch that connects an analog signal from input to output 
with a control input.   

  Analog-to-digital converter (ADC)      A device used to convert an analog signal to a sequence of 
digital codes.   

  Digital-to-analog converter (DAC)      A device in which information in digital form is converted to 
an analog form.   

  Flash      A method of A/D conversion.   

  Quantization      The determination of a value for an analog quantity.   

  Resolution      In relation to DACs or ADCs, the number of bits involved in the conversion. Also, for 
DACs, the reciprocal of the maximum number of discrete steps in the output.   

  Sample-and-hold      The process of taking the instantaneous value of a quantity at a specifi c point in 
time and storing it on a capacitor.   

  Successive approximation      A method of A/D conversion.    

  KEY FORMULAS 
   V / F  CONVERTERS     

   (14–1) tos � Cos(6.8 : 103 s/F) � 3 : 10�7 s       One-shot time 

   (14–2) �V �
(1 mA � Iin)tos

Cint
        Integrator output increase in reset interval 

   (14–3) tint � a1 mA
Iin

� 1b tos       Integrate interval 

   (14–4) fout �
Iin

tos(1 mA)
        Output frequency  
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  SELF-TEST 
  Answers are at the end of the chapter.  

   1.    An analog switch  

   (a)   changes an analog signal to digital  
  (b)   connects or disconnects an analog signal to the output  
  (c)   stores the value of an analog voltage at a certain point  
  (d)   combines two or more analog signals onto a single line    

   2.    An analog multiplexer  

   (a)   produces the sum of several analog voltages on an output line  
  (b)   connects two or more analog signals to an output at the same time  
  (c)   connects two or more analog signals to an output one at a time in sequence  
  (d)   distributes two or more analog signals to different outputs in sequence    

   3.    A basic sample-and-hold circuit contains an  

   (a)   analog switch and an amplifi er  
  (b)   analog switch, a capacitor, and an amplifi er  
  (c)   analog multiplexer and a capacitor  
  (d)   analog switch, a capacitor, and input and output buffer amplifi ers    

   4.    In a sample/track-and-hold amplifi er,  

   (a)   the voltage at the end of the sample interval is held  
  (b)   the voltage at the beginning of the sample interval is held  
  (c)   the average voltage during the sample interval is held  
  (d)   the output follows the input during the sample interval  
  (e)   answers (a) and (d)    

   5.    In an analog switch, the aperture time is the time it takes for the switch to  

   (a)   fully open after the control switches from hold to sample  
  (b)   fully close after the control switches from sample to hold  
  (c)   fully open after the control switches from sample to hold  
  (d)   fully close after the control switches from hold to sample    

   6.    In a binary-weighted-input digital-to-analog converter (DAC),  

   (a)   all of the input resistors are of equal value  
  (b)   there are only two input resistor values required  
  (c)   the number of different input resistor values equals the number of inputs    

   7.    In a 4-bit binary-weighted-input DAC, if the lowest-valued-input resistor is 1.0 k�, the highest-
valued input resistor is  

   (a)   2 k�       (b)   4 k�       (c)   8 k�       (d)   16 k�    

   8.    The advantage of an  R >2 R  ladder DAC is  

   (a)   it is more accurate     (b)   it uses only two resistor values  
  (c)   it uses only one resistor value     (d)   it can handle more inputs    

   9.    In a DAC, monotonicity means that  

   (a)   the accuracy is within one-half of a least signifi cant bit  
  (b)   there are no missing steps in the output  
  (c)   there is one bit missing from the input  
  (d)   there are no linear errors    

   10.    An 8-bit analog-to-digital converter (ADC) can represent  

   (a)   144 discrete values of an analog input     (b)   4096 discrete values of an analog input  
  (c)   a continuous set of values of an analog input     (d)   256 discrete values of an analog input    

   11.    An analog signal must be sampled at a minimum rate greater than  

   (a)   twice the maximum frequency     (b)   twice the minimum frequency  
  (c)   the maximum frequency     (d)   the minimum frequency    

   12.    Quantization error in an ADC is due to  

   (a)   poor resolution  
  (b)   nonlinearity of the input  
  (c)   a missing bit in the output  
  (d)   a change in the input voltage during the conversion time    
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  TROUBLESHOOTER’S QUIZ 
  Answers are at the end of the chapter.  

  Refer to  Figure   14–63   (a). 

  • If the gate input from pin 12 is stuck high,   

   1.    The output voltage will  

   (a)   increase     

(b)   decrease     

(c)   not change    

     • If the external capacitor  C H   (ext)  opens ,    

   2.    The sampling rate will  

   (a)   increase     

(b)   decrease     

(c)   not change    

   3.    The device’s ability to hold the sampled value will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

  Refer to  Figure   14–63   (b). 

  •  If the external 10 k� resistor opens,   

   4.    The voltage gain will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

   5.    The offset voltage compensation will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

  Refer to  Figure   14–65   . 

  • If the 10 k� resistor opens,   

   6.    The magnitude of the output signal voltage will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

   13.    Quantization error can be avoided by  

   (a)   using a higher resolution ADC     (b)   using a sample-and-hold prior to the ADC  
  (c)   shortening the conversion time     (d)   using a fl ash ADC    

   14.    The type of ADC with the fastest conversion time is the  

   (a)   dual-slope     (b)   single-slope  
  (c)   simultaneous     (d)   successive-approximation    

   15.    The output of a  V / F  converter  

   (a)   has an amplitude proportional to the frequency of the input  
  (b)   is a digital reproduction of the input voltage  
  (c)   has a frequency that is inversely proportional to the amplitude of the input  
  (d)   has a frequency that is directly proportional to the amplitude of the input    

   16.    An element not found in the typical  V / F  converter is a(n)  

   (a)   linear amplifi er     (b)   one-shot  
  (c)   integrator     (d)   comparator     



   7.    The amplifi er open-loop gain will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

  Refer to  Figure   14–69   . 

  • If  R  1  has a value smaller than specifi ed,   

   8.    The output frequency will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

     • If  C  2  is larger than its specifi ed value,   

   9.    The output frequency will  

   (a)   increase  

  (b)   decrease  

  (c)   not change    

     • If the positive dc supply voltage increases,   

   10.    The amplitude of the output voltage will  

   (a)   increase  

  (b)   decrease  

  (c)   not change     
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  PROBLEMS 
  Answers to odd-numbered problems are at the end of the book.  

   SECTION   14–1    Analog Switches     

   1.    Determine the output waveform for the analog switch in  Figure   14–59   (a) for each set of wave-
forms in parts (b), (c), and (d).    
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   2.    Determine the output of the 4-channel analog multiplexer in  Figure   14–60    for the signal and 
control inputs shown. Assume each switch closes with a high input.    
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   SECTION   14–2    Sample-and-Hold Amplifi ers     

   3.    Determine the output voltage waveform for the sample/track-and-hold amplifi er in  Figure   14–61    
given the analog input and the control voltage waveforms shown. Sample is the high control level.    
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   4.    Repeat Problem 3 for the waveforms in  Figure   14–62   .    
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   5.    Determine the gain of each AD585 sample-and-hold amplifi er in  Figure   14–63   .    
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   SECTION   14–3    Interfacing the Analog and Digital Worlds     

   6.    The analog signal in  Figure   14–64    is sampled at 2 ms intervals. Represent the signal by a series 
of 4-bit binary numbers.    

   7.    Sketch the digital reproduction of the analog curve represented by the series of binary numbers 
developed in Problem 6.   

   8.    Graph the analog signal represented by the following sequence of binary numbers: 1111, 1110, 
1101, 1100, 1010, 1001, 1000, 0111, 0110, 0101, 0100, 0101, 0110, 0111, 1000, 1001, 1010, 
1011, 1100, 1100, 1011, 1010, 1010.   
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   SECTION   14–4    Digital-to-Analog (D/A) Conversion     

   9.    In a certain 4-bit DAC, the lowest-weighted resistor has a value of 10 k�. What should the 
values of the other input resistors be?   

   10.    Determine the output of the DAC in  Figure   14–65   (a) if the sequence of 4-bit numbers in part (b) 
is applied to the inputs.    
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   11.    Repeat Problem 10 for the inputs in  Figure   14–66   .    
   12.    Determine the resolution expressed as a percentage for each of the following DACs: 

   (a)   3-bit      (b)   10-bit      (c)   18-bit     
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   SECTION   14–5    Basic Concepts of Analog-to-Digital (A/D) Conversion     

   13.    How many discrete values of an analog signal can each of the following ADCs represent? 
   (a)   4-bit      (b)   5-bit      (c)   8-bit      (d)   16-bit     

   14.    Determine the Nyquist rate for sinusoidal voltages with each of the following periods: 
   (a)    10 s      (b)   1 ms      (c)   30 ms      (d)   1000 ns     

   15.    What is the quantization error expressed in volts of an ADC with a sample-and-hold input for a 
sampled value of 3.2 V if the sample-and-hold has a droop of 100 mV/s? Assume that the con-
version time of the ADC is 10 ms.   

   SECTION   14–6    Analog-to-Digital (A/D) Conversion Methods     

   16.    Determine the binary output sequence of a 3-bit fl ash ADC for the analog input signal in  Figure 
  14–67   . The sampling rate is 100 kHz and  V  REF  = 8 V.    
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   17.    Repeat Problem 16 for the analog waveform in  Figure   14–68   .    
   18.    For a certain 4-bit successive-approximation ADC, the maximum ladder output is +8 V. If a 

constant +6 V is applied to the analog input, determine the sequence of binary states for the SAR.   
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   SECTION   14–7    Voltage-to-Frequency ( V / F ) and Frequency-to-Voltage 
( F / V ) Converters     

   19.    The analog input to a  V / F  converter increases from 0.5 V to 3.5 V. Does the output frequency 
increase, decrease, or remain unchanged?   

   20.    Assume that when the input to a certain  V / F  converter is 0 V, there is no output signal (0 Hz). 
Also, when a constant +2 V is applied to the input, the corresponding output frequency is 1 kHz. 
Now, if the input takes a step up to +4 V, what is the output frequency?   

   21.    Calculate the value of the timing capacitor required to produce a 5 ms pulse width in an AD650 
 V / F  converter.   
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   22.    Determine the increase in the integrator output voltage during the reset interval in the AD650 
shown in  Figure   14–69   .    
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   SECTION   14–8    Troubleshooting     

   24.    A 4-bit DAC has failed in such a way that the MSB is stuck at 0. Draw the analog output when 
a straight binary sequence is applied to the inputs.   

   25.    A straight binary sequence is applied to a 4-bit DAC and the output in  Figure   14–71    is observed. 
What is the problem?    

   26.    An ADC produces the following sequence of binary numbers when a certain analog signal is 
applied to its input: 0000, 0001, 0010, 0011, 0100, 0101, 0110, 0111, 0110, 0101, 0100, 0011, 
0010, 0001, 0000. 
   (a)   Reconstruct the input from the digital codes as a DAC would.  
  (b)   If the ADC failed so that the code 0111 were missing from the output, what would the 

reconstructed output look like?      

   23.    Determine the minimum and maximum output frequencies of the AD650 in  Figure   14–69    for 
the portion of the input voltage shown within the shaded area in  Figure   14–70   .    
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  ANSWERS TO SECTION CHECKUPS 
   SECTION   14–1     

   1.   To switch analog signals on or off electronically.  

   2.   An analog multiplexer switches analog voltages from several lines onto a common output line 
in a time sequence.  

   3.   The outputs of the AD9300 are in a high-impedance state when the chip is not enabled, allow-
ing more than one output to be connected together.  

   SECTION   14–2     

   1.   A sample-and-hold retains the value of an analog signal taken at a given point.  

   2.   Droop is the decrease in the held voltage due to capacitor leakage.  

   3.   Aperture time is the time required for an analog switch to fully open at the end of a sample 
pulse.  

   4.   Acquisition time is the time required for the device to reach fi nal value at the start of the sample 
pulse.  

   SECTION   14–3     

   1.   Natural quantities are in analog form.  

   2.   A/D conversion changes an analog quantity into digital form.  

   3.   D/A conversion changes a digital quantity into analog form.  

   SECTION   14–4     

   1.   Each input resistor must have a different value.  

   2.   6.67%  

   3.   Resistor ratios can be much more precisely matched in a monolithic IC and switch resistance 
can be compensated for.  

   SECTION   14–5     

   1.   The time for a sampled analog value to be converted to digital is the conversion time.  

   2.   Greater than 200 Hz.  

   3.   The sample-and-hold keeps the sampled value constant during conversion.  
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   SECTION   14–6     

   1.   Flash is the fastest method of A/D conversion.  

   2.   Tracking A/D conversion uses an up-down counter.  

   3.   True  

   SECTION   14–7     

   1.    V / F  components: integrator, comparator, one-shot, current source, and switch  

   2.   The output frequency increases proportionally.  

   3.   The  V / F  converter has a voltage input and a frequency output. The  F / V  converter has a fre-
quency input and a voltage output.  

   4.   5.0 kHz  

   SECTION   14–8     

   1.   Nonmonotonicity is indicated by a step reversal.  

   2.   Step amplitudes are less than ideal.  

   3.   Missing code, incorrect code, offset (any two)   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
   14–1   See  Figure   14–72   .   
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   14–2   The same tones will be closer together.  

   14–3   See  Figure   14–73   .   
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   14–4   0.25 V  

   14–5   0.00038%  

   14–6   010, 011, 011, 011, 010, 001, 000, 000, 001, 010, 011, 011  

   14–7    f min   = 40 kHz,  f max   = 240 kHz  

   14–8   See  Figure   14–74   .   
   14–9   A constant 15 V output.   
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  ANSWERS TO SELF-TEST 
   1.   (b)     2.   (c)     3.   (d)     4.   (e)     5.   (c)     6.   (c)     7.   (c)  

   8.   (b)     9.   (b)     10.   (d)     11.   (a)     12.   (d)     13.   (b)     14.   (c)  

   15.   (d)     16.   (a)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   decrease     2.   not change     3.   decrease     4.   decrease     5.   not change  

   6.   increase     7.   not change     8.   increase     9.   decrease     10.   increase     
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  KEY TERMS 
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   Resolver-to-digital 
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   Resistance temperature 
detector (RTD)   
   Thermistor   
   Strain gage   
   Thyristor   
   Silicon-controlled 
rectifi er (SCR)   
   Triac   
   Zero-voltage switching     

  OBJECTIVES 
  •   Describe the basic operation of rms-to-dc converters  

  •   Discuss angle measurement using a synchro  

  •   Discuss the operation of three types of temperature-
measuring circuits  

  •   Describe methods of measuring strain, pressure, 
and motion  

  •   Describe how power to a load is controlled   

  VISIT THE WEBSITE 
 Study aids for this chapter are available at

 http://pearsonhighered.com/fl oyd    

  INTRODUCTION 
 This chapter introduces several types of transducers and 
related circuits for measuring basic physical analog 
parameters such as angular position, temperature, strain, 
pressure, and fl ow rate. 

 A transducer is a device that converts a physical 
parameter into another form. Transducers can be used at 
the input (a microphone) or output (a speaker) of a sys-
tem. With electronic-measuring systems, the input trans-
ducer converts a quantity to be measured (temperature, 
humidity, fl ow rate, weight) into an electrical parameter 
(voltage, current, resistance, capacitance) that can be 
processed by an electronic instrument or system. 

 Transducers and their associated circuits are 
important in many systems. The measurement of angu-
lar position is critical in robotics, radar, and industrial 
machine control. Temperature-measuring and pressure-
measuring systems are used in industry for monitoring 
temperatures and pressures of various fl uids or gases in 
tanks and pipes, and they are used in automotive appli-
cations for measuring temperatures and pressures in 
various parts of the automobile. Strain measurement is 
important for testing the strength of materials under 
stress in such areas as aircraft design. Also, the silicon-
controlled rectifi er, triac, and zero-voltage switch, which 
are important power control applications, are introduced 
in this chapter.  

http://pearsonhighered.com/floyd


  One important application of rms-to-dc converters is in noise measurement for determining 
thermal noise, transistor, and switch contact noise. Another application is in the measurement 
of signals from mechanical phenomena such as strain, vibration, and expansion or contraction. 
RMS-to-dc converters are also useful for accurate measurements of low-frequency, low duty-
cycle pulse trains.  

  After completing this section, you should be able to 

  •   Describe the basic operation of rms-to-dc converters 

   •   Defi ne  rms   

  •   Explain the rms-to-dc conversion process  

  •   List the basic circuits in an rms-to-dc converter  

  •   Discuss the difference between explicit and implicit rms-to-dc converters  

  •   Give examples of rms-to-dc converter applications     

      15–1  RMS-TO-DC CONVERTERS 

  Defi nition of RMS 
 RMS stands for  root mean square  and is related to the amplitude of an ac signal. In practi-
cal terms, the rms value of an ac voltage is equal to the value of a dc voltage required to 
produce the same heating effect in a resistance. For this reason, it is sometimes called the 
 effective  value of an ac voltage. For example, an ac voltage with an rms value of 1 V pro-
duces the same amount of heat in a given resistor as a 1 V dc voltage. Mathematically, the 
rms value is found by taking the square root of the average ( mean ) of the signal voltage 
squared, as expressed in the following formula: 

    Vrms = 2avg(V2
in)  (15–1)     

  RMS-to-DC Conversion 
 RMS-to-dc converters are electronic circuits that continuously compute the square of the 
input signal voltage, average it, and take the square root of the result. The output of an rms-
to-dc converter is a dc voltage that is proportional to the rms value of the input signal. The 
block diagram in  Figure   15–1    illustrates the basic conversion process.  

VOUT =   avg(Vin )Vin

avg(Vin )Vin
2 2

2Square
Square

root
Average

 FIGURE 15–1         The rms-to-dc conversion process.   

  THE SQUARING CIRCUIT     The squaring circuit is generally a linear multiplier 
with the signal applied to both inputs as shown in  Figure   15–2   . Linear multipliers were 
introduced in  Chapter   13   .   

Vout = Vin ×  Vin = VinVin
2

 FIGURE 15–2         The squaring 
circuit is a linear multiplier.   

  THE AVERAGING CIRCUIT     The simplest type of averaging circuit is a single-
pole low-pass fi lter on the input of an op-amp voltage-follower, as shown in  Figure   15–3   . 
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The  RC  fi lter passes only the dc component (average value) of the squared input voltage. 
The overbar designates an average value.   

  THE SQUARE ROOT CIRCUIT     A square root circuit uses a linear multiplier in 
an op-amp feedback loop as shown in  Figure   15–4   . Note that the op-amp output signal is 
applied to both inputs of the linear multiplier.    

VOUT = avg(Vin) = Vin

–

+

2

C

R

Vin
2

2

 FIGURE 15–3         A basic averaging circuit.   
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–
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 FIGURE 15–4         A square root circuit.   

  A Complete RMS-to-DC Converter 
  Figure   15–5    shows the three functional circuits combined to form an rms-to-dc converter. 
This combination is often referred to as an  explicit  rms-to-dc converter because of the 
straightforward method used in determining the rms value.  

Vin

–

+

C

R

R2

R1

VOUT =

–

+

Vin
2

Vin
2

Squaring circuit Averaging circuit Square root circuit

Vin
2

 FIGURE 15–5         Explicit type of rms-to-dc converter.   

 Another method for achieving rms-to-dc conversion, sometimes called the  implicit  
method, uses feedback to perform the square root operation. A basic circuit is shown in 
 Figure   15–6   . The fi rst block squares the input voltage and divides by the output voltage. 
The averaging circuit produces the fi nal dc output voltage, which is fed back to the squarer/
divider circuit.  
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 The operation of the circuit in  Figure   15–6    can be understood better by going through 
the mathematical steps performed by the circuit as follows. The expression for the output 
of the squarer/divider is 

   
V2

in

VOUT
   

 The voltage at the noninverting (+) input to the voltage-follower is 

   Vin(NI) =
V2

in

VOUT
   

 where the overbar indicates average value. The fi nal output voltage is 

   VOUT =
V2

in

VOUT
   

   V2
OUT = V2

in    

    VOUT = 4V2
in   (15–2)     

  The AD637 IC RMS-to-DC Converter 
 As an example of a specifi c IC device, let’s look at the AD637 rms-to-dc converter. The 
data sheet for this device can be found at  www.analog.com . This device is essentially an 
implicit type of converter except that it has an absolute value circuit at the input and it 
uses an inverting low-pass fi lter for averaging, remember that the overbar represents an 
average value, as indicated in  Figure   15–7   . The averaging capacitor,  C avg ,  is an external 
component that can be selected to provide a minimum averaging error under various 
input conditions.  

VOUT
Vin

–

+

C

R
VOUT =

Vin
2

VOUT = Vin
2

Squarer/
divider

Vin
2

VOUT VOUT

Vin
2

 FIGURE 15–6         Implicit type of rms-to-dc converter.   

VOUT
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2
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Vin
2

VOUT

R

Vin

Cavg

 FIGURE 15–7         Basic diagram of the AD637 rms-to-dc converter.   

www.analog.com
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 The absolute value circuit in the fi rst block is simply a full-wave rectifi er that changes 
all the negative portions of an input voltage to positive. The squarer/divider circuit is actu-
ally implemented with log and antilog circuits as shown in  Figure   15–8   .  

VOUT
VOUT =

Vin
2

VOUT = Vin
2

Vin
Log

doubler
Log

subtracter
Antilog Filter

Log

log VOUT

VOUT

Squarer/divider

VOUT
2 log Vin – log VOUT = log

Vin
2

2 log Vin = log VinVin
2

VOUT

Vin
2

Vin

 FIGURE 15–8         Internal function diagram of the AD637.   

 Notice that the second block in  Figure   15–8    produces the log of the square of the 
input by taking the log of  V in   and then multiplying it by two. 

   2 log Vin = log V2
in   

 This equation is based on the fundamental rule of logarithms that states the log of a varia-
ble squared is equal to twice the log of the variable. The third block is a subtracter that 
subtracts the logarithm of the output voltage from the log of the input squared. 

   2 log Vin - log VOUT = log V2
in - log VOUT = loga V2

in

VOUT
b    

 This equation is based on the fundamental rule of logarithms that states that the difference 
of two logarithmic terms equals the logarithm of the quotient of the two terms. The antilog 
circuit takes the antilog of log( V   2   in  > V  OUT ) and produces an output equal to    V2

in>VOUT,    as 
indicated in the fi gure. The low-pass fi lter averages the output of the antilog circuit and 
produces the fi nal output.     

 All ac-to-dc converters introduce some amount of error, and these errors come from a variety 
of sources. Low-frequency or  static errors  are comprised of offset errors, scale factor (gain) 
errors, and nonlinearity errors. Static errors apply only to waveforms below 1 kHz. In modern 
ac-to-dc converters, static errors are extremely low. Static error ratings are usually designated 
as the sum of a constant plus a percentage of the reading. For example, the AD8436 is rated at 
{10 mV {0.5% of reading. This means that the maximum static error will be no greater than 
0.5% of the true rms value plus 10 mV. 

 At higher frequencies, or for complex waveforms that have high harmonic content, other 
sources of error are introduced. One common way to defi ne a complex waveform is its crest 
factor. The  crest factor  of a waveform is the ratio of its peak value to its effective (rms) value. 
For example, a dc signal has a crest factor of 1, while a pure sine wave, or a full-wave rectifi ed 
sine wave, has a crest factor of 1.414. As a rule, the higher the crest factor, the higher the har-
monic content. This is especially a concern when trying to convert high amplitude pulse trains 
with low duty cycles. The high amplitude can cause overload problems, while the low duty 
cycle requires high resolution. The AD8436 is rated for accurate conversions for crest factors 
up to 10. The data sheet for the AD8436 can be found at  www.analog.com . 

 S Y S T E M  N O T E 

www.analog.com
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  Examples of RMS-to-DC Converter Applications 
 In addition to the measurement applications mentioned in the section introduction, rms-to-
dc converters are used in a variety of system applications. A couple of typical applications 
are in automatic gain control (AGC) circuits and rms voltmeters. Let’s look at each of 
these in a general way. 

  AGC CIRCUITS      Figure   15–9    shows a general diagram of an AGC circuit that incor-
porates an rms-to-dc converter. AGC circuits are used in audio systems to keep the output 
amplitude constant when the input signal level varies over a certain range. They are also 
used in signal generators to keep the output amplitude constant with variations in wave-
form, duty cycle, and frequency.   

  RMS VOLTMETERS      Figure   15–10    basically illustrates the rms-to-dc converter in 
an rms voltmeter. The rms-to-dc converter produces a dc output that is equivalent to the 
rms value of the input signal. This dc value is then converted to digital form by an ADC 
and displayed.  

Signal input Signal output

Reference voltage

Difference amplifier

Amplifier or multiplier
with voltage variable gain

Av

rms-to-dc
converter

 FIGURE 15–9         A simplifi ed 
AGC circuit using an rms-to-
dc converter.   

Input
voltage

Digital readout

ADC
rms-to-dc
converter

Range
selectionR1

R2

R3

R4

R5

V

 FIGURE 15–10         A simplifi ed 
rms voltmeter.   

  1.    What is the basic purpose of an rms-to-dc converter?     2.    What are the three internal functions performed by an rms-to-
dc converter?   

    SECTION 15–1 CHECKUP* 

  *Answers are at the end of the chapter.      



  Synchros 
 A  synchro  is an electromechanical transducer used for shaft angle measurement and posi-
tioning. There are several different types of synchros, but all can be thought of basically as 
rotating transformers. In physical appearance, a synchro resembles a small ac motor, as 
shown in  Figure   15–11   (a), with a diameter ranging from about 0.5 in. to about 4 in.  

  In many applications, the angular position of a shaft or other mechanical mechanism must be 
measured and converted to an electrical signal for processing or display. Examples of this 
mechanical-to-electrical interfacing are found in radar and satellite antennas, wind vanes, 
solar systems, industrial machines including robots, and military fi re control systems, to name 
a few. In this section, the circuits for interfacing angular position transducers, called synchros, 
are introduced.   Transducers  , in general, are devices that convert a physical parameter from 
one form to another. Before we get into the circuits used in angular measurements, a brief 
introduction to synchros will provide some background.  

  After completing this section, you should be able to 

  •   Discuss angle measurement using a synchro 

   •   Defi ne  synchro  and explain the basic operation  

  •   Defi ne  resolver  and explain the basic operation  

  •   Discuss synchro-to-digital converters and resolver-to-digital converters  

  •   Describe the basic operation of an RDC  

  •   Show how angles can be represented by digital codes  

  •   Discuss an RDC application     

   15–2  ANGLE MEASUREMENT 

(a) (b)

StatorRotor

RA

RB

SA SC

SB

 FIGURE 15–11         A typical synchro and its basic winding structure.   

 The basic synchro consists of a  rotor  ,  which can revolve within a fi xed  stator  assem-
bly. A shaft is connected to the rotor so that when the shaft rotates, the rotor also rotates. In 
most synchros, there is a rotor winding and three stator windings. The stator windings are 
connected as shown in  Figure   15–11   (b) and are separated by 120° around the stator. The 
windings are brought out to a terminal block at one end of the housing. 

  SYNCHRO VOLTAGES     When a reference sinusoidal voltage is applied across the 
rotor winding, the voltage induced across any one of the stator windings is proportional to 
the sine of the angle (u) between the rotor winding and the stator winding. The angle u is 
dependent on the shaft position. 

 The voltage induced across any two stator windings (between any two stator terminals) 
is the sum or difference of the two stator voltages. These three voltages, called  synchro for-
mat voltages,  are represented in  Figure   15–12    and are derived using a basic trigonometric 
identity. The important thing is that each of the three synchro format voltages is a function of 
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the shaft angle, u, and can be used to determine the angular position at any time. As the shaft 
rotates, the format voltages change proportionally.    

  Resolvers 
 The  resolver  is a particular type of synchro that is often used in rotational systems to trans-
duce the angular position. Resolvers differ from regular synchros in that the rotor and two 
stator windings are separated from each other by 90° rather than by 120°. The basic wind-
ing confi guration of a simple resolver is shown in  Figure   15–13   .  

Vref = V sin    t V sin    t sin θ

RA

RB

SB

SA

SC

V sin    t sin(θ + 240°)

V sin    t sin(θ + 120°)

ω
ω

ω
ω

 FIGURE 15–12         Synchro format voltages with a reference voltage applied to 
the rotor.   
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Rotor
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 FIGURE 15–13         Simple resolver winding confi guration.   

  RESOLVER VOLTAGES     If a reference sinusoidal voltage is applied to the rotor 
winding, the resulting voltages across the stator windings are as given in  Figure   15–14   . 
These voltages are a function of the shaft angle u and are called  resolver format voltages.  
One of the voltages is proportional to the sine of u and the other voltage is proportional to 
the cosine of u. Notice that the resolver has a four-terminal output compared to the three-
terminal output of the standard synchro.    

V sin    t sin θ

Vref = V sin    t

RA

RB

SB

SC

SD

SA

V sin    t cos θ

ω

ω

ω

 FIGURE 15–14         Resolver format voltages with a reference voltage applied to 
the rotor.   

  Basic Operation of Synchro-to-Digital 
and Resolver-to-Digital Converters 
  Synchro-to-digital converters (SDCs)  and  resolver-to-digital converters (RDCs)  are elec-
tronic circuits used to convert the format voltages from a synchro or resolver to a digital for-
mat. These devices may be considered a very specialized form of analog-to-digital converter. 
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 All converters, both SDCs and RDCs, operate internally with resolver format volt-
ages. Therefore, the output format voltages of a synchro must fi rst be transformed into 
resolver format by a special type of transformer called the  Scott-T transformer,  as illus-
trated in  Figure   15–15   .  

V sin    t sin θ

V sin    t sin(θ + 120°)ω

ω

V sin    t cos θω

Scott-T
transformer

Resolver format voltagesSynchro format voltages

V sin    t sin(θ + 240°)ω
V sin    t sin θω

 FIGURE 15–15         Inputs 
and outputs of a Scott-T 
 transformer.   

 Some SDCs have internal Scott-T transformers, but others require a separate trans-
former. Other than the transformer, the basic operation and internal circuitry of SDCs and 
RDCs are the same, so let’s focus on RDCs. A simplifi ed block diagram of a tracking RDC 
is shown in  Figure   15–16   .  

Sine/cosine multipliers

Phase-sensitive
detector

Reference voltage

V1

V2 Error
amplifier

Integrator

Digital output code
tracks resolver shaft angle

VCOUp/down counter

V sin    t sin θ

V sin    t sin(θ – φ)ω

ω

V sin    t cos θω

V1cos φ

V2sin φ

sin(θ – φ)

Digital angle (φ)

� cos φ

� sin φ

 FIGURE 15–16         Simplifi ed diagram of a resolver-to-digital converter (RDC).   

 The two resolver format voltages,  V  1  =  V  sin v t  sin u and  V  2  =  V  sin v t  cos u, are 
applied to the RDC inputs as indicated in  Figure   15–16    (u is the current shaft angle of the 
resolver). These resolver voltages go through buffers to special multiplier circuits. Let’s 
assume that the current state of the up/down counter represents some angle, f. The digital 
code representing f is applied to the multiplier circuits along with the resolver voltages. 
The cosine multiplier takes the cosine of f and multiplies it times the resolver voltage  V  1 . 
The sine multiplier takes the sine of f and multiplies it times the resolver voltage  V  2 . The 
resulting output of the cosine multiplier is 

   V1cos f = V sin vt sin u cos f   

 The resulting output of the sine multiplier is 

   V2sin f = V sin vt cos u sin f   
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 These two voltages are subtracted by the error amplifi er to produce the following error voltage: 

   V sin vt sin u cos f - V sin vt cos u sin f = V sin vt(sin u cos f - cos u sin f)   

 A basic trigonometric identity reduces the error voltage expression to 

   V sin vt sin(u - f)   

 The phase-sensitive detector produces a dc error voltage proportional to sin(u - f), 
which is applied to the integrator. The output of the integrator drives a voltage-controlled 
oscillator (VCO), which provides clock pulses to the up/down counter. When the counter 
reaches the value of the current shaft angle u, then f = u and 

   sin(u - f) = 0   

 If the sine is zero, then the difference of the angles is 0°. 

   u - f = 0�   

 At this point, the angle stored in the counter equals the resolver shaft angle. 

   f = u   

 When the shaft angle changes, the counter will count up or down until its count 
equals the new shaft angle. Therefore, the RDC will continuously track the resolver shaft 
angle and produce an output digital code that equals the angle at all times.  

  Representation of Angles with a Digital Code 
 The most common method of representing an angular measurement with a digital code is 
given in  Table   15–1    for word lengths up to 16 bits. A binary 1 in any bit position means that 

 TABLE 15–1 •   Bit weights for resolver-to-
digital conversion. 

 BIT POSITION  ANGLE (DEGREES) 

  1 (MSB)   180.00000 

  2   90.00000 

  3   45.00000 

  4   22.50000 

  5   11.25000 

  6   5.62500 

  7   2.81250 

  8   1.40625 

  9   0.70313 

  10   0.35156 

  11   0.17578 

  12   0.08790 

  13   0.04395 

  14   0.02197 

  15   0.01099 

  16   0.00549 
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the corresponding angle is included, and a 0 means that the corresponding angle is not 
included.  

 BIT POSITION  BIT 
 ANGLE 

(DEGREES) 

 1  0   0 

 2  1   90.00000 

 3  0   0 

 4  0   0 

 5  1   11.25000 

 6  1   5.62500 

 7  0   0 

 8  1   1.40625 

  E X A M P L E  1 5 – 1 

 A certain RDC has an 8-bit digital output. What is the angle being measured if the 
output code is 01001101? The left-most bit is the MSB. 

  S O L U T I O N  

 To get the angle represented, add all the included angles (as indicated by the pres-
ence of a 1 in the output code). 

   90.00000� + 11.25000� + 5.62500� + 1.40625� = 108�   

 Although more digits are carried in the calculation to show the process, the 
answer is rounded to the nearest degree.  

  P R A C T I C E  E X E R C I S E * 

 What is the angular shaft position measured by a 12-bit RDC when it has a binary 
code of 100000100001 on its outputs? 

  * Answers are at the end of the chapter.     

  A Specifi c Resolver-to-Digital Converter 
 To illustrate a typical IC device, let’s look at the AD2S90, which is a 12-bit converter. The 
data sheet for the AD2S90 can be found at  www.analog.com . The diagram for this device 
is shown in  Figure   15–17   , and as you can see, it is basically the same as the general RDC 
in  Figure   15–16    with some additions. Additional circuits include the latch and serial inter-
face for controlling the data transfer to and interfacing with other digital systems. These 
additional circuits do not affect the conversion process.  

 Additional outputs include the Direction (DIR) output, which indicates the direction 
of rotation of the resolver shaft. The Velocity output is proportional to the rate of change 
of the input angle.  

www.analog.com
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 FIGURE 15–17         Diagram of the AD2S90 resolver-to-digital converter.   

A WIND-DIRECTION SYSTEM 
 The measurement of wind direction is one example of how an RDC can be used. As shown 
in  Figure   SE15–1   , a wind vane is fi xed to the shaft of a resolver. As the wind vane moves 
to align with the direction of the wind, the resolver shaft rotates and its angle indicates the 
wind direction. The resolver output is applied to an RDC and the resulting digital output 
code, which represents the wind direction, drives a digital readout.

  S Y S T E M  E X A M P L E  1 5 – 1
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   15–3   TEMPERATURE MEASUREMENT 
  Temperature is perhaps the most common physical parameter that is measured and converted 
to electrical form. Several types of temperature sensors respond to temperature and produce a 
corresponding indication by a change or alteration in a physical characteristic that can be 
detected by an electronic circuit. Common types of temperature sensors are thermocouples, 
resistance temperature detectors (RTDs), and thermistors. In this section, we will look at each 
of these sensors and at signal conditioning circuits that are required to interface the transduc-
ers to electronic equipment.  

  After completing this section, you should be able to 

  •   Discuss the operation of three types of temperature-measuring circuits 

   •   Describe the thermocouple and how to interface it with an electronic circuit  

  •   Describe the resistance temperature detector (RTD) and circuit interfacing  

  •   Describe the thermistor and circuit interfacing     

  The Thermocouple 
 The  thermocouple  is formed by joining two dissimilar metals. A small voltage, called the 
 Seebeck voltage,  is produced across the junction of the two metals when heated, as illus-
trated in  Figure   15–18   . The amount of voltage produced is dependent on the types of met-
als and is directly proportional to the temperature of the junction (positive temperature 
coeffi cient); however, this voltage is generally much less than 100 mV. Measurement sys-
tems often use an instrumentation amplifi er as a means of avoid-
ing noise with thermocouple measurements. The voltage versus 
temperature characteristic of thermocouples is somewhat nonlin-
ear, but the amount of nonlinearity is predictable. Thermocou-
ples are widely used in certain industries because they have a 
wide temperature range and can be used to measure very high 
temperatures.  

 Some common metal combinations used in commercial 
thermocouples are chromel-alumel (chromel is a nickel-chro-
mium alloy and alumel is a nickel-aluminum alloy), iron-con-
stantan (constantan is a copper-nickel alloy), chromel-aluminum, 
tungsten-rhenium alloys, and platinum-10% Rh/Pt. Each of these 

  1.    What is a transducer that converts a mechanical shaft position 
into electrical signals called?   

  2.    What type of input does an RDC accept?   

  3.    What type of output does an RDC produce?   

  4.    What is the function of an RDC?      

    SECTION 15–2 CHECKUP 

A more sophisticated wind-measuring system would include an instrument to measure 
wind speed. Basically, a propeller-type fl ow meter in which the blades revolve past a mag-
netic sensor, producing a series of pulses. The faster the wind blows, the faster the blades 
revolve and the more pulses are received. The AD650 frequency-to-voltage converter was 
introduced in Chapter 14. As you can see, this is a simple way to sense wind speed. You 
might want to think about how you would complete the implementation of this system.  

VAB

Metal A
+

–
Metal B

Heat

 FIGURE 15–18         A voltage proportional to temperature is 
generated when a thermocouple is heated.   
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types of thermocouple has a different  temperature range, coeffi cient, and voltage charac-
teristic and is designated by the letter  E, J, K, W,  and  S,  respectively. The overall tempera-
ture range covered by thermocouples is from -250°C to 2000°C. Each type covers a 
different portion of this range, as shown in  Figure   15–19   .  
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 FIGURE 15–19         Output of some common thermocouples with 0�C as the 
reference temperature.   

  THERMOCOUPLE-TO-ELECTRONICS INTERFACE     When a thermocou-
ple is connected to a signal-conditioning circuit, as illustrated in  Figure   15–20   , an  unwanted  
thermocouple is effectively created at the point(s) where one or both of the thermocouple 
wires connect to the circuit terminals made of a dissimilar metal. The unwanted thermo-
couple junction is sometimes referred to as a  cold junction  in some references because it 
is normally at a signifi cantly lower temperature than that being measured by the measuring 
thermocouple. These unwanted thermocouples can have an unpredictable effect on the 
overall voltage that is sensed by the circuit because the voltage produced by the unwanted 
thermocouple opposes the measured thermocouple voltage and its value depends on ambi-
ent temperature.   

VAB

Metal A
+

Metal B

Measured thermocouple
voltage

Metal A

Metal A

Voltage produced by
unwanted thermocouple effect

Signal-conditioning
interface circuit

– – +

 FIGURE 15–20         Creation of an unwanted thermocouple in a thermocouple-
to-electronics interface.   
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  EXAMPLE OF A THERMOCOUPLE-TO-ELECTRONICS INTERFACE 
   As shown in  Figure   15–21   , a copper/constantan thermocouple (known as type  T ) is used, 
in this case, to measure the temperature in an industrial temperature chamber. The copper 
thermocouple wire is connected to a copper terminal on the circuit board and the constan-
tan wire is also connected to a copper terminal on the circuit board. The copper-to-copper 
connection is no problem because the metals are the same. The constantan-to-copper con-
nection acts as an unwanted thermocouple that will produce a voltage in opposition to the 
thermocouple voltage because the metals are dissimilar.  

Copper

Constantan

Temperature
chamber

Voltage produced by
unwanted copper/constantan
thermocouple effect, V?

VT

+

– – +
Av(VT – V?)Av

Copper

Copper

 FIGURE 15–21         A simplifi ed temperature-measuring circuit with an unwanted thermocouple 
at the junction of the constantan wire and the copper terminal.   
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Controlled temperature
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 FIGURE 15–22         Using a reference thermocouple in a temperature-measuring circuit.   

 Since the unwanted thermocouple connection is not at a fi xed temperature, its effects 
are unpredictable and it will introduce inaccuracy into the measured temperature. One 
method for eliminating an unwanted thermocouple effect is to add a reference thermocou-
ple at a constant known temperature (usually 0°C).  Figure   15–22    shows that by using a 
reference thermocouple that is held at a constant known temperature, the unwanted ther-
mocouple at the circuit terminal is eliminated because both contacts to the circuit terminals 
are now copper-to-copper. The voltage produced by the reference thermocouple is a known 
constant value and can be compensated for in the circuitry.  
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 TABLE 15–2 •   Type-T thermocouple voltage. 

 TEMPERATURE (�C)  OUTPUT (mV) 

  -200   -5.603 

  -100   -3.378 

  0   0.000 

  +100   4.277 

  +200   9.286 

  +300   14.860 

  +400   20.869 

  E X A M P L E  1 5 – 2 

 Suppose the thermocouple in  Figure   15–21    is measuring 200°C in an industrial 
oven. The circuit board is in an area where the ambient temperature can vary from 
15°C to 35°C. Using  Table   15–2    for a type- T  (copper/constantan) thermocouple, 
determine the voltage across the circuit input terminals at the ambient tempera-
ture extremes. What is the maximum percent error in the voltage at the circuit 
input terminals?  

  S O L U T I O N 

 From  Table   15–2   , you know that the measuring thermocouple is producing 
9.286 mV. To determine the voltage that the unwanted thermocouple is creating 
at 15°C, you must interpolate from the table. Since 15°C is 15% of 100°C, a 
 linear interpolation gives the following voltage: 

   0.15(4.277 mV) = 0.642 mV   

 Since 35°C is 35% of 100°C, the voltage is 

   0.35(4.277 mV) = 1.497 mV   

 The voltage across the circuit input terminals at 15°C is 

   9.286 mV - 0.642 mV = 8.644 mV   

 The voltage across the circuit input terminals at 35°C is 

   9.286 mV - 1.497 mV = 7.789 mV   

 The maximum percent error in the voltage at the circuit input terminals is 

   a 9.286 mV - 7.789 mV

9.286 mV
b100% = 16.1%   

 You can never be sure how much it is off because you have no control over the 
ambient temperature. Also, the linear interpolation may or may not be accurate 
depending on the linearity of the temperature characteristic of the unwanted 
thermocouple.  

  P R A C T I C E  E X E R C I S E 

 In the case of the circuit in  Figure   15–21   , if the temperature being measured goes 
up to 300°C, what is the maximum percent error in the voltage across the circuit 
input terminals?   
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  E X A M P L E  1 5 – 3 

 Refer to the thermocouple circuit in  Figure   15–22   . Suppose the thermocouple is 
measuring 200°C. Again, the circuit board is in an area where the ambient tem-
perature can vary from 15°C to 35°C. The reference thermocouple is held at 
exactly 0°C. Determine the voltage across the circuit input terminals at the ambi-
ent temperature extremes. 

  S O L U T I O N 

 From  Table   15–2    in  Example   15–2   , the thermocouple voltage is 0 V at 0°C. Since the 
reference thermocouple produces no voltage at 0°C and is completely independent of 
ambient temperature, there is no error in the measured voltage over the ambient tem-
perature range. Therefore, the voltage across the circuit input terminals at both tem-
perature extremes equals the measuring thermocouple voltage, which is  9.286 mV .  

  P R A C T I C E  E X E R C I S E 

 If the reference thermocouple were held at -100°C instead of 0°C, what would be 
the voltage across the circuit input terminals if the measuring thermocouple were 
at 400°C?    

  COMPENSATION     It is bulky and expensive to maintain a reference thermocouple at 
a fi xed temperature (usually an ice bath is required). Another approach is to compensate 
for the unwanted thermocouple effect by adding a compensation circuit as shown in  Figure 
  15–23   . This is sometimes referred to as  cold-junction compensation.  The compensation 
circuit consists of a resistor and an integrated circuit temperature sensor with a temperature 
coeffi cient that matches that of the unwanted thermocouple.  

 The current source in the temperature sensor produces a current that creates a voltage 
drop,  V c ,  across the compensation resistor,  R c .  The resistance is adjusted so that this voltage 
drop is equal and opposite the voltage produced by the unwanted thermocouple at a given 
temperature. When the ambient temperature changes, the current changes proportionally, so 
that the voltage across the compensation resistor is always approximately equal to the 
unwanted thermocouple voltage. Since the compensation voltage,  V c ,  is opposite in polarity 
to the unwanted thermocouple voltage, the unwanted voltage is effectively cancelled. 

 The functions shown in the circuit of  Figure   15–23    plus others are available in IC 
packages and hybrid modules known as  thermocouple signal conditioners.  The AD8496, 
1B51, and 3B47 are examples of this type of circuit. They are designed for interfacing a 
thermocouple with various types of electronic systems and provide gain, compensation, 
isolation, common-mode rejection, and other features in one package. The data sheets for 
these three signal conditioners can be found at  www.analog.com .      
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 FIGURE 15–23         Simplifi ed 
circuit for compensation of 
unwanted thermocouple effect.   
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 In some systems, it is necessary to measure the temperature of a small volume. This can 
present some unique challenges. Suppose that you are using a thermocouple to measure the 
temperature of a liquid in a test tube. Since all thermocouples have some mass, heating the 
thermocouple means that the temperature of the liquid will drop. Also, heat will travel along 
the thermocouple wire and be dissipated in the atmosphere. This is referred to as  thermal 
shunting . In both of these cases, the smaller the liquid sample and the higher the temperature 
difference between the liquid and the thermocouple, the greater the impact on the accuracy of 
the measurement. 

 Thermal shunting can be reduced by choosing a thermocouple with thinner wires. The 
thinner wires will result in a steeper temperature gradient at the junction of the liquid and the 
ambient air. Unfortunately, thinner wire introduces another set of problems. Thinner wire means 
higher resistance, which in turn means a greater susceptibility to noise. One possible solution is 
to use thermocouple extension wire for the run to the measuring instrument. Extension wire is of 
a lower gage, has lower resistance, and thus increases noise immunity. 

 S Y S T E M  N O T E 

ΔV

ΔT

+

–

RTD

(a)

ΔT

+

–

(b)

ΔVOUT

RTD

A change in temperature, ΔT, produces a change in bridge
output voltage, ΔV, proportional to the change in RTD
resistance.

A change in temperature, ΔT, produces a change in
voltage, ΔV, across the RTD proportional to the change
in RTD resistance when the current is constant.

 FIGURE 15–24         Basic methods of employing an RTD in a temperature-sensing circuit.   

  THEORY OF THE 3-WIRE BRIDGE     To avoid subjecting the three bridge resistors 
to the same temperature that the RTD is sensing, the RTD is usually remotely located to the 
point where temperature variations are to be measured and connected to the rest of the bridge 
by long wires. The resistance of the three bridge resistors must remain constant. The long 
extension wires to the RTD have resistance that can affect the accurate operation of the bridge. 

  Figure   15–25   (a) shows the RTD connected in the bridge with a 2-wire confi guration. 
Notice that the resistance of both of the long connecting wires appear in the same leg of the 

  Resistance Temperature Detectors (RTDs) 
 A second major type of temperature transducer is the  resistance temperature detector (RTD) . 
The RTD is a resistive device in which the resistance changes directly with temperature 
(positive temperature coeffi cient). The RTD is more nearly linear than the thermocouple. 
RTDs are constructed in either a wire-wound confi guration or by a metal-fi lm technique. The 
most common RTDs are made of either platinum, nickel, or nickel alloys. Platinum RTD 
sensors are one of the most accurate temperature sensors available. They are capable of 
achieving accuracies of ;0.02°C, but only if precise signal processing is applied. They also 
cover a relatively wide range of temperatures, typically -200°C to +850°C. 

 Generally, RTDs are used to sense temperature in two basic ways. First, as shown in 
 Figure   15–24   (a), the RTD is driven by a current source and, since the current is constant, 
the change in voltage across it is proportional (by Ohm’s law) to the change in its resist-
ance with temperature. Second, as shown in  Figure   15–24   (b), the RTD is connected in a 
3-wire bridge circuit, and the bridge output voltage is used to sense the change in the RTD 
resistance and, thus, the temperature.  
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bridge as the RTD. Recall from your study of basic circuits that  V  OUT  = 0 V and the bridge 
is balanced when  R  RTD  =  R  3  if  R  1  =  R  2 . The wire resistances will throw the bridge off 
balance when  R  RTD  =  R  3  and will cause an error in the output voltage for any value of the 
RTD resistance because they are in series with the RTD in the same leg of the bridge.  

 The 3-wire confi guration in  Figure   15–25   (b) overcomes the wire resistance prob-
lem. By connecting a third wire to one end of the RTD as shown, the resistance of wire  A  
is now placed in the same leg of the bridge as  R  3  and the resistance of wire  B  is placed in 
the same leg of the bridge as the RTD. Because the wire resistances are now in opposite 
legs of the bridge, their effects will cancel if both wire resistances are the same (equal 
lengths of the same type of wire). The resistance of the third wire has no effect; essen-
tially no current goes through it because the output terminals of the bridge are open or are 
connected across a very high impedance. The balance condition is expressed as 

   RRTD + RB = R3 + RA   

 If  R A   =  R B ,  then they cancel in the equation and the balance condition is completely inde-
pendent of the wire resistances. 

   RRTD = R3   

 The method described here is important in many measurements that use a sensitive trans-
ducer and a bridge. It is often used in strain-gage measurements (described in  Section   15–4   ).  

  BASIC RTD TEMPERATURE-SENSING CIRCUITS     Two simplifi ed RTD 
measurement circuits are shown in  Figure   15–26   . The circuit in part (a) is one implementa-
tion of an RTD driven by a constant current. The operation is as follows. From your study 
of basic op-amp circuits, recall that the input current and the current through the feedback 
path are essentially equal because the input impedance of the op-amp is ideally infi nite. 
Therefore, the constant current through the RTD is set by the constant input voltage,  V  IN , 
and the input resistance,  R  1 , because the inverting input is at virtual ground. The RTD is in 
the feedback path and, therefore, the output voltage of the op-amp is equal to the voltage 
across the RTD. As the resistance of the RTD changes with temperature, the voltage across 
the RTD also changes because the current is constant.  
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 FIGURE 15–25         Comparison 
of 2-wire and 3-wire bridge 
connections in an RTD circuit.   
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(a) Constant-current circuit
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 FIGURE 15–26         Basic RTD temperature-measuring circuits.   

 The circuit in  Figure   15–26   (b) shows a basic circuit in which an instrumentation 
amplifi er is used to amplify the voltage across the 3-wire bridge circuit. The RTD forms 
one leg of the bridge, and as its resistance changes with temperature, the bridge output 
voltage also changes proportionally. The bridge is adjusted for balance ( V  OUT  = 0 V) at 
some reference temperature, say, 0°C. This means that  R  3  is selected to equal the resist-
ance of the RTD at this reference temperature. 

  E X A M P L E  1 5 – 4 

 Determine the output voltage of the instrumentation amplifi er in the RTD circuit in  Figure   15–27    if the resistance 
of the RTD is 1320 � at the temperature being measured.  

VOUT(A)

RTD

+15 V

RG

R1
10 k�

R3
1.0 k�

R2
10 k�

10 k�

+15 V

–15 V

(3)

(1)

(8)

(2)

(7)

(6)

(4)

(5)

AD622VOUT(B)

 FIGURE 15–27        

  S O L U T I O N 

 The bridge output voltage is 

    VOUT(B) = a RRTD

R3 + RRTD
b15 V - a R2

R1 + R2
b15 V = a 1320  �

2320 �
b15 V - a 10 k�

20 k�
b15 V

 = 8.53 V - 7.5 V = 1.03 V    
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 From Equation (12–3), the voltage gain of the AD622 instrumentation amplifi er is 

   RG =
50.5 k�

Av - 1
   

   Av =
50.5 k�

RG
+ 1 = 5.05 + 1 = 6.05   

 The output voltage from the amplifi er is 

   VOUT(A) = (6.05)(1.03 V) = 6.23 V    

  P R A C T I C E  E X E R C I S E 

 Solve for the nominal resistance of the RTD in  Figure   15–27    that will balance the bridge at 25°C. What is the 
amplifi er output voltage when the bridge is balanced?               

 Depending on the application, some modern systems use a dedicated RTD converter IC, called 
a microconverter. One example of a microconverter family is the ADuC8xx series from Analog 
Devices. 

 The technique used to by these devices is illustrated in  Figure   SE15–2   . A reference cur-
rent source is applied to the RTD, which is connected in series with a precision reference resis-
tor. This produces an RTD voltage and reference voltage. The RTD voltage is amplifi ed and 
then digitized by an ADC. A microcontroller uses software to convert the RTD resistance to a 
temperature, based upon the voltage across the reference resistance. All the necessary active 
components are part of the microconverter, including the reference current source, differential 
input stages, gain stages, the ADC, and the microcontroller. For more information on microcon-
verters refer to application note AN-709 at  www.analog.com . 

 S Y S T E M  N O T E 
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 FIGURE SN15–1         Block diagram of an RTD converter.   

  Thermistors 
 A third major type of temperature transducer is the  thermistor , which is a resistive device 
made from a semiconductive material such as nickel oxide or cobalt oxide. Thermistors 
can have either a negative temperature coeffi cient (NTC) or a positive temperature coeffi -
cient (PTC). The resistance of an NTC thermistor decreases with temperature, while the 
resistance of a PTC device increases with temperature. NTC thermistors are the more com-
mon of the two. The temperature characteristic for thermistors is more nonlinear than that 
for thermocouples or RTDs; in fact, a thermistor’s temperature characteristic is essentially 
logarithmic. Also, like the RTD, the temperature range of a thermistor is more limited than 
that of a thermocouple. Thermistors have the advantage of a greater sensitivity than either 
thermocouples or RTDs and are generally less expensive. This means that their change in 
resistance per degree change in temperature is greater. They also have a low thermal mass, 
which results in fast response times. Since they are both variable-resistance devices, the 
thermistor and the RTD can be used in similar circuits. 

www.analog.com


712   CHAPTER 15  •   MEASUREMENT AND CONTROL

VREF

RIN

+

–

+ –

NTC thermistor

+VIN

ΔT

Temperature chamber

RIN

+

–

+ –

RTD

+VIN
VREF

 FIGURE 15–28         General comparison of the responses of an NTC thermistor circuit to a similar 
RTD circuit.   

 Like the RTD, thermistors can be used in constant-current-driven confi gurations or 
in bridges. In  Figure   15–28   , the general response of an NTC thermistor in a constant- 
current op-amp circuit is compared to that of an RTD in a similar circuit. Both the RTD 
and the thermistor are exposed to the same temperature environment as indicated. It is 
assumed that at some reference temperature, the RTD and the thermistor have the same 
resistance and produce the same output voltage. In the RTD circuit, as the temperature 
increases from the reference value, the op-amp’s output voltage increases from the refer-
ence value because the resistance of the RTD increases. In the NTC thermistor circuit, as 
the temperature increases, the op-amp’s output voltage decreases from the reference value 
because the thermistor’s resistance decreases due to its negative temperature coeffi cient. 
Also, for the same temperature change, the change in the output voltage of the thermistor 
circuit is greater than the corresponding change in the output voltage of the RTD circuit 
because of the greater sensitivity of the thermistor.            

 Thermistors are used in a variety of systems. Temperature monitoring is critical in some sys-
tems such as automotive systems. In a typical automotive system, thermistors monitor coolant 
temperature, passenger compartment air temperature, outside air temperature and transmission 
fl uid temperature. If the auto is equipped with a liquid crystal display (LCD), you may fi nd a 
thermistor used to monitor temperature and vary the driving current to the display.   The fl uid 
used in LCD modules is very temperature sensitive—at higher temperatures display contrast 
improves and at lower temperatures it degrades. This means that if a constant voltage is used 
to power an LCD module, it will either be too high or too low, depending on the ambient tem-
perature. Thermistors are commonly used in the supply circuits of mobile devices to help 
maintain a bright, easily read screen without sacrifi cing effi ciency. They provide a higher driv-
ing current in cold weather and a lower, more effi cient current in warmer weather. In any bat-
tery operated device, effi ciency is always a concern. 

 S Y S T E M  N O T E             

  1.    What is a thermocouple?   

  2.    How can temperature be measured with a thermocouple?   

  3.    What is an RTD and how does its operation differ from a 
 thermocouple?   

  4.    What is the primary operational difference between an RTD 
and a thermistor?   

  5.    Of the three devices introduced in this section, which one 
would most likely be used to measure extremely high 
 temperatures?   

  6.    Name three applications for thermistors in automobiles.      

    SECTION 15–5 CHECKUP 



  The Strain Gage 
  Strain  is the deformation, either expansion or compression, of a material due to a force 
acting on it. For example, a metal rod or bar will lengthen slightly when an appropriate 
force is applied as illustrated in  Figure   15–29   (a). Also, if a metal plate is bent, there is an 
expansion of the upper surface, called  tensile strain,  and a compression of the lower sur-
face, called  compressive strain,  as shown in  Figure   15–29   (b).  

L

Force Force

(a) Strain occurs as length changes from L to L + ΔL when force is applied.

ΔL

(b) Strain occurs when the flat plate is bent, causing the upper
surface to expand and the lower surface to contract.

 FIGURE 15–29         Examples of strain.   

 Strain gages are based on the principle that the resistance of a material increases if its 
length increases and decreases if its length decreases. This is expressed by the following 
formula (which you should recall from your dc/ac circuits course). 

    R =
rL

A
  (15–3)    

  In this section, methods of measuring three types of force-related parameters (strain, pressure, 
and motion) are examined. A variety of applications require the measurement of these three 
parameters. Also, other parameters, such as the fl ow rate of a fl uid, can be measured indirectly 
by measuring strain, pressure, or motion.  

  After completing this section, you should be able to 

  •   Describe methods of measuring strain, pressure, and motion 

   •   Explain how a strain gage operates  

  •   Discuss strain gage circuits  

  •   Explain how pressure transducers work  

  •   Discuss pressure-measuring circuits  

  •   List several pressure transducer applications  

  •   Explain displacement transducers, velocity transducers, and acceleration transducers     

   15–4  STRAIN MEASUREMENT, 
PRESSURE MEASUREMENT, AND 

MOTION MEASUREMENT 
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Terminals Resistive material

(a) Typical strain gauge configuration.

Force

(b) The strain gauge is bonded to the surface to be measured along the line of force.
When the surface lengthens, the strain gauge stretches.

 FIGURE 15–30         A simple strain gage and its placement.   

 As shown in  Figure   15–30   , a strain gage is mounted along the line of force that causes the 
strain. Ideally, the resistance of the gage will only change as a result of strain, but in reality, 
materials under test also change in shape due to changes in temperature (thermal expansion). 
Strain gage manufacturers attempt to minimize sensitivity to temperature by processing the 
gage material to compensate for the thermal expansion of the specimen material for which 
the gage is intended. Compensated gages reduce thermal sensitivity, but they do not com-
pletely eliminate it. 

 Another method of compensating for thermal expansion is to use a second  dummy gage . 
The dummy gage is applied at right angles (transverse) to the line of strain, as illustrated in 
 Figure   SN15–2   . This means that strain has little effect on the dummy gage. But since materials 
expand or contract in all directions due to changes in temperature, the resistance change of the 
dummy gage due to thermal expansion is the same as the active gage. This provides a refer-
ence value from which thermal expansion can be factored out. 

Dummy gage

Force

Active gage

 FIGURE SN15–2         Using a dummy gage to compensate 
for temperature.   

 S Y S T E M  N O T E 

 This formula states that the resistance of a material, such as a length of wire, depends directly 
on the resistivity (r) and the length ( L ) and inversely on the cross-sectional area ( A ). 

 A  strain gage  is basically a long, very thin strip of resistive material that is bonded to 
the surface of an object on which strain is to be measured, such as a wing or tail section of 
an airplane under test. When a force acts on the object to cause a slight elongation, the 
strain gage also lengthens proportionally and its resistance increases. Most strain gages are 
formed in a pattern similar to that in  Figure   15–30   (a) to achieve enough length for a suffi -
cient resistance value in a smaller area. It is then placed along the line of strain as indicated 
in  Figure   15–30   (b).            

  THE GAGE FACTOR OF A STRAIN GAGE     An important characteristic of 
strain gages is the  gage factor ( GF )  ,  which is defi ned as the ratio of the fractional change 
in resistance to the fractional change in length along the axis of the gage. For metallic 
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  E X A M P L E  1 5 – 5 

 A certain material being measured under stress undergoes a strain of 5 parts per 
million (5 mP). The strain gage has a nominal (unstrained) resistance of 320 � 
and a gage factor of 2.0. Determine the resistance change in the strain gage. 

  S O L U T I O N 

   GF =
�R>R
�L>L =

�R>R
P    

   �R = (GF)(R)(P) = 2.0(320 �)(5 * 10-6) = 3.2 m�    

  P R A C T I C E  E X E R C I S E 

 If the strain in this example is 8 mP, how much does the resistance change?     

  Basic Strain Gage Circuits 
 Because a strain gage exhibits a resistance change when the quantity it is sensing 
changes, it is typically used in circuits similar to those used for RTDs. The basic differ-
ence is that strain instead of temperature is being measured. Therefore, strain gages are 
usually applied in bridge circuits or in constant-current-driven circuits, as shown in  Fig-
ure   15–32   . They can be used in applications in the same way as RTDs and thermistors. 
The 1B31 is an example of a strain gage signal conditioner. Its data sheet can be found 
at  www.analog.com .   

strain gages, the  GF s are typically around 2. The concept of gage factor is illustrated in 
 Figure   15–31    and expressed in Equation (15–4) where  R  is the nominal resistance and 
� R  is the change in resistance due to strain. The fractional change in length (� L > L ) is 
designated strain (P) and is usually expressed in parts per million, called  microstrain  
(designated mP). 

    GF =
�R>R
�L>L   (15–4)     

�

L ΔL

ΔRR

 FIGURE 15–31         Illustration of gage factor. The ohmmeter symbol is not 
intended to represent a practical method for measuring �R.   

www.analog.com
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(a) Constant-current circuit
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 FIGURE 15–32         Basic strain-measuring circuits.   
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(a) Basic pressure gauge construction (b) With no net pressure on the diaphragm,
strain gauge resistance is at its nominal
value (side view).
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(c) Net pressure forces the diaphragm to
expand, causing elongation of the
strain gauge and thus an increase in
its resistance.

 FIGURE 15–33         A simplifi ed pressure sensor constructed with a strain gage bonded to a fl exible 
diaphragm.   

  Pressure Transducers 
 Pressure transducers are devices that exhibit a change in resistance proportional to a change 
in pressure. Basically, pressure sensing is accomplished using a strain gage bonded to a 
fl exible diaphragm as shown in  Figure   15–33   (a).  Figure   15–33   (b) shows the diaphragm 
with no net pressure exerted on it. When a net positive pressure exists on one side of the 
diaphragm, as shown in  Figure   15–33   (c), the diaphragm is pushed upward and its surface 
expands. This expansion causes the strain gage to lengthen and its resistance to increase.  

 Pressure transducers typically are manufactured using a foil strain gage bonded to a 
stainless steel diaphragm or by integrating semiconductor strain gages (resistors) in a sili-
con diaphragm. Either way, the basic principle remains the same. 

 Pressure transducers come in three basic confi gurations in terms of relative pressure 
measurement. The absolute pressure transducer measures applied pressure relative to a 
vacuum as illustrated in  Figure   15–34   (a). The gage pressure transducer measures applied 
pressure relative to the pressure of the surroundings (ambient pressure) as illustrated in 
 Figure   15–34   (b). The differential pressure transducer measures one applied pressure 
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Circuitry is included in
some pressure transducers
(bridge, amplifier
 power supply.)

Applied pressure

Diaphragm
Strain gage Vacuum

(a) Absolute pressure transducer (b) Gage pressure transducer

Applied pressure 1

Applied pressure 2

(c) Differential pressure transducer

Ambient pressure

Applied pressure

 FIGURE 15–34         Three basic types of pressure transducers.   

 relative to another applied pressure as shown in  Figure   15–34   (c). Some transducer con-
fi gurations include circuitry such as bridge completion circuits and op-amps within the 
same package as the sensor itself, as indicated.   

  Pressure-Measuring Circuits 
 Because pressure transducers are devices in which the resistance changes with the quantity 
being measured, they are usually in a bridge confi guration as shown by the basic op-amp 
bridge circuit in  Figure   15–35   (a). In some cases, the complete circuitry is built into the 
transducer package, and in other cases the circuitry is external to the sensor. The symbols 
in parts (b) through (d) of  Figure   15–35    are sometimes used to represent the complete pres-
sure transducer with an amplifi ed output. The symbol in part (b) represents the absolute 
pressure transducer, the symbol in part (c) represents the gage pressure transducer, and the 
symbol in part (d) represents the differential pressure transducer.  

(a) Basic bridge circuit

R3R1

R2

+V

VOUT

+

–

RG

Strain gage

(b) (c) (d)

ψψψ

Absolute pressure transducer Gage pressure transducer Differential pressure transducer

 FIGURE 15–35         A basic pressure transducer circuit and symbols.   
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  FLOW RATE MEASUREMENT     One common method of measuring the fl ow 
rate of a fl uid through a pipe is the differential-pressure method. A fl ow restriction device 

such as a Venturi section (or other type of restriction such as an 
orifi ce) is placed in the fl ow stream. The Venturi section is 
formed by a narrowing of the pipe, as indicated in  Figure   15–36   . 
Although the velocity of the fl uid increases as it fl ows through 
the narrow channel, the volume of fl uid per minute (volumetric 
fl ow rate) is constant throughout the pipe.  

 Because the velocity of the fl uid increases as it goes through 
the restricted area, the pressure also increases. If pressure is 
measured at a wide point and at a narrow point, the fl ow rate can 
be determined because fl ow rate is proportional to the square root 
of the differential pressure, as shown in  Figure   15–36   .  

  PRESSURE TRANSDUCER APPLICATIONS     Pressure transducers are used 
anywhere there is a need to determine the pressure of a substance. In medical systems, 
pressure transducers are used for blood pressure measurement; in aircraft, pressure trans-
ducers are used for altitude pressure, cabin pressure, and hydraulic pressure; in automo-
biles, pressure transducers are used for fuel fl ow, oil pressure, brake line pressure, manifold 
pressure, and steering system pressure, to name a few.   

  Motion-Measuring Circuits 
  DISPLACEMENT TRANSDUCERS      Displacement  is a quantity that indicates 
the change in position of a body or point. Angular displacement refers to a rotation that can 
be measured in degrees or radians. Displacement transducers can be either contacting or 
noncontacting. 

 Contacting transducers typically use a sensing shaft with a coupling device to follow 
the position of the measured quantity. A contacting type of displacement sensor that relates 
a change in inductance to displacement is the linear variable differential transformer 
(LVDT). The sensing shaft is connected to a moving magnetic core inside a specially 
wound transformer. A typical LVDT is shown in  Figure   15–37   . The primary of the trans-
former is in line and located between two identical secondaries. The primary winding is 
excited with ac (usually in the range of 1 to 5 kHz). When the core is centered, the voltage 
induced in each secondary is equal. As the core moves off center, the voltage in one sec-
ondary will be greater than the other. With the demodulator circuit shown, the polarity of 
the output changes as the core passes the center position. The transducer has excellent 
sensitivity, linearity, and repeatability.  

Output voltage
proportional to
flow rate

Venturi

P2
P1

Differential
pressure
transducer ψ

 FIGURE 15–36         A basic 
method of fl ow rate 
 measurement.   

VoutDemodulator

LVDT

Primary Secondaries

(a) Diagram of LVDT

Vout

(b) Response

Displacement

(c) Gauging LVDTs

 FIGURE 15–37         LVDT displacement transducers.   

 Noncontacting displacement transducers include optical and capacitive transducers. 
Photocells can be arranged to observe light through holes in an encoding disk or to count 
fringes painted on the surface to be measured. Optical systems are fast; but noise,  including 
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background light sources, can produce spurious signals in optical 
sensors. It is useful to build hysteresis into the system if noise is 
a problem (see  Section   8–1   ). 

 Fiber-optic sensors make excellent proximity detectors for 
close ranges. Refl ective sensors use two fi ber bundles, one for 
transmitting light and the other for receiving light from a refl ec-
tive surface, as illustrated in  Figure   15–38   . Light is transmitted in 
the fi ber bundle without any signifi cant attenuation. When it 
leaves the transmitting fi ber bundle, it forms a spot on the target 
that is inversely proportional to the square of the distance. The receiving bundle is aimed 
at the spot and collects the refl ected light to an optical sensor. The light intensity detected 
by the receiving bundle depends on the physical size and arrangement of the fi bers as well 
as the distance to the spot and the refl ecting surface, but the technique can respond to dis-
tances approaching 1 microinch. The major disadvantage is limited dynamic range.  

 Capacitive sensors can be made into very sensitive displacement and proximity 
transducers. The capacitance is varied by moving one of the plates of a capacitor with 
respect to the second plate. The moving plate can be any metallic surface such as the dia-
phragm of a capacitive microphone or a surface that is being measured. The capacitor can 
be used to control the frequency of a resonant circuit and thus convert the capacitive 
change into a usable electrical output. (Experiment 37 of the lab book shows an example.)  

  VELOCITY TRANSDUCERS      Velocity  is defi ned as the rate of change of displace-
ment. It follows that velocity can be determined indirectly with a displacement sensor and 
measuring the time between two positions. A direct measurement of velocity is possible with 
certain transducers that have an output proportional to the velocity to be measured. These 
transducers can respond to either linear or angular velocity. Linear velocity transducers can 
be constructed using a permanent magnet inside a concentric coil, forming a simple motor by 
generating an emf proportional to the velocity. Either the coil or the magnet can be fi xed and 
the other moved with respect to the fi xed component. The output is taken from the coil. 

 There are a variety of transducers that are designed to measure angular velocity. 
Tachometers, a class of angular velocity transducers, provide a dc or ac voltage output. A dc 
tachometer is basically a small generator with a coil that rotates in a constant magnetic fi eld. 
A voltage is induced in the coil as it rotates in the magnetic fi eld. The average value of the 
induced voltage is proportional to the speed of rotation, and the polarity is indicative of the 
direction of rotation, an advantage with dc tachometers. AC tachometers can be designed as 
generators that provide an output frequency that is proportional to the rotational speed. 

 Another technique for measuring angular velocity is to rotate a shutter over a photo-
sensitive element. The shutter interrupts a light source from reaching the photocells, caus-
ing the output of the photocells to vary at a rate proportional to the rotational speed.  

  ACCELERATION TRANSDUCERS     Acceleration is usually measured by use of a 
spring-supported seismic mass, mounted in a suitable enclosure as shown in  Figure   15–39   . 

From light source

To light detector

Fiber-optic probe

Surface

 FIGURE 15–38         Fiber-optic proximity detector.   
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 FIGURE 15–39         A basic 
accelerometer. Motion is 
 converted to a voltage by the 
variable resistor.   
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Damping is provided by a dashpot, which is a mechanical device to reduce the vibration. 
The relative motion between the case and the mass is proportional to the acceleration. A 
secondary transducer such as a resistive displacement transducer or an LVDT is used to 
convert the relative motion to an electrical output. Ideally, the mass does not move when the 
case accelerates because of its inertia; in practice, it does because of forces applied to it 
through the spring. The accelerometer has a natural frequency, the period of which should 
be shorter than the time required for the measured acceleration to change. Accelerometers 
used to measure vibration should also be used at frequencies less than the natural frequency.  

 An accelerometer that uses the basic principle of the LVDT can be constructed to 
measure vibration. The mass is made from a magnet that is surrounded with a coil. Voltage 
induced in the coil is a function of the acceleration. 

 Another type of accelerometer uses a piezoelectric crystal in contact with the seismic 
mass. The crystal generates an output voltage in response to forces induced by the accel-
eration of the mass. Piezoelectric crystals are small in size and have a natural frequency 
that is very high; they can be used to measure high-frequency vibration. The drawback to 
piezoelectric crystals is that the output is very low and the impedance of the crystal is high, 
making it subject to problems from noise. 

  1.    Describe a basic strain gage.   

  2.    Describe a basic pressure gage.   

  3.    List three types of pressure gages.   

  4.      (a)   What is an LVDT?  

  (b)   What does it measure?         

    SECTION 15–4 CHECKUP 

   15–5  POWER CONTROL 
  A useful application of electronic circuits is to control power to a load. In this section,   you will 
learn about two devices that are widely used in power control applications—the SCR and the 
triac. These devices are members of a class of devices known as thyristors, which are widely 
used in industrial controls for motors, heaters, phase controls, and many other applications. A 
thyristor can be thought of as an electronic switch that can rapidly turn on or off a large cur-
rent to a load. Integrated circuits are frequently used to determine the time to turn on or off 
the SCR or triac.  

  After completing this section, you should be able to 

  •   Describe how power to a load is controlled 

   •   Describe the SCR and triac  

  •   Explain how to turn an SCR on or off  

  •   Explain the term  zero-voltage switching   

  •   Defi ne  microcontroller      

  The Silicon-Controlled Rectifi er 
 A  thyristor  is a semiconductor switch composed of four or more layers of alternating  pnpn  
material. There are various types of thyristors; the type principally depends on the number 
of layers and the particular connections to the layers. When a connection is made to the 
fi rst, second, and fourth layer of a four-layer thyristor, a form of gated diode known as a 
 silicon-controlled rectifi er (SCR)  is formed. This is one of the most important devices in 
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the thyristor family because it acts like a diode that can be turned 
on when required. The basic structure and schematic symbol for 
an SCR is shown in  Figure   15–40   . For an SCR, the three connec-
tions are labeled the anode (A), cathode (K), and gate (G) as 
shown.  

 The characteristic curve for an SCR is shown in  Figure 
  15–41   (a) for a gate current of zero. There are a total of four 
regions of the characteristic curve of interest. The reverse char-
acteristic (plotted in quadrant 3) is the same as a normal diode 
with regions called the reverse-blocking region and a reverse-
avalanche region. The reverse-blocking region is equivalent to 
an open switch. The reverse voltage that must be applied to an 
SCR to drive it into the avalanche region is typically several 
hundred volts or more. SCRs are normally not operated in the 
reverse-avalanche region.  

Forward-
conduction
region (on)

for IG = 0

VFVBR(F)

Forward-
blocking
region (off)

IR

Reverse-
blocking
region

0

(a) When IG = 0, VBR(F) must be exceeded to move into the conduction region.

Reverse-
avalanche
region

VBR(R)VR

IH

IF

VF

IR

(b) IG controls the value of VBR(F) required for turn on.

VR

IA

IH0

IH1

IH2

IG2 > IG1 IG1 > IG0 IG0 = 0

VBR(F0)VBR(F1)VBR(F2)0

 FIGURE 15–41         SCR characteristic curves.   
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 FIGURE 15–40         The silicon-
controlled rectifi er (SCR).   

 The forward characteristic (plotted in quadrant 1) is divided into two regions. There 
is a forward-blocking region, where the SCR is basically off and the very high resistance 
between the anode and cathode can be approximated by an open switch. The second region 
is the forward-conduction region, where anode current occurs as in a normal diode. To 
move an SCR into this region, the forward-breakover voltage,  V  BR(F),  must be exceeded. 
When an SCR is operated in the forward conduction region, it approximates a closed 
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switch between anode and cathode. Notice the similarity to a normal diode characteristic 
(see  Figure   2–10   ) except for the forward-blocking region. 

  TURNING THE SCR ON     There are two ways to move an SCR into the forward-
conduction region. In both cases, the anode to cathode must be forward-biased; that is, the 
anode must be positive with respect to the cathode. The fi rst method has already been men-
tioned and requires the application of forward voltage that exceeds the forward breakover 
voltage,  V  BR(F) . Breakover voltage triggering is not normally used as a triggering method. 
The second method requires a positive pulse of current (trigger) on the gate. This pulse 
reduces the forward-breakover voltage, as shown in  Figure   15–41   (b) and the SCR con-
ducts. The greater the gate current, the lower the value of  V  BR(F) . This is the normal method 
for turning on an SCR. 

 Once the SCR is turned on, the gate loses control. In effect, the SCR is latched and 
will continue to approximate a closed switch as long as anode current is maintained. When 
the anode current drops below a value of current called the holding current, the SCR will 
drop out of conduction. The holding current is indicated in  Figure   15–41   .  

  TURNING THE SCR OFF     There are two basic methods for turning off an SCR: 
anode current interruption and forced commutation. The anode current can be inter-
rupted by opening the path in the anode circuit, causing the anode current to drop to zero 
and turning off the SCR. One common “automatic” method to interrupt the anode cur-
rent is to connect the SCR in an ac circuit. The negative cycle of the ac waveform will 
turn off the SCR. 

 The forced commutation method requires momentarily forcing current through the 
SCR in the direction opposite to the forward conduction so that forward current is 
reduced below the holding value. This can be implemented by various circuits. Probably 
the simplest is to electronically switch a charged capacitor across the SCR in the reverse 
direction.   

  The Triac 
 The  triac  is a thyristor with the ability to pass current bidirectionally and is therefore an ac 
power control device. Although it is one device, its performance is equivalent to two SCRs 
connected in parallel in opposite directions but with a common gate terminal. The basic 
characteristic curves for a triac are illustrated in  Figure   15–42   . Because a triac is like two 
back-to-back SCRs, there is no reverse characteristic.  
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 FIGURE 15–42         Triac characteristic curves.   
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 As in the case of the SCR, gate triggering is the usual 
method for turning on a triac. Application of current to the 
triac gate initiates the latching mechanism discussed in the 
previous section. Once conduction has been initiated, the triac 
will conduct on with either polarity; hence it is useful as an ac 
controller. A triac can be triggered such that ac power is sup-
plied to the load for a portion of the ac cycle. This enables the 
triac to provide more or less power to the load depending on 
the trigger point. This basic operation is illustrated with the 
circuit in  Figure   15–43   .   

  The Zero-Voltage Switch 
 One problem that arises with triggering an SCR or triac when it is switched on during the 
ac cycle is generation of RFI ( radio frequency interference ) due to switching transients. If 
the SCR or triac is suddenly switched on near the peak of the ac cycle, for example, there 
would be a sudden inrush of current to the load. When there is a sudden transition of volt-
age or current, many high-frequency components are generated. These high-frequency 
components can radiate into sensitive electronic circuits, creating serious disturbances, 
even catastrophic failures. By switching the SCR or triac on when the voltage across it is 
zero, the sudden increase in current is prevented because the current will increase sinusoi-
dally with the ac voltage.  Zero-voltage switching  also prevents thermal shock to the load, 
which, depending on the type of load, may shorten its life. 

 Not all applications can use zero-voltage switching, but when it is possible, noise 
problems are greatly reduced. For example, the load might be a resistive heating element, 
and the power is typically turned on for several cycles of the ac and then turned off for 
several cycles to maintain a certain temperature. The zero-voltage switch uses a sensing 
circuit to determine when to turn power on. The idea of zero-voltage switching is illus-
trated in  Figure   15–44   .  
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 FIGURE 15–43         Basic triac 
phase control. The timing of 
the gate trigger determines the 
portion of the ac cycle passed 
to the load.   
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 A basic circuit that can provide a trigger as the ac waveform crosses the zero axis in 
the positive direction is shown in  Figure   15–45   . Resistor  R  1  and diodes  D  1  and  D  2  protect 
the input of the comparator from excessive voltage swings. The output voltage level of the 
comparator is a square wave.  C  1  and  R  2  form a differentiating circuit to convert the square 
wave output to trigger pulses. Diode  D  3  limits the output to positive triggers only.   
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 FIGURE 15–45         A circuit that can provide triggers when the ac waveform 
crosses the zero axis in the positive direction.   

  Microcontrollers 
 SCRs and triacs are often used in systems that have many additional requirements. For 
instance, a system as basic as a washing machine requires timing functions, speed or torque 
regulation, motor protection, sequence generation, display control, and so on. Systems like 
this can be controlled by a special class of computers called  microcontrollers . A micro-
controller is constructed as a single integrated circuit with all of the basic features found in 
a microprocessor, with special input/output (I/O) circuits, ADCs (analog-to-digital con-
verters), counters, timers, oscillators, memory, and other features. Microcontrollers can be 
confi gured for a specifi c system and offer an inexpensive alternative to older methods for 
providing a trigger to an SCR or triac. 

 A specifi c microcontroller is the Texas Instruments MSP430. Its data sheet can be 
found at  www.ti.com . The MSP430 is a low-cost 16-bit controller with a reduced instruc-
tion set (RISC). It can operate at high speed with extremely low power consumption. It can 
perform all of the control fucntions required in a small system and can be used to directly 
drive the gate of a small triac or SCR. It is possible to build a zero-crossing input for the 
MSP430. Essentially, the same input protection circuit shown in  Figure   15–45    is con-
nected to one of the input ports of the MSP430. 

  1.    How does an SCR differ from a triac in terms of delivering 
power to a load?   

  2.    Explain the basic purpose in zero-voltage switching.                 

  3.    In what type of system would you expect to fi nd an SCR or 
triac?       

    SECTION 15–5 CHECKUP 

     SUMMARY 
   •   An rms-to-dc converter performs three basic functions: squaring, averaging, and taking the square 

root.  

  •   Squaring is usually implemented with a linear multiplier.  

  •   A simple averaging circuit is a low-pass fi lter that passes only the dc component of the input.  

www.ti.com


  •   A square root circuit utilizes a linear multiplier in the feedback loop of an op-amp.  

  •   A synchro is a shaft angle transducer having three stator windings.  

  •   A resolver is a type of synchro that, in its simplest form, has two stator windings.  

  •   The output voltages of a synchro or resolver are called  format voltages  and are proportional to the 
shaft angle.  

  •   A resolver-to-digital converter (RDC) converts resolver format voltages to a digital code that 
represents the angular position of the shaft.  

  •   A thermocouple is a type of temperature transducer formed by the junction of two dissimilar metals.  

  •   When the thermocouple junction is heated, a voltage is generated across the junction that is 
proportional to the temperature.  

  •   Thermocouples can be used to measure very high temperatures.  

  •   The resistance temperature detector (RTD) is a temperature transducer in which the resistance 
changes directly with temperature. It has a positive temperature coeffi cient.  

  •   RTDs are typically used in bridge circuits or in constant-current circuits to measure temperature. 
They have a more limited temperature range than thermocouples.  

  •   The thermistor is a temperature transducer in which the resistance changes with temperature. 
They can have either a positive or a negative temperature coeffi cient, but NTC thermistors are 
more common.  

  •   Thermistors are more sensitive than RTDs or thermocouples, but their temperature range is limited.  

  •   The strain gage is based on the fact that the resistance of a material increases when its length 
increases.  

  •   The gage factor of a strain gage is the fractional change in resistance to the fractional change in 
length.  

  •   Pressure transducers are constructed with strain gages bonded to a fl exible diaphragm.  

  •   An absolute pressure transducer measures pressure relative to a vacuum.  

  •   A gage pressure transducer measures pressure relative to ambient pressure.  

  •   A differential pressure transducer measures one pressure relative to another pressure.  

  •   The fl ow rate of a liquid can be measured using a differential pressure gage.  

  •   A zero-voltage switch generates pulses at the zero crossings of an ac voltage for triggering a thy-
ristor used in power control.  

  •   Motion-measuring circuits include LVDT displacement transducers, velocity transducers, and 
accelerometers.  

  •   The SCR and triac are two types of thyristors used in power control circuits.    

  KEY TERMS   
 Key terms and other bold terms in the chapter are defi ned in the end-of-book glossary. 

  Resolver      A type of synchro.   

  Resolver-to-digital converter (RDC)      An electronic circuit that converts resolver voltages to a 
digital format that represents the angular position of the rotor shaft.   

  Root mean square (rms)      The value of an ac voltage that corresponds to a dc voltage that produces 
the same heating effect in a resistance.   

  Resistance temperature detector (RTD)      A type of temperature transducer in which resistance is 
directly proportional to temperature.   

  Transducer      A device that converts a physical parameter into an electrical quantity.   

  Silicon-controlled rectifi er (SCR)      A type of three-terminal thyristor that conducts current when 
triggered on and remains on until the anode current falls below a specifi c value.   

  Strain gage      A transducer formed by a resistive material in which a lengthening or shortening due 
to stress produces a proportional change in resistance.   

  Synchro      An electromechanical transducer used for shaft angle measurement and control.   

  Synchro-to-digital converter (SDC)      An electronic circuit that converts synchro voltages to a 
digital format that represents the angular position of the rotor shaft.   

KEY TERMS   725
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  Thermistor      A type of temperature transducer in which device resistance changes proportional to 
temperature. They can have either a positive temperature coeffi cient (PTC) or a negative temperature 
coeffi cient (NTC).   

  Thermocouple      A type of temperature transducer formed by the junction of two dissimilar metals 
that produces a voltage proportional to temperature.   

  Thyristor      A class of four-layer ( pnpn ) semiconductor devices.   

  Triac      A three-terminal thyristor that can conduct current in either direction when properly activated.   

  Zero-voltage switching      The process of switching power to a load at the zero crossings of an ac 
voltage to minimize RF noise generation.    

  KEY FORMULAS 
    (15–1)  Vrms � 2avg(V2

in)     Root-mean-square value 

    (15–2)  VOUT � 4V2
in     RMS-to-dc converter output 

    (15–3)  R �
RL

A
     Resistance of a material 

    (15–4)  GF �
�R ,R
�L ,L

     Gage factor of a strain gage  

  SELF-TEST 
 Answers are at the end of the chapter. 

   1.    The rms value of an ac signal is equal to  

   (a)   the peak value  
  (b)   the dc value that produces the same heating effect  
  (c)   the square root of the average value  
  (d)   answers (b) and (c)    

   2.    An explicit type of rms-to-dc converter contains  

   (a)   a squaring circuit     (b)   an averaging circuit  
  (c)   a square root circuit     (d)   a squarer/divider circuit  
  (e)   all of the above     (f)   answers (a), (b), and (c) only    

   3.    A synchro produces  

   (a)   three format voltages     (b)   two format voltages  
  (c)   one format voltage     (d)   one reference voltage    

   4.    A resolver produces  

   (a)   three format voltages     (b)   two format voltages  
  (c)   one format voltage     (d)   none of these    

   5.    A Scott-T transformer is used for  

   (a)   coupling the reference voltage to a synchro or resolver  
  (b)   changing resolver format voltages to synchro format voltages  
  (c)   changing synchro format voltages to resolver format voltages  
  (d)   isolating the rotor winding from the stator windings    

   6.    The output of an RDC is a  

   (a)   sine wave with an amplitude proportional to the angular position of the resolver shaft  
  (b)   digital code representing the angular position of the stator housing  
  (c)   digital code representing the angular position of the resolver shaft  
  (d)   sine wave with a frequency proportional to the angular position of the resolver shaft    

   7.    A thermocouple  

   (a)   produces a change in resistance for a change in temperature  
  (b)   produces a change in voltage for a change in temperature  
  (c)   is made of two dissimilar metals  
  (d)   answers (b) and (c)    



   8.    In a thermocouple circuit, where each of the thermocouple wires is connected to a copper circuit 
board terminal,  

   (a)   an unwanted thermocouple is produced     (b)   compensation is required  
  (c)   a reference thermocouple must be used     (d)   answers (a), (b), and (c)  
  (e)   answers (a) and (c)    

   9.    A thermocouple signal conditioner is designed to provide  

   (a)   gain     (b)   compensation  
  (c)   isolation     (d)   common-mode rejection  
  (e)   all of the answers    

   10.    An RTD  

   (a)   produces a change in resistance for a change in temperature  
  (b)   has a negative temperature coeffi cient  
  (c)   has a wider temperature range than a thermocouple  
  (d)   all of these    

   11.    The purpose of a 3-wire bridge is to eliminate  

   (a)   nonlinearity of an RTD  
  (b)   the effects of wire resistance in an RTD circuit  
  (c)   noise from the RTD resistance  
  (d)   none of these    

   12.    A thermistor has  

   (a)   less sensitivity than an RTD  
  (b)   a greater temperature range than a thermocouple  
  (c)   a logarithmic response to changes in temperature  
  (d)   a more linear response than an RTD    

   13.    Both RTDs and thermistors are used in  

   (a)   circuits that measure resistance     (b)   circuits that measure temperature  
  (c)   bridge circuits     (d)   constant-current-driven circuits  
  (e)   answers (b), (c), and (d)     (f)   answers (b) and (c) only    

   14.    When the length of a strain gage increases,  

   (a)   it produces more voltage     (b)   its resistance increases  
  (c)   its resistance decreases     (d)   it produces an open circuit    

   15.    A higher gage factor indicates that the strain gage is  

   (a)   less sensitive to a change in length  
  (b)   more sensitive to a change in length  
  (c)   has more total resistance  
  (d)   made of a physically larger conductor    

   16.    Many types of pressure transducers are made with  

   (a)   thermistors     (b)   RTDs  
  (c)   strain gages     (d)   none of these    

   17.    Gage pressure is measured relative to  

   (a)   ambient pressure       (b)   a vacuum       (c)   a reference pressure    

   18.    The fl ow rate of a liquid can be measured with a(n)  

   (a)   string  
  (b)   temperature sensor  
  (c)   absolute pressure transducer  
  (d)   differential pressure transducer    

   19.    Zero-voltage switching is commonly used in  

   (a)   determining thermocouple voltage  
  (b)   SCR and triac power control circuits  
  (c)   in balanced bridge circuits  
  (d)   RFI generation    

   20.    A major disadvantage of nonzero switching of power to a load is  

   (a)   lack of effi ciency  
  (b)   possible damage to the thyristor  
  (c)   RF noise generation     

SELF-TEST   727



728   CHAPTER 15  •   MEASUREMENT AND CONTROL CIRCUITS

  TROUBLESHOOTER’S QUIZ 
 Answers are at the end of the chapter. 

  Refer to  Figure   15–46   . 

  • If the 220 k� resistor opens,   

   1.    The closed-loop gain will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   15–47   . 

  • If the bridge is balanced and the dc supply voltage is disconnected,   

   2.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If the RTD opens,   

   3.    The magnitude of the voltage across the output terminals will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   15–49   . 

  • If  R  G  is larger than specifi ed,   

   4.    The amplifi er output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

   5.    The bridge output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   15–51   . 

  • If the gate of the SCR opens and the input does not exceed the breakover voltage,   

   6.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  R  opens,   

   7.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If the gate trigger voltage  V  G  increases in amplitude,   

   8.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

  Refer to  Figure   15–52   . 

  • If the input voltage increases in amplitude,   

   9.    The output voltage will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  D  3  is open,   

   10.    The amplitude of the positive triggers will  

   (a)   increase      (b)   decrease      (c)   not change    

     • If  D  3  is reversed,   

   11.    The amplitude of the positive triggers will  

   (a)   increase      (b)   decrease      (c)   not change     

  PROBLEMS 
 Answers to odd-numbered problems are at the end of the book. 

   SECTION   15–1        RMS-to-DC Converters  

   1.    A 5 V dc voltage is applied across a 1.0 k� resistor. To achieve the same power in the 1.0 k� 
resistor as produced by the dc voltage, what must be the rms value of a sinusoidal voltage?   



   2.    Based on the fundamental defi nition of rms, determine the rms value for a symmetrical square 
wave with an amplitude of ;1 V.   

   SECTION   15–2        Angle Measurement  

   3.    A certain RDC has an 8-bit digital output. What is the angle that is being measured if the output 
code is 10000111?   

   4.    Repeat Problem 3 for an RDC output code of 00010101.   

   5.    How many bits does the latch hold in an AD2S90 RDC?   

   6.    Explain the Direction and Velocity outputs on an AD2S90 RDC.   

   SECTION   15–3        Temperature Measurement  

   7.    Three identical thermocouples are each exposed to a different temperature as follows: Thermo-
couple  A  is exposed to 450°C, thermocouple  B  is exposed to 420°C, and thermocouple  C  is 
exposed to 1200°C. Which thermocouple produces the most voltage?   

   8.    You have two thermocouples. One is a  K  type and the other is a  T  type. In general, what do 
these letter designations tell you?   

   9.    Determine the output voltage of the op-amp in  Figure   15–46    if the thermocouple is measuring a 
temperature of 400°C and the circuit itself is at 25°C. Refer to  Table   15–2   .    

Copper

Constantan
VOUTAv

Copper

Copper

220 k�

1.0 k�

–

+

 FIGURE 15–46        

   10.    What should be the output voltage in Problem 9 if the circuit is properly compensated?   

   11.    At what resistance value of the RTD will the bridge circuit in  Figure   15–47    be balanced if the 
wires running to the RTD each have a resistance of 10 �?    

   12.    At what resistance value of the RTD will the bridge circuit in  Figure   15–48    be balanced if the 
wires running to the RTD each have a resistance of 10 �?    

+

–
 VOUT

RTD

R1
10 k�

R3
560 �

R2
10 k�

15 V

 FIGURE 15–48        

+

–
VOUT

RTD

R1
10 k�

R3
560 �

R2
10 k�

15 V

 FIGURE 15–47        

PROBLEMS   729



730   CHAPTER 15  •   MEASUREMENT AND CONTROL

   13.    Explain the difference in the results of Problems 11 and 12.   

   14.    Determine the output voltage of the instrumentation amplifi er in  Figure   15–49    if the resistance 
of the RTD is 697 � at the temperature being measured.    

RTD

+15 V

VOUTRG

R1
10 k�

R3
750 �

R2
10 k�

12 k�

+15 V

–15 V

(3)

(1)

(8)

(2)

(7)

(6)

(4)

(5)
AD622

 FIGURE 15–49        

   SECTION   15–4        Strain Measurement, Pressure Measurement, 
and Motion Measurement  

   15.    A certain material being measured undergoes a strain of 3 parts per million. The strain gage has 
a nominal resistance of 600 � and a gage factor of 2.5. Determine the resistance change in the 
strain gage.   

   16.    Explain how a strain gage can be used to measure pressure.   

   17.    Identify and compare the three symbols in  Figure   15–50   .    

(a) (b) (c)

ψ ψ ψ

 FIGURE 15–50        

   SECTION   15–5        Power-Control  

   18.    Name two ways an SCR can be placed in the forward-conduction region.   

   19.    Sketch the  V  R  waveform for the circuit in  Figure   15–51   , given the indicated relationship of the 
input waveforms.    

   20.    For the circuit in  Figure   15–52   , sketch the waveform at the output of the comparator and at the 
output of the circuit in relation to the input. Assume the input is a 115 V rms sine wave and the 
comparator and the power supply voltages for the comparator are {10 V.    

   21.    What change to the circuit in  Figure   15–52    would you make if you wanted to have positive trig-
gers on the negative slope of the input waveform?    



VRR

G

A

VA

VG

K

 FIGURE 15–51        

+

–

Vout

R1

Vs

ComparatorVin

R2
1.0 k�

D3

D2

D1

VCC

1.0 M�

C1

1.0 μF

 FIGURE 15–52        

  ANSWERS TO SECTION CHECKUPS 
   SECTION   15–1     

   1.   An rms-to-dc converter produces a dc output voltage that is equal to the rms value of the ac 
input voltage.  

   2.   Internally, an rms-to-dc converter squares, averages, and takes the square root.  

   SECTION   15–2     

   1.   Synchro  

   2.   An RDC accepts resolver format voltages on its inputs.  

   3.   An RDC produces a digital code representing the angular shaft position of the resolver.  

   4.   An RDC converts the angular shaft position of a resolver into a digital code.  

   SECTION   15–3     

   1.   A thermocouple is a temperature transducer formed by the junction of two dissimilar metals.  

   2.   A voltage proportional to the temperature is produced across the junction of two dissimilar 
 metals.  

   3.   An RTD is a resistance temperature detector in which the resistance is proportional to the tem-
perature, whereas the thermocouple produces a voltage.  

   4.   An RTD has a positive temperature coeffi cient, and a thermistor can have either a positive or a 
negative temperature coeffi cient.  

   5.   The thermocouple has a greater temperature range than the RTD or thermistor.  

   6.   Coolant temperature, air temperature, and transmission fl uid temperature measurements.  
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   SECTION   15–4     

   1.   Basically, a strain gage is a resistive element whose dimensions can be altered by an applied 
force to produce a change in resistance.  

   2.   Basically, a pressure gage is a strain gage bonded to a fl exible diaphragm.  

   3.   Absolute, gage, and differential  

   4.     (a)   A linear variable differential transformer  
  (b)   Displacement    

   SECTION   15–5     

   1.   An SCR is unidirectional and therefore allows current through the load only during half of the 
ac cycle. A triac is bidirectional and allows current during the complete cycle.  

   2.   Zero-voltage switching eliminates fast transitions in the current to a load, thus reducing RFI 
emissions and thermal shock to the load element.  

   3.   In a system in which power is controlled.   

  ANSWERS TO PRACTICE EXERCISES 
FOR EXAMPLES 
  15–1   183°  

  15–2   10.1%  

  15–3   24.247 mV  

  15–4   1.0 k�; 0 V  

  15–5   5.12 m�   

  ANSWERS TO SELF-TEST 
   1.   (b)     2.   (f)     3.   (a)     4.   (b)     5.   (c)  

   6.   (c)     7.   (d)     8.   (d)     9.   (e)     10.   (a)  

   11.   (b)     12.   (c)     13.   (e)     14.   (b)     15.   (b)  

   16.   (c)     17.   (a)     18.   (d)     19.   (b)     20.   (c)   

  ANSWERS TO TROUBLESHOOTER’S QUIZ 
   1.   increase     2.   not change     3.   increase     4.   decrease  

   5.   not change     6.   decrease     7.   decrease     8.   not change  

   9.   not change     10.   not change     11.   decrease     
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 Derivations of Selected Equations 

  Equation (3–9) 
 The Shockley equation for the base-emitter  pn  junction is 

   IE = IR(eVQ>kT - 1)   

  where     I  E  = the total forward current across the base-emitter junction  

    I  R  = the reverse saturation current  

    V  = the voltage across the depletion region  

    Q  = the charge on an electron  

    k  = a number known as Boltzmann’s constant  

    T  = the absolute temperature   

 At ambient temperature,  Q > kT _ 40, so 

   IE = IR(e40V - 1)   

 Differentiating, 

   
dIE

dV
= 40IRe40V   

 Since  I  R  e  40V  =  I  E  +  I  R , 

   
dIE

dV
= 40(IE + IR)   

 Assuming  I  R V  I  E , 

   
dIE

dV
_ 40IE   

 The ac resistance  r �  e   of the base-emitter junction can be expressed as  dV > dI  E . 

   r�e =
dV

dIE
_

1

40IE
_

25 mV

IE
    

  Equation (4–10) 
 The gain of a CD amplifi er is 

   Av =
Rs

r�s
+ Rs   

 Substituting 1/ g m   for  r �  s   gives 

   Av =
Rs

1
gm

+ Rs

=
gmRs

1 + gmRs
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  Equation (7–4) 
 The formula for open-loop gain in Equation (7–2) can be expressed in complex nota-
tion as 

   Aol =
Aol(mid)

1 + jf>fc(ol)
   

 Substituting the above expression into the equation  A cl   =  A ol  >(1 +  BA ol  ), we get a for-
mula for the total closed-loop gain. 

   Acl =
Aol(mid)>(1 + jf>fc(ol))

1 + BAol(mid)>(1 + jf>fc(ol))
   

 Multiplying the numerator and denominator by 1 +  jf > f c   ( ol )  yields 

   Acl =
Aol(mid)

1 + BAol(mid) + jf>fc(ol)
   

 Dividing the numerator and denominator by 1 +  BA ol   ( mid )  gives 

   Acl =
Aol(mid)>(1 + BAol(mid))

1 + j[ f>( fc(ol)(1 + BAol(mid)))]
   

 The above expression is of the form of the fi rst equation 

   Acl =
Acl(mid)

1 + jf>fc(cl)
   

 where  f c   ( cl )  is the closed-loop critical frequency. Thus, 

   fc(cl) = fc(ol)(1 + BAol(mid))    

  Equation (9–7) 
 The center frequency equation is 

   f0 =
1

2p2(R1 }R3)R2C1C2

   

 Substituting  C  for  C  1  and  C  2  and rewriting  R  1 }  R  3  as the product-over-sum produces 

   f0 =
1

2pCB a
R1R3

R1 + R3
bR2

   

 Rearranging, 

   f0 =
1

2pC
 B a

R1 + R3

R1R2R3
b     

  Equation (10–1) 

    
Vout

Vin
=

R( - jX)>(R - jX)

(R - jX) + R(- jX)>(R - jX)

 =
R(- jX)

(R - jX)2 - jRX
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 Multiplying the numerator and denominator by  j,  

    
Vout

Vin
=

RX

j(R - jX)2 + RX

 =
RX

RX + j(R2 - j2RX - X2)

 =
RX

RX + jR2 + 2RX - jX2    

    
Vout

Vin
=

RX

3RX + j(R2 - X2)
   

 For a 0° phase angle there can be no  j  term. Recall from complex numbers in ac the-
ory that a  nonzero  angle is associated with a complex number having a  j  term. Therefore, 
at  f r   the  j  term is 0. 

   R2 - X2 = 0   

 Thus, 

   
Vout

Vin
=

RX

3RX
   

 Cancelling, 

   
Vout

Vin
=

1

3
    

  Equation (10–2) 
 From the derivation of Equation (10–1), 

    R2 - X2 = 0

 R2 = X2

 R = X    

 Since    X =
1

2pfrC
   , 

   R =
1

2pfrC
   

   fr =
1

2pRC
    

  Equations (10–3) and (10–4) 
 The feedback network in the phase-shift oscillator consists of three  RC  stages, as shown in 
 Figure   A–1   . An expression for the attenuation is derived using the mesh analysis method 
for the loop assignment shown. All  R s are equal in value, and all  C s are equal in value.  

RRR

C

Vin Vout

I2 I3I1

CC

 FIGURE A–1        
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    (R - j1>2pfC)I1 - RI2 + 0I3 = Vin

 -RI1 + (2R - j1>2pfC)I2 - RI3 = 0

 0I1 - RI2 + (2R - j1>2pfC)I3 = 0    

 In order to get  V out  , we must solve for  I  3  using determinants: 

    I3 =

†
(R - j1>2pfC) -R Vin

-R (2R - j1>2pfC) 0

0 -R 0

†

†
(R - j1>2pfC) -R 0

-R (2R - j1>2pfC) -R

0 -R (2R - j1>2pfC)

†

 I3 =
R2Vin

(R - j1>2pfC)(2R - j1>2pfC)2 - R2(2R - j1>2pfC) - R2(R - 1>2pfC)

 
Vout

Vin
=

RI3

Vin

 =
R3

(R - j1>2pfC)(2R - j1>2pfC)2 - R3(2 - j1>2pfRC) - R3(1 - 1>2pfRC)

 =
R3

R3(1 - j1>2pfRC)(2 - j1>2pfRC)2 - R3[(2 - j1>2pfRC) - (1 - j1>2pfRC)]

 =
R3

R3(1 - j1>2pfRC)(2 - j1>2pfRC)2 - R3(3 - j1>2pfRC)

 =
1

(1 - j1>2pfRC)(2 - j1>2pfRC)2 - (3 - j1>2pfRC)
   

 Expanding and combining the real terms and the  j  terms separately, 

   
Vout

Vin
=

1

a1 -
5

4p2f 2R2C2 b - ja 6

2pfRC
-

1

(2pf )3R3C3 b
   

 For oscillation in the phase-shift amplifi er, the phase shift through the  RC  network must 
equal 180°. For this condition to exist, the  j  term must be 0 at the frequency of oscillation  f r  . 

    
6

2pfrRC
-

1

(2pfr)
3R3C3 = 0

 
6(2p)2f 2

r R2C2 - 1

(2p)3f 3
r R3C3 = 0

 6(2p)2f 2
r R2C2 - 1 = 0

 f 2
r =

1

6(2p)2R2C2

 fr =
1

2p16RC
   

 Since the  j  term is 0, 

    
Vout

Vin
=

1

1 -
5

4p2f 2
r R2C2

=
1

1 -
5

a 1

16RC
b2

R2C2

 =
1

1 - 30
= -

1

29
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 The negative sign results from the 180° inversion. Thus, the value of attenuation for the 
feedback network is 

   B =
1

29
    

  Equation (12–1) 
 The output voltage of the upper op-amp is called  V out   1  and the output voltage of the lower 
op-amp is called  V out   2 . The difference in these two voltages sets up a current in the two 
feedback resistors,  R,  and  R G  , given by Ohm’s law. 

   i =
Vout1 - Vout2

2R + RG
   

 Because of negative feedback, ideally, the input voltage is across  R  G  (no voltage drop 
across the op-amp inputs). Applying Ohm’s law again, 

   i =
Vin1 - Vin2

RG
   

 The current in the feedback resistors ( R ) and the gain resistor ( R  G ) are the same, since the 
op-amp inputs (ideally) draw no current. Equating the currents, 

   
Vout1 - Vout2

RG + 2R
=

Vin1 - Vin2

RG
   

 The third op-amp is set up as a unity-gain differential amplifi er. Its output is 

   Vout = -(Vout1 - Vout2)   

 Substituting this result into the previous equation, 

   
-Vout

RG + 2R
=

Vin1 - Vin2

RG
   

 Rearranging, changing signs, and simplifying, 

   Vout = a1 +
2R

RG
b (Vin2 - Vin1)     
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       ANSWERS TO ODD-
NUMBERED PROBLEMS 
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    Chapter   1     
   1.   45.4 mS  

   3.      Answers vary depending on the triangle used. For a 100-mV 

change, the resistance used is 
�V

�I
=

0.75 - 0.65 V

8 - 3.2 mA
� 21 �     

   5.     (a)    V p   = 100 V,  V avg   = 63.7 V, v = 200 rad/s  

    (b)   79.6 V    

   7.   37 kHz  

   9.   1.11  

   11.   Odd harmonics  

   13.   Voltage across 1.0 k� load = 1.65 V; 
  Voltage across 2.7 k� load = 3.25 V;
  Voltage across 3.6 k� load = 3.79 V  

 0 V

13.4 V

Voltage waveform

 FIGURE ANS–4        

   15.   See  Figure   ANS–1   .   

battery lead at the microphone. Test by changing SW to the 
B microphones. If this corrects the problem, check the  A  2  
microphone; otherwise look for continuity to the switch and 
check the switch itself.  

   29.   Use a static-safe wrist strap (and static-free work station, 
if possible).  

   Chapter   2     
   1.   See  Figure   ANS–3   .   

   17.   See  Figure   ANS–2   .   

   19.   4.0 V  

   21.   51 dB  

   23.   -60 dB  

   25.     (a)   -10 dB      (b)   10 V    

   27.   The supply is common to both channels, so it is not the 
problem. Start by reversing the channels at the input of the 
amplifi er. If Channel 2 is still bad, the problem is most 
likely the amplifi er or the Ch-2 speaker. Speakers can be 
tested by reversing them. 

    If the problem changes channels when the fi rst test is 
done, the problem is before the amplifi er inputs and could 
be the  A  2  microphone or a problem in wiring, including the 

   3.     (a)   Full-wave rectifi er  

    (b)   28.3 V (total)  

    (c)   14.1 V (reference is center tap)  

    (d)   See  Figure   ANS–4    (offset approximation).   

    (e)   13.4 mA (offset approximation)  

    (f)   28.3 V (ideal approximation)    

   5.    V p   = 50 V/0.637 = 78.5 V; PIV = 78.5 V  

   7.   60 mV  

   9.   11.94 V  

   11.   9.06 V  

   13.   See  Figure   ANS–5   .   

0 V

–7.3 V

(a)

7.3 V

0 V

(b)

 FIGURE ANS–5        
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 0 V

4.3 V

Voltage waveform

 0 mA

43 mA

Current waveform  

 FIGURE ANS–3        
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   15.   See  Figure   ANS–6   .   

ZZ = 5.0 �
VZ = 7.5 V

 FIGURE ANS–6        
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 FIGURE ANS–7        

   17.   2.6%  

   19.   2.0 V. Note: since the plot is logarithmic, 25 pF is 70% 
of the linear distance between 20 pF and 30 pF.  

   21.   2.0 V  

   23.   Dark current  

   25.    V  RRM  = 400 V  

   27.   DMM1 is correct but DMM2 is reading the rectifi ed aver-
age voltage rather than the peak voltage that it would show 
if the capacitor was in the circuit. DMM3, indicating no 
voltage, implies an open circuit between the bridge and 
the output. The most likely cause is an open path along the 
output line between the bridge and the fi lter capacitor.  

   29.     (a)   Readings are correct.  

    (b)   Open zener diode  

    (c)   Open switch or fuse blown  

    (d)   Open capacitor  

    (e)    Open transformer winding (less likely: more than one 
diode open)    

   31.   See  Figure   ANS–7   . The output voltages are 
 V  OUT1  = 6.8 V and  V  OUT2  = 24 V.   

   33.   A turns ratio of  N pri  : N sec   = 5:1 is a reasonable choice 
based on the 24 V output.  

   35.   D2 is open.  

   37.   C1 is shorted.  

   Chapter   3     
   1.   5.29 mA  

   3.   29.4 mA  

   5.    I  B  = 0.276 mA;  I  C  = 20.7 mA;  V  C  = 15.1 V  

   7.    I  B  = 13.6 mA;  I  C  = 3.4 mA;  V  C  = 6.6 V  

   9.    I  C  = 3.67 mA (saturation current);  V  CE  = 0.1 V  

   11.     (a)   decrease (to zero)      (b)   remain the same
    (c)   increase      (d)   increase      (e)   increase    

   13.    I  C �  I  E  = 0.92 mA;  V  CE  = 8.34 V  

   15.    I  C(sat)  = 5.52 mA;  V  CE(cutoff)  = 15 V  

   17.    P  = (36.2 mA)(9.23 V) = 334 mW  

   19.     (a)    I  C  = 36.2 mA;  V  CE  = 7.1 V  

    (b)    PRC
      = 432 mW  

    (c)    P D   = 256 mW    

   21.    V  B  = 2.64 V;  V  E  = 1.94 V;  V  C  = 10.0 V  

   23.    A v   ( max )  = 123;  A v   ( min )  = 2.9  

   25.    R in   ( tot )  = 5.44 k�;  A i   = 5.44  

   27.    I c   ( sat )( ac )  = 32.1 mA;  V ce   ( cutoff )( ac )  = 13.0 V  

   29.   Low input resistance  

   31.   45 �  

   33.    I  C(sat)(Q1)  = 1.19 mA;  I  C(sat)(Q2)  _ 10 mA  

   35.   See  Figure   ANS–8   .   
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   37.   With the positive probe on the emitter and negative probe on 
the base, the reading is an open (or extremely high resistance). 
With the leads reversed, the reading is much lower.  
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   39.     (a)   27.8      (b)   109    

   41.    C1 is open.

 43. R1 is shorted

 45. The collector terminal is open.   

   Chapter   4     
   1.   JFETs  

   3.     (a)    Depletion region widens (creating a narrower 
channel)  

    (b)   Increase  

    (c)   Less    

   5.   +5.0 V  

   7.     (a)   10 mA      (b)   4 G�      (c)    R  IN  drops    

   9.     (a)   Approximately +4 V  

    (b)   Approximately 2.5 mA  

    (c)   Approximately +15.8 V    

   11.     (a)   +2.1 V      (b)   2.1 mA      (c)    +5.97 V    

   13.     (a)    V  DS  = +6.3 V;  V  GS  = -1.0 V  

    (b)    V  DS  = +7.29 V;  V  GS  = -0.3 V  

    (c)    V  DS  = -1.65 V;  V  GS  = +2.35 V    

   25.    A v   = -21.9  

   27.    A v   ( min )  = 0.64;  A v   ( max )  = 0.9  

   29.    Q  1  or  Q  2  open,  R  E  open, no negative supply voltage, open 
path between transistors  

   31.   0.953 mA  

   33.     (a)    I  D  = 4.85 mA;  V  DS  = 9.3 V      (b)    A v   = -3.5    

   35.   It is a resistance that appears to be in series with the signal 
and indicates how much the FET departs from ideal.  

   37.   37. In a CMOS switch the transistors are in series and one 
of them is always off. This means the switch draws almost 
no current from the supply, except for the brief moments 
when it is changing states.

 39. RL is shorted

 41. Q2 gate terminal is open 

 43. D1 is shorted  

   Chapter   5     
   1.    A v   ( overall )  = 38.4;  R in  � 1.0 M�;  R out   = 2.7 k�  

   3.    A v   ( overall )  = 812;  A ¿  v ( overall )  = 58.2 dB  

   5.     (a)   See  Figure   ANS–10   .  

    (b)    A v   ( overall )  = 6000  

    (c)    A v   ( overall )  = 3600     

ID (mA)

1

5 10 150

2

3

4

5

6

VDS (V)

Q-point

 FIGURE ANS–9        IC (mA)

50

10 20 300

100

150

200

250

VCE (V)
5 15 25

AC load line

DC load line

Q-point

 FIGURE ANS–11        

Rout2

Rin(tot)2
30 k�

Vout2

Stage 2

2.0 k�

Rout1

Vin1(80)Vin1
Rin(tot)1
30 k�

Stage 1

2.0 k�

Vin2(80)

Amplifier

 FIGURE ANS–10        

   15.    I  D  = 0.514 mA;  V  D  = +6.86 V  

   17.   The gate is separated from the channel by a silicon-dioxide 
insulating layer.  

   19.   +3 V  

   21.     (a)   Since  V  GS  7  V  GS(th) , the device is on.  

    (b)   Since  V  GS  6  V  GS(th) , the device is off.    

   23.   See  Figure   ANS–9   .   

   7.   Since it increases the input resistance of stage 2, gain will 
be larger.  

   9.   To prevent refl ections from affecting the signal  

   11.   An increase in the input signal will cause it to move over 
a larger portion of the load line. At the upper end, the 
transconductance is higher, thus the gain is higher. At 
the lower end, the opposite is true. The overall effect is 
increased distortion.  

   13.   10 k�  

   15.   See  Figure   ANS–11   .   
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   17.    Q  = 79;  A v   (NL)  = 415;  BW  = 5.75 kHz  

   19.     (a)      I  C( Q 2)  = 5.3 mA;  V  B( Q 3)  = +0.7 V;  I  C( Q 3)  = 120 mA; 
 V  E( Q 3)  = 0 V  

    (b)   0.25 W    

   21.   See  Figure   ANS–12   .   
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   23.     (a)   None  

    (b)   Gain increases to 101  

    (c)   No noticeable effect    

   25.     (a)    I  CQ  = 68.4 mA;  V  CEQ  = 5.14 V.  

    (b)    A v   = 11.7;  A p   = 263    

   27.   The changes are shown in  Figure   ANS–13   . The advantage 
of this arrangement is that the load resistor is referenced to 
ground.   

   29.     (a)    V  B( Q 1)  = +0.7 V;  V  B( Q 2)  = -0.7 V;  V  E  = 0 V; 
  I  CQ  = 8.3 mA;  V  CEQ( Q 1)  = +9 V;  V  CEQ( Q 2)  = -9 V  

    (b)   0.5 W    

   31.     (a)    V  B( Q 1)  = +8.2 V;  V  B( Q 2)  = +6.8 V;  V  E  = 7.5 V; 
  I  CQ  = 6.8 mA;  V  CEQ( Q 1)  = +7.5 V;  V  CEQ( Q 2)  = -7.5 V  

    (b)    P L   = 167 mW    

   33.     (a)    C  2  open or  Q  2  open  

    (b)   power supply off, open  R  1 ,  Q  1  base shorted to ground  

    (c)    Q  1  has collector-to-emitter short  

    (d)   one or both diodes shorted    

   35.   C = 1.76 nF added in series

 37. 2 W

 39. R2 is open

 41. RF is shorted

 43. D1 is shorted

 45. C4 is open         

   Chapter   6     
   1.    Practical op-amp:  High open-loop gain, high input impedance, 

low output impedance, large bandwidth, high CMRR.  Ideal 
op-amp:  Infi nite open-loop gain, infi nite input impedance, zero 
output impedance, infi nite bandwidth, infi nite CMRR.  

   3.     (a)   Single-ended input; differential output  

    (b)   Single-ended input; single-ended output  

    (c)   Differential input; single-ended output  

    (d)   Differential input; differential output    

   5.   V1: differential output voltage
V2: noninverting input voltage
V3: single-ended output voltage
V4: differential input voltage
A1: bias current  

   7.   8.1 mA  

   9.   107.96 dB  

   11.   0.3  

   13.   40 ms  

   15.    V f   = 49.5 mV,  B  = 0.0099  

   17.     (a)   11       (b)   101       (c)   47.81      (d)   23    

   19.     (a)   1.0      (b)   -1.0      (c)   22.3        (d)   -10    

   21.     (a)   0.45 mA      (b)   0.45 mA  

    (c)   -10 V      (d)   -10    

   23.     (a)    Z in   (VF)  = 1.32 * 10 12  �;  Z out   (VF)  = 0.455 m�  

    (b)    Z in   (VF)  = 5 * 10 11  �;  Z out   (VF)  = 0.6 m�  

    (c)    Z in   (VF)  = 40,000 M�;  Z out   (VF)  = 1.5 m�    

   25.     (a)    R  1  open or op-amp faulty      (b)    R  2  open    

   27.   The closed-loop gain will become a fi xed -100.

 29. RE is shorted

 31. Ri is shorted

 33. RL is shorted  

   Chapter   7     
   1.   70 dB  

   3.   1.67 k�  

   5.     (a)   79,603      (b)    56,569      (c)   7960      (d)   80    

   7.     (a)   -0.67°      (b)    -2.69°      (c)   -5.71°  

    (d)   -45°        (e)   -71.22°      (f)   -84.29°    

   9.     (a)   0 dB/decade       (b)   -20 dB/decade  

    (c)   -40 dB/decade      (d)   -60 dB/decade    

   11.     (a)   29.8 dB; closed-loop  

    (b)   23.9 dB; closed-loop  

    (c)   0 dB; closed-loop    

   13.   21.14 MHz  

   15.   Circuit (b) has smaller  BW  (97.5 kHz).  

   17.     (a)   150°      (b)   120°      (c)   60°      (d)   0°     (e)    -30°    
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   7.   +8.57 V and -0.968 V  

   9.     (a)   -2.5 V      (b)   -3.52 V    

   11.   110 k�  

   13.    V  OUT  = -3.57 V;  I f   = -357 mA  

   15.   -4.46 mV/μs  

   17.   1 mA  

   19.   See  Figure   ANS–15   .   
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   21.   See  Figure   ANS–16   .   

   23.   The output is not correct because the output should also 
be high when the input goes below +2 V. Possible faults: 

Op-amp A2 bad, diode  D  2  open, noninverting (+) input of 
op-amp A2 not properly set at +2 V, or  V in   is not reaching 
inverting input.  

   25.   Output is not correct.  R  2  is open.

 27. R2 is open

 29. R1 is shorted

 31. D1 is open

 33. Rf is open  

   Chapter   9     
   1.     (a)   Band pass      (b)   High pass  

    (c)   Low pass       (d)   Band stop    

   3.   48.2 kHz; No  

   5.   700 Hz, 5.05  

   7.     (a)   1, not Butterworth  

    (b)   1.44, approximate Butterworth  

    (c)   1st stage: 1.67 
    2nd stage: 1.67 
    Not Butterworth    

   9.     (a)   Chebyshev      (b)   Butterworth  

    (c)   Bessel         (d)   Butterworth    

   11.   190 Hz  

   13.   Add another identical stage and change the ratio of the 
feedback resistors to 0.068 for fi rst stage, 0.586 for second 
stage, and 1.482 for third stage.  

   15.   Exchange positions of resistors and capacitors in the fi lter 
network.  

   17.     (a)   Decrease  R  1  and  R  2  or  C  1  and  C  2 .  

    (b)   Increase  R  3  or decrease  R  4 .    

   19.     (a)    f  0  = 4.95 kHz,  BW  = 3.84 kHz  

    (b)    f  0  = 449 Hz,  BW  = 96.5 Hz  

    (c)    f  0  = 15.9 kHz,  BW  = 838 Hz    

   21.   Sum the low-pass and high-pass outputs with a two-input 
adder.

 23. C1 is open

 25. R1 is shorted

 27. RA2 is shorted

 29. R6 is open  

   Chapter   10     
   1.   An oscillator requires no input (other than dc power).  

   3.   1>75  

   5.   733 mV  

   7.   50 k�  

   9.   2.34 k�  

   11.   136 k�; 691 Hz  

   13.   A v  = 10  

   15.   Change  R  1  to 3.54 k�  

   17.    R  4  = 65.8 k�,  R  5  = 47 k�  

   19.   3.33 V; 6.67 V  

   21.   0.0076 mF  

   19.     (a)   Unstable      (b)   Stable      (c)   Marginally stable    

   21.   25 Hz  

   Chapter   8     
   1.   24 V, with distortion  

   3.    V  UTP  = +2.77 V;  V  LTP  = -2.77 V  

   5.   See  Figure   ANS–14   .   
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   Chapter   12     
   1.    A v   (1)  =  A v   (2)  = 101  

   3.   1.005 V  

   5.   51.5  

   7.   Change  R  G  to 2.2 k�  

   9.   300  

   11.   Change the 18 k� resistor to 68 k�.  

   13.   Connect output (pin 15) directly to pin 14, and connect 
pin 6 directly to pin 10 to make  R F   = 0.  

   7.   8.5 V  

   9.   9.57 V  

   11.   500 mA  

   13.   10 mA  

   15.    I  L(max)  = 250 mA,  P R   1  = 6.25 W  

   17.   40%  

   19.   Decreases  

   21.   14.25 V  

   23.   1.3 mA  

   25.   2.8 �  

   27.    R  lim  = 0.35 �  

   29.   See  Figure   ANS–18   .   

   23.   13.6 ms  

   25.   0.01 mF; 9.1 k�  

   27.   D 1  is shorted  

   29.   R 2  is open  

   Chapter   11     
   1.   0.033%  

   3.   1.01%  

   5.   See  Figure   ANS–17   .   
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   31.   D 1  is open.  

   33.   R 1  is shorted  

   35.   R 1  is open  

   15.   500 mA, 5 V  

   17.    A v  � 11.2  

   19.   See  Figure   ANS–19   .   

   21.   See  Figure   ANS–20   .   
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   23.     (a)   -0.301        (b)    0.301        (c)   1.699        (d)    2.114    

   25.   The output of a log amplifi er is limited to 0.7 V because of 
the transistor’s  pn  junction.  

   27.   -157 mV  

   29.    V out   ( max )  = -147 mV,  V out   ( min )  = -89.2 mV; the 1 V 
input peak is reduced 85%, whereas the 100 mV input peak 
is reduced only 10%.  

   31.   R 1  is open.  

   33.   R G  is open.  

   Chapter   13     
   1.   See  Figure   ANS–21   .   

   23.   The IF amplifi er has a 450 kHz–460 kHz passband. The 
audio/power amplifi ers have a 10 Hz–5 kHz pass-band.  

   25.   The modulating input signal is applied to the control ter-
minal of the VCO. As the input signal amplitude varies, 
the output frequency of the VCO will vary proportionally.  

   27.   The audio signal varies the voltage to an internal varactor, 
which changes the frequency of the VCO.  

   29.     (a)   10 MHz  

    (b)   48.3 mV    

   31.   1005 Hz  

   33.   11.8°  

   21.   See  Figure   ANS–23   .   

   Chapter   14     
   1.   See  Figure   ANS–24   .   

   3.   See  Figure   ANS–25   .   
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   3.   1135 kHz  

   5.   RF: 91.2 MHz, IF: 10.7 MHz  

   7.     (a)   -4.65 V       (b)   5.52 V       (c)   -1.61 V       (d)   2.74 V    

   9.     (a)   -698 mV        (b)   4.24 V  

    (c)   -1.77 V         (d)   340 mV    

   11.    f diff   = 8 kHz,  f sum   = 10 kHz  

   13.    f diff   = 1.7 MHz,  f sum   = 1.9 MHz,  f  1  = 1.8 MHz  

   15.    f c   = 850 kHz,  f m   = 3 kHz  

   17.    V out   = 15 mV cos[(1100 kHz)2p t ]
- 15 mV cos[(5500 kHz)2p t ]  

   19.   See  Figure   ANS–22   .   
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   7.   See  Figure   ANS–26   .   
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  D  3    D  2    D  1    D  0    V OUT   

 0  0  0  0  0 V 

 0  0  1  1  -0.50 V + (-0.25 V) = -0.75 V 

 1  0  0  0  -2.00 V 

 1  1  1  1  -2.00 V + (-1.00 V) + (-0.50 V) + (-0.25 V) = -3.75 V 

 1  1  1  0  -2.00 V + (-1.00 V) + (-0.50 V) = -3.50 V 

 0  1  0  0  -1.00 V 

 0  0  0  0  0 V 

 0  0  0  1  -0.25 V 

 1  0  1  1  -2.00 V + (-0.50 V) + (-0.25 V) = -2.75 V 

 1  1  1  0  -2.00 V + (-1.00 V) + (-0.50 V) = -3.50 V 

 1  1  0  1  -2.00 V + (-1.00 V) + (-0.25 V) = -3.25 V 

 0  1  0  0  -1.00 V 

 1  0  1  1  -2.00 V + (-0.50 V) + (-0.25 V) = -2.75 V 

 0  0  0  1  -0.25 V 

 0  0  1  1  -0.50 + (-0.25 V) = -0.75 V 

   13.     (a)   16        (b)   32        (c)   256        (d)   65,536    

   15.   1 mV  

   17.       
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   9.   5 k�, 2.5 k�, 1.25 k�  

   11.       
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   19.    f out   increases.  

   21.   691 pF (use standard 680 pF)  

   23.    f out   ( min )  = 26.2 kHz,  f out   ( max )  = 80.9 kHz  

   25.   The  D  0  (LSB) is stuck high and the  D  2  is stuck low.  

   Chapter   15     
   1.   5 V  

   3.   189.84°  

   5.   12 bits  

   7.   Thermocouple  C   

   9.   -4.36 V  

   11.   540 �  

   13.   The effects of the wire resistances are cancelled in the 
3-wire bridge.  

   15.    �R  = 4.5 m�  

   17.     (a)   absolute pressure transducer  

    (b)   gage pressure transducer  

    (c)   differential pressure transducer    
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0VG

0VR

 FIGURE ANS–27        

   21.   Reverse the comparator inputs.     

   19.   See  Figure   ANS–27   .   
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  ac beta (B  ac  )      The ratio of a change in collector current to a 
corresponding change in base current in a bipolar junction 
transistor.   

  Accuracy      In relation to DACs or ADCs, a comparison of the 
actual output with the expected output, expressed as a percentage.   

  Acquisition time      In an analog switch, the time required for 
the device to reach its fi nal value when switched from hold to 
sample.   

  ac resistance      The ratio of a small change in voltage divided by 
a corresponding change in current for a given device; also called 
 dynamic, small-signal,  or  bulk resistance.    

  Active fi lter      A frequency-selective circuit consisting of active 
devices such as transistors or op-amps coupled with reactive 
components.   

  A/D conversion      A process whereby information in analog form 
is converted into digital form.   

  Amplifi cation      The process of producing a larger voltage, 
 current, or power using a smaller input signal as a “pattern.”   

  Amplifi er      An electronic circuit having the capability of amplifi -
cation and designed specifi cally for that purpose.   

  Amplitude modulation (AM)      A communication method in 
which a lower-frequency signal modulates (varies) the amplitude 
of a higher-frequency signal (carrier).   

  Analog signal      A signal that can take on a continuous range of 
values within certain limits.   

  Analog switch      A type of semiconductor switch that connects an 
analog signal from input to output with a control input.   

  Analog-to-digital converter (ADC)      A device used to convert 
an analog signal to a sequence of digital codes.   

  Anode      (semiconductor diode defi nition) The terminal of a sem-
iconductor diode that is more positive with respect to the other 
terminal when it is biased in the forward direction.   

  Antilog      The number corresponding to a given logarithm.   

  Aperture jitter      In an analog switch, the uncertainty in the aper-
ture time.   

  Aperture time      In an analog switch, the time to fully open after 
being switched from sample to hold.   

  Armstrong oscillator      A type of LC feedback oscillator that 
uses transformer coupling in the feedback circuit.   

  Astable      Characterized by having no stable states; a type of 
oscillator.   

  Astable multivibrator      A type of circuit that can operate as an 
oscillator and produces a pulse waveform output.   

  Attenuation      The reduction in the level of power, current, or 
voltage.   

  Audio      Related to the range of frequencies that can be heard 
by the human ear and generally considered to be in the 20 Hz 
to 20 kHz range.   

  Automatic gain control (AGC)      A feedback system that 
reduces the gain for larger signals and increases the gain for 
smaller signals.   

  Balanced modulation      A form of amplitude modulation 
in which the carrier is suppressed; sometimes known as 
 suppressed-carrier modulation.    

  Band-pass fi lter      A type of fi lter that passes a range of frequen-
cies lying between a certain lower frequency and a certain 
higher frequency.   

  Band-stop fi lter      A type of fi lter that blocks or rejects a range 
of frequencies lying between a certain lower frequency and a 
certain higher frequency.   

  Bandwidth      The characteristic of certain types of electronic 
circuits that specifi es the usable range of frequencies that pass 
from input to output. It is the upper critical frequency minus the 
lower critical frequency.   

  Barrier potential      The inherent voltage across the depletion 
region of a  pn  junction.   

  Base      One of the semiconductor regions in a BJT.   

  Base bias      A form of bias in which a single resistor is connected 
between a BJT’s base and  V  CC .   

  Bessel      A type of fi lter response having a linear phase character-
istic and less than −20 dB/decade/pole roll-off.   

  Bias      The application of dc voltage to a diode or other electronic 
device to produce a desired mode of operation.   

  Bipolar      Characterized by two  pn  junctions.   

  Bipolar junction transistor (BJT)      A transistor constructed with 
three doped semiconductor regions separated by two  pn  junctions.   

  Bounding      The process of limiting the output range of an 
 amplifi er or other circuit.   

  Butterworth      A type of fi lter response characterized by fl atness 
in the passband and a −20 dB/decade/pole roll-off.   

  Bypass capacitor      A capacitor connected in parallel with a 
resistor to provide the ac signal with a low impedance path.   

  Carrier      The high frequency (RF) signal that carries modulated 
information in AM, FM, and other communications systems.   

  Cascode amplifi er      Common-source and common-gate ampli-
fi ers connected in series.   

  Cathode      (semiconductor diode defi nition) The terminal of a 
doide that is more negative with respect to the other terminal 
when it is biased in the forward direction.   

  Center tap      A connection at the midpoint of the secondary of a 
transformer.   

  Characteristic curve      A plot that shows the relationship 
between two variable properties of a device. For most electronic 
devices, a characteristic curve refers to a plot of the current,  I,  
plotted as a function of voltage,  V.    

  Chebyshev      A type of fi lter response characterized by ripples in 
the passband and a greater than −20 dB/decade/pole roll-off.   

   C iss        The common-source input capacitance of a FET as seen 
looking into the gate.   

  Clamper      A circuit that adds a dc level to an ac signal; also 
called a  dc restorer.    
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  Clapp oscillator      A variation of the Colpitts oscillator with an 
added capacitor in series with the inductor in the feedback circuit.   

  Class A      An amplifi er that operates in the active region at all times.   

  Class AB      An amplifi er that is biased into slight conduction. The 
Q-point is slightly above cutoff.   

  Class B      An amplifi er that has the Q-point located at cutoff, 
causing the output current to vary only during one-half of the 
input cycle.   

  Closed-loop      An op-amp confi guration in which the output is 
connected back to the input through a feedback circuit.   

  Closed-loop voltage gain      The net voltage gain of an amplifi er 
when negative feedback is included.   

  Coax      A transmission line, principally used for high frequencies, 
in which a center conductor is surrounded by a tubular conduct-
ing shield.   

  Cold junction      A reference thermocouple held at a fi xed tem-
perature and used for compensation in thermocouple circuits.   

  Collector      One of the semiconductor regions in a BJT.   

  Collector characteristic curves      A set of collector  I-V  curves 
that show how  I  C  varies with  V  CE  for a given base current.   

  Collector feedback bias      A form of bias, used in CE and CB 
amplifi ers, in which a single resistor is connected between a 
BJT’s base and its collector.   

  Colpitts oscillator      A type of LC feedback oscillator that uses 
two series capacitors in the feedback circuit.   

  Common-base (CB)      A BJT amplifi er confi guration in which 
the base is the common terminal to an ac signal or ground.   

  Common-collector (CC)      A BJT amplifi er confi guration in 
which the collector is the common terminal to an ac signal or 
ground.   

  Common-drain (CD)      A FET amplifi er confi guration in which 
the drain is the grounded terminal to an ac signal or ground.   

  Common-emitter (CE)      A BJT amplifi er confi guration in which 
the emitter is the common terminal to an ac signal or ground.   

  Common-gate (CG)      A FET amplifi er confi guration in which 
the gate is the grounded terminal to an ac signal or ground.   

  Common mode      A condition characterized by the presence of 
the same signal on both op-amp inputs.   

  Common-mode input impedance      The ac resistance between 
each input and ground.   

  Common-mode input voltage range      The range of input volt-
age, which, when applied to both inputs, will not cause clipping 
or other output distortion.   

  Common-mode rejection ratio (CMRR)      The ratio of open-
loop gain to common-mode gain; a measure of an op-amp’s abil-
ity to reject common-mode signals.   

  Common-source (CS)      A FET amplifi er confi guration in which 
the source is the grounded terminal.   

  Comparator      A circuit that compares two input voltages and 
produces an output in either of two states indicating the greater 
than or less than relationship of the inputs.   

  Compensation      The process of modifying the roll-off rate of an 
amplifi er to ensure stability.   

  Complementary symmetry transistors      These are a matching 
pair of  npn / pnp  BJTs or a matching pair of  n- channel/ p- channel 
FETs.   

  Conduction electron      An electron that has broken away from 
the valance band of the parent atom and is free to move from 
atom to atom within the atomic structure of a material; also 
called a  free electron.    

  Constant-current region      The region on the drain characteristic 
of a FET in which the drain current is independent of the drain-
to-source voltage.   

  Constant-current source      A circuit that delivers a load current 
that remains constant when the load resistance changes.   

  Coupling capacitor      A capacitor connected in series with the ac 
signal and used to block dc voltages.   

  Covalent bond      A type of chemical bond in which atoms share 
electron pairs.   

  Critical angle      The angle above which full refl ection occurs in a 
fi ber optic cable.   

  Critical frequency      The frequency that defi nes the end of the 
passband of a fi lter; also called  cutoff frequency.    

  Crossover distortion      Distortion in the output of a class B push-
pull amplifi er at the point where each transistor changes from 
the cutoff state to the on state.   

  Crystal      A solid in which the particles form a regular, repeating 
pattern.   

  Current mirror      A circuit that uses matching diode junctions 
to form a current source. The current in a diode junction is 
refl ected as a matching current in the other junction (which is 
typically the base-emitter junction of a transistor). Current 
mirrors are commonly used to bias a push-pull amplifi er.   

  Current-to-voltage converter      A circuit that converts a variable 
input current to a proportional output voltage.   

  Cutoff      The nonconducting state of a transistor.   

  Cycle      The complete sequence of values that a waveform exhib-
its before another identical pattern occurs.   

  D/A conversion      The process of converting a sequence of digital 
codes to an analog form.   

  Damping factor (DF)      A fi lter characteristic that determines the 
type of response.   

  dBm      Decibel power level when the reference is understood to 
be 1 mW (see Decibel).   

  dc beta (B DC )      The ratio of collector current to base current in a 
bipolar junction transistor.   

  Decibel      A dimensionless quantity that is 10 times the logarithm 
of a power ratio or 20 times the logarithm of a voltage ratio.   

  Decoupling network      A low-pass fi lter that provides a low-
impedance path to ground for high-frequency signals.   

  Demodulation      The process in which the information signal is 
recovered from the IF carrier signal; the reverse of modulation.   

  Depletion mode      A class of FETs that is on with zero-gate 
 voltage and is turned off by gate voltage. All JFETs and some 
MOSFETS are depletion-mode devices.   

  Depletion region      The area near a  pn  junction on both sides that 
has no majority carriers.   

  Differential amplifi er (diff-amp)      An amplifi er that produces 
an output voltage proportional to the difference of the two input 
voltages.   

  Differential input impedance      The total resistance between the 
inverting and the noninverting inputs.   
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  Differential mode      The input condition of an op-amp in which 
opposite polarity signals are applied to the two inputs.   

  Differentiator      A circuit that produces an inverted output that 
approximates the rate of change of the input function.   

  Digital signal      A noncontinuous signal that has discrete numeri-
cal values assigned to the specifi c steps.   

  Digital-to-analog converter (DAC)      A device in which infor-
mation in digital form is converted to an analog form.   

  Diode      An electronic device that permits current in only one 
direction.   

  Discrete device      An individual electrical or electronic compo-
nent that must be used in combination with other components to 
form a complete functional circuit.   

  Discriminator      A type of FM demodulator.   

  Domain      The values assigned to the independent variable. For 
example, frequency or time are typically used as the independent 
variable for plotting signals.   

  Doping      The process of imparting impurities to an intrinsic 
semiconductive material in order to control its conduction 
characteristics.   

  Drain      One of the three terminals of a fi eld-effect transistor; it is 
one end of the channel.   

  Droop      In an analog switch, the change in the sampled value 
during the hold interval.   

  Dynamic emitter resistance      ( r �  e  ) The ac resistance of the emit-
ter; it is determined by the dc emitter current.   

  Effi ciency      (power) The ratio of the signal power supplied to the 
load to the power from the dc supply.   

  Electroluminescence      The process of releasing light energy by 
the recombination of electrons in a semiconductor.   

  Electron      The basic particle of negative electrical charge in matter.   

  Electrostatic discharge (ESD)      The discharge of a high voltage 
through an insulating path that frequently destroys a device.   

  Emitter      One of the three semiconductor regions in a BJT.   

  Emitter bias      A very stable form of bias requiring two power 
supplies. The emitter is connected through a resistor to one supply; 
another resistor is connected between a BJT’s base and ground.   

  Energy      The ability to do work.   

  Enhancement mode      A MOSFET in which the channel is 
formed (or enhanced) by the application of a gate voltage.   

  Feedback oscillator      A type of oscillator that returns a fraction 
of output signal to the input with no net phase shift resulting in a 
reinforcement of the output signal.   

  Feedforward      A method of frequency compensation in op-amp 
circuits.   

  Feedthrough      In an analog switch, the component of the output 
voltage that follows the input voltage after the switch opens.   

  Fiber optics      The use of light pulses to transmit information 
through a fi ber optic cable.   

  Field-effect transistor (FET)      A voltage-controlled device in 
which the voltage at the gate terminal controls the amount of 
current through the device.   

  Filter      A type of electrical circuit that passes certain frequencies 
and rejects all others.   

  Flash      A method of A/D conversion.   

  Floating point      A point in the circuit that is not electrically con-
nected to ground or a “solid” voltage.   

  Fold-back current limiting      A method of current limiting in 
voltage regulators.   

  Forward bias      The condition in which a  pn  junction conducts current.   

  Four-quadrant multiplier      A linear device that produces an 
output voltage proportional to the product of two input voltages.   

  Frequency      The number of repetitions per unit of time for a 
periodic waveform.   

  Frequency modulation (FM)      A communication method in 
which a lower-frequency intelligence-carrying signal modulates 
(varies) the frequency of a higher-frequency signal.   

  Full-wave rectifi er      A circuit that converts an alternating sine 
wave into a pulsating dc voltage consisting of both halves of a 
sine wave for each input cycle.   

  Gage factor ( GF )      The ratio of the fractional change in resist-
ance to the fractional change in length along the axis of the gage.   

  Gain      The amount of amplifi cation. Gain is a ratio of an output 
quantity to an input quantity (e.g., voltage gain is the ratio of the 
output voltage to the input voltage).   

  Gate      One of the three terminals of a fi eld-effect transistor. A 
voltage applied to the gate controls drain current.   

  Germanium      A semiconductive material.   

  Half-wave rectifi er      A circuit that converts an alternating sine 
wave into a pulsating dc voltage consisting of one-half of a sine 
wave for each input cycle.   

  Harmonics      Higher-frequency sinusoidal waves that are integer 
multiples of a fundamental frequency.   

  Hartley oscillator      A type of LC feedback oscillator that uses 
two series inductors in the feedback circuit.   

  High-pass fi lter      A type of fi lter that passes frequencies above a 
certain frequency while rejecting lower frequencies.   

  Hole      A mobile vacancy in the electronic valence structure of a 
semiconductor. A hole acts like a positively charged particle.   

  Hysteresis      The property that permits a circuit to switch from 
one state to the other at one voltage level and switch back to the 
original state at another lower voltage level.   

   I  DSS       The drain current in a FET when the gate is shorted to the 
source. For JFETs, this is the maximum allowed current.   

   I  GSS       The gate-reverse current in a FET. The value is based on a 
specifi ed gate-to-source voltage.   

  Input bias current      The average dc current required by the 
inputs of an op-amp to properly operate the device.   

  Input offset voltage ( V  OS )      The differential dc voltage required 
between the op-amp inputs to force the differential output to 
zero volts.   

  Input offset voltage drift      A parameter that specifi es how much 
change occurs in the input offset voltage for each degree change 
in temperature.   

  Instrumentation amplifi er      A differential voltage-gain device 
that amplifi es the difference between the voltage existing at its 
two input terminals.   

  Insulated gate bipolar transistor      A transistor that acts like a 
voltage-controlled BJT.   
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  Intregrated circuit (IC)      A type of circuit in which all the com-
ponents are constructed on a single chip of silicon.   

  Integrator      A circuit that produces an inverted output that 
approximates the area under the curve of the input function.   

  Intermediate frequency      A fi xed frequency that is lower than 
the RF, produced by beating an RF signal with an oscillator 
frequency.   

  Intrinsic (pure)      An intrinsic semiconductor is one in which the 
charge concentration is essentially the same as a pure crystal 
with relatively few free electrons.   

  Inverting amplifi er      An op-amp closed-loop confi guration in 
which the input signal is applied to the inverting input.   

  Ion      An atom or group of atoms that has gained or lost one or more 
valence electrons, resulting in a net positive or negative charge.   

  Isolation amplifi er      An amplifi er in which the input and output 
stages are not electrically connected.   

  Junction fi eld-effect transistor (JFET)      A type of FET that 
operates with a reverse-biased  pn  junction to control current in a 
channel. It is a depletion-mode device.   

  Large-signal      A signal that operates an amplifi er over a signifi -
cant portion of its load line.   

  Light-emitting diode (LED)      A type of diode that emits light 
when there is forward current.   

  Limiter      A circuit that removes part of a waveform above or 
below a specifi ed level; also called a  clipper.    

  Linear component      A component in which an increase in cur-
rent is proportional to the applied voltage.   

  Linearity      A straight-line relationship. A linear error is a devia-
tion from the ideal straight-line output of a DAC.   

  Linear regulator      A voltage regulator in which the control ele-
ment operates in the linear region.   

  Line regulation      The change in output voltage for a given change 
in line (input) voltage, normally expressed as a percentage.   

  Load line      A straight line plotted on a current versus voltage plot 
that represents all possible operating points for an external circuit.   

  Load regulation      The change in output voltage for a given 
change in load current, normally expressed as a percentage.   

  Logarithm      An exponent; the logarithm of a quantity is the 
exponent or power to which a given number called the base 
must be raised in order to equal the quantity.   

  Loop gain      An op-amp’s open-loop voltage gain times the atten-
uation of the feedback network.   

  Low-pass fi lter      A type of fi lter that passes frequencies below a 
certain frequency while rejecting higher frequencies.   

  Mean      Average value.   

  Microcontroller      A specialized microprocessor designed for 
control functions.   

  Mixer      A nonlinear circuit that combines two signals and pro-
duces the sum and difference frequencies; a device for down-
converting frequencies in a receiver system.   

  Modem      A device that converts signals produced by one type of 
device to a form compatible with another;  mo dulator/ dem odulator.   

  Modulation      The process in which a signal containing informa-
tion is used to modify the amplitude, frequency, or phase of a 
much higher-frequency signal called the carrier.   

  Monostable      Characterized by having one stable state.   

  Monotonicity      In relation to DACs, the presence of all steps in 
the output when sequenced over the entire range of input bits.   

  MOSFET      Metal-oxide semiconductor fi eld-effect transistor; 
one of two major types of FET. It uses a SiO 2  layer to insulate 
the gate lead from the channel. MOSFETs can be either deple-
tion mode or enhancement mode.   

  Natural logarithm      The exponent to which the base  e  ( e  = 
2.71828) must be raised in order to equal a given quantity.   

  Negative feedback      The process of returning a portion of the 
output back to the input in a manner to cancel changes that may 
occur at the input.   

  Neutralization      A method of preventing unwanted oscillations 
by adding negative feedback to just cancel the positive feedback 
caused by internal capacitances of an amplifi er.   

  Noise      An unwanted voltage or current fl uctuation.   

  Noninverting amplifi er      An op-amp closed-loop confi guration 
in which the input signal is applied to the noninverting input.   

  Nonmonotonicity      In relation to DACs, a step reversal or miss-
ing step in the output when sequenced over the entire range of 
input bits.   

  Norton’s theorem      An equivalent circuit that replaces a compli-
cated two-terminal linear network with a single current source 
and a parallel resistance.   

  Nyquist rate      In sampling theory, the minimum rate at which an 
analog voltage can be sampled for A/D conversion. The sample 
rate must be more than twice the maximum frequency compo-
nent of the input signal.   

  Ohmic region      The region on the drain characteristic of a FET 
with low values of  V  DS  in which the channel resistance can be 
changed by the gate voltage; in this region the FET can be oper-
ated as a voltage-controlled resistor.   

  One-shot      A monostable multivibrator that produces a single 
output pulse for each input trigger pulse.   

  Open-loop      A condition in which an op-amp has no feedback.   

  Open-loop voltage gain      The internal gain of an amplifi er with-
out external feedback.   

  Operational amplifi er (op-amp)      A type of amplifi er that has 
very high voltage gain, very high input impedance, very low 
output impedance, and good rejection of common-mode signals.   

  Operational transconductance amplifi er      An amplifi er in 
which the output current is the gain times the input voltage.   

  Order      The number of poles in a fi lter.   

  Oscillator      An electronic circuit that operates with positive 
feedback and produces a time-varying output signal without an 
external input signal.   

  Output impedance      The ac resistance viewed from the output 
terminal of an op-amp.   

  Passband      The region of frequencies that are allowed to pass 
through a fi lter with minimum attenuation.   

  Peak detector      A circuit used to detect the peak of the input 
voltage and store that peak value on a capacitor.   

  Period ( T )      The time for one cycle of a repeating wave.   

  Periodic      A waveform that repeats at regular intervals.   
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  Phase angle      (in radians) The fraction of a cycle that a waveform 
is shifted from a reference waveform of the same frequency.   

  Phase-locked loop (PLL)      A device for locking onto and track-
ing the frequency of an incoming signal.   

  Phase margin      The difference between the total phase shift 
through an amplifi er and 180°; the additional amount of phase 
shift that can be allowed before instability occurs.   

  Phase shift      The relative angular displacement of a time-varying 
function relative to a reference.   

  Phase-shift oscillator      A type of sinusoidal feedback oscillator 
that uses three  RC  networks in the feedback loop.   

  Photodiode      A diode whose reverse resistance changes with 
incident light.   

  Piezoelectric effect      The property exhibited by a material where 
it produces a voltage at the frequency at which it vibrates due to 
changing mechanical stress.   

  Pinch-off voltage      The value of the drain-to-source voltage of a 
FET at which the drain current becomes constant when the gate-
to-source voltage is zero.   

   PN  junction      The boundary between  n- type and  p- type materials.   

  Pole      A network containing one resistor and one capacitor that 
contributes -20 dB/decade to a fi lter’s roll-off rate.   

  Positive feedback      A condition where an in-phase portion of the 
output voltage is fed back to the input.   

  Power gain      The ratio of the power delivered to the load to the 
input power of an amplifi er.   

  Power supply      A device that converts ac or dc voltage into a 
voltage or current suitable for use in various applications to 
power electronic equipment. The most common form is to con-
vert ac from the utility line to a constant dc voltage.   

  programmable gain amplifi er (PGA)      a type of op-amp that 
has its gain selected by a digital input. A PGA may have multiple 
channels. Typically, a microcontroller or computer selects the 
channel and sets the gain with a digital signal.   

  Push-pull      A type of class B amplifi er with two transistors in 
which one transistor conducts for one half-cycle and the other 
conducts for the other half-cycle.   

  Quality factor ( Q )      A dimensionless number that is the ratio of the 
maximum energy stored in a cycle to the energy lost in a cycle. 
The ratio of a band-pass fi lter’s center frequency to its bandwidth.   

  Quantization      The determination of a value for an analog quantity.   

  Quantization error      The error resulting from the change in the 
analog voltage during the A/D conversion time.   

  Quantizing      The process of assigning numbers to sampled data.   

  Quiescent point      The point on a load line that represents the 
current and voltage conditions for a circuit with no signal (also 
called operating or Q-point). It is the intersection of a device 
characteristic curve with a load line.   

  Radio frequency interference (RFI)      High frequencies pro-
duced when high values of current and voltage are rapidly 
switched on and off and causes unwanted signals in another circuit.   

   r  DS(on)       The resistance of the channel of a FET measured 
between the drain and the source when the FET is fully on and 
only a small voltage is between the drain and the source.   

  Recombination      The process of a free electron in the conduc-
tion band falling into a hole in the valence band of an atom.   

  Rectifi er      An electronic circuit that converts ac into pulsating dc.   

  Regulator      An electronic circuit that is connected to the output 
of a rectifi er and maintains an essentially constant output voltage 
despite changes in the input, the load current, or the temperature.   

  Relaxation oscillator      A type of oscillator that uses an  RC  tim-
ing circuit to generate a nonsinusoidal waveform.   

  Resistance temperature detector (RTD)      A type of tempera-
ture transducer in which resistance is directly proportional to 
temperature.   

  Resolution      In relation to DACs or ADCs, the number of bits 
involved in the conversion. Also, for DACs, the reciprocal of the 
maximum number of discrete steps in the output.   

  Resolver      A type of synchro.   

  Resolver-to-digital converter (RDC)      An electronic circuit that 
converts resolver voltages to a digital format that represents the 
angular position of the rotor shaft.   

  Reverse bias      The condition in which a  pn  junction blocks current.   

  Ripple voltage      The variation in the dc voltage on the output of 
a fi ltered rectifi er caused by the slight charging and discharging 
action of the fi lter capacitor.   

  Roll-off      The rate of decrease in gain, below or above the criti-
cal frequencies of a fi lter.   

  Root mean square (RMS)      The value of an ac voltage that cor-
responds to a dc voltage that produces the same heating effect in 
a resistance.   

  Rotor      The part of a synchro that is attached to the shaft and rotates.   

  Sample-and-hold      The process of taking the instantaneous 
value of a quantity at a specifi c point in time and storing it on a 
capacitor.   

  Sampling      The process of breaking the analog waveform into 
time “slices” that approximate the original wave.   

  Saturation      The state of a BJT in which the collector current has 
reached a maximum and is independent of the base current.   

  Schmitt trigger      A comparator with hysteresis.   

  Semiconductor      A material that has a conductance value 
between that of a conductor and that of an insulator. Silicon and 
germanium are examples.   

  Settling time      The time it takes a DAC to settle within ;½ LSB 
of its fi nal value.   

  Shell      An energy level in which electrons orbit the nucleus of an 
atom.   

  Signal compression      The process of scaling down the amplitude 
of a signal voltage.   

  Silicon      A semiconductive material used in diodes and transistors.   

  Silicon-controlled rectifi er      A type of three-terminal thyristor 
that conducts current when triggered on and remains on until the 
anode current falls below a specifi c value.   

  Single-ended mode      The input condition of an op-amp in which 
one input is grounded and the signal voltage is applied only to 
the other input.   

  Skin effect      The phenonenon at high frequencies that causes 
current to move to the outside surface of conductors.   

  Slew rate      The rate of change of the output voltage of an op-
amp in response to a step input.   

  Source      One of the three terminals of a fi eld-effect transistor; it 
is one end of the channel.   
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current divided by a corresponding change in gate-to-source 
voltage. It is measured in siemens or mhos.   

  Transducer      A device that converts a physical quantity from 
one form to another; for example, a microphone converts sound 
into voltage.   

  Transfer curve      A plot of the output of a circuit or system for a 
given input.   

  Transistor      A semiconductor device used for amplifi cation and 
switching applications in electronic circuits.   

  Triac      A three-terminal thyristor that can conduct current in 
either direction when properly activated.   

  Trim      To precisely adjust or fi ne-tune a value.   

  Uncompensated op-amp      An op-amp with more than one criti-
cal frequency.   

  Valence electron      An electron in the outermost shell or orbit of 
an atom.   

  Varactor      A diode that is used as a voltage-variable capacitor.   

  Vector      Any quantity that has both magnitude and direction.   

   V  GS(off)       The voltage applied between the gate and the source 
that is just suffi cient to turn off a FET. The exact point is arbi-
trary; some manufacturers use a specifi c very small current to 
determine it.   

  Voltage-controlled oscillator      A type of relaxation oscillator 
whose frequency can be changed by a variable dc voltage; also 
known as a VCO.   

  Voltage-divider bias      A very stable form of bias in which a 
voltage divider is connected between  V  CC  and ground; the 
output of the divider supplies bias current to the base of a 
BJT.   

  Voltage-follower      A closed-loop, noninverting op-amp with a 
voltage gain of one.   

  Voltage regulation      The process of maintaining an essen-
tially constant output voltage over variations in input volt-
age or load.   

  Voltage-to-current converter      A circuit that converts a variable 
input voltage to a proportional output current.   

  Wien-bridge oscillator      A type of sinusoidal feedback oscillator 
that uses an  RC  lead-lag network in the feedback loop.   

  Zener diode      A type of diode that operates in reverse break-
down (called zener breakdown) to provide voltage regulation.   

  Zero-voltage switching      The process of switching power to a 
load at the zero crossings of an ac voltage to minimize radio- 
frequency (RF) noise generation.                             

  Spectrum      A plot of amplitude versus frequency for a signal.   

  Stability      A condition in which an amplifi er circuit does not 
oscillate.   

  Stage      Each transistor in a multistage amplifi er that amplifi es a 
signal.   

  Standing wave      A stationary wave on a transmission line 
formed by the interaction of an incident and refl ected wave.   

  Stator      The part of a synchro that is fi xed. The stator windings 
are located on the stator.   

  Strain      The expansion or compression of a material caused by 
stress forces acting on it.   

  Strain gage      A transducer formed by a resistive material in 
which a lengthening or shortening due to stress produces a pro-
portional change in resistance.   

  Successive approximation      A method of A/D conversion.   

  Summing amplifi er      A variation of a basic comparator circuit 
that is characterized by two or more inputs and an output voltage 
that is proportional to the magnitude of the algebraic sum of the 
input voltages.   

  Switch      An electrical or electronic device for opening and clos-
ing a current path.   

  Switching regulator      A voltage regulator in which the control 
element is a switching device.   

  Synchro      An electromechanical transducer used for shaft angle 
measurement and control.   

  Synchro-to-digital converter (SDC)      An electronic circuit that 
converts synchro voltages to a digital format that represents the 
angular position of the rotor shaft.   

  Terminal      An external contact point on an electronic device.   

  Thermal overload      A condition in a rectifi er where the internal 
power dissipation of the circuit exceeds a certain maximum due 
to excessive current.   

  Thermistor      A type of temperature transducer in which resist-
ance is proportional to temperature. Thermistors can have either 
a positive or a negative temperature coeffi cient.   

  Thermocouple      A type of temperature transducer formed by the 
junction of two dissimilar metals that produces a voltage propor-
tional to temperature.   

  Thevinen’s theorem      An equivalent circuit that replaces a com-
plicated two-terminal linear network with a single voltage 
source and a series resistance.   

  Thyristor      A class of four-layer ( pnpn ) semiconductor devices, 
such as the silicon-controlled rectifi er.   

  Transconductance      The ratio of output current to input voltage; 
the gain of a FET; it is determined by a small change in drain 
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 advantages over passive filters,  434  
 all-pass,  430  
 band-pass,  442 – 448  
 band-pass response,  428 – 429  
 band-stop,  448 – 450  
 band-stop response,  429 – 430  
 Bessel characteristic,  432  
 Butterworth characteristic,  431  
 cascaded,  436 – 437  
 Chebyshev characteristic,  431  
 critical frequency,  433  
 damping factor,  432  
 defined,  425 ,  427 ,  749  
 devices,  425  
 discrete point measurement,  450  
 FM stereo receiver example,  451 – 453  
 high-pass,  439 – 442  
 high-pass response,  427 – 428  
 low-pass,  434 – 439  
 low-pass response,  426 – 427  
 response characteristics,  431 – 434  
 response measurements,  450 – 453  
 roll-off rate,  433  
 Sallen-Key,  435 – 436  
 single-pole,  434  
 swept frequency measurement,  450 – 451  
 switched-capacitor,  449   

  Active FM antenna example,  244 – 245   
  AD2S90 resolver-to-digital converter,  701 – 702   
  AD210 isolation amplifier,  560   
  AD532 linear multiplier 

 block diagram,  591  
 connecting,  592 – 593  
 defined,  591  
 as four-quadrant multiplier,  593  
 transfer function and scale factor,  592   

  AD585 sample-and-hold amplifier,  641 – 642   
  AD622 instrumentation amplifier 

 defined,  551  
 gain versus frequency,  551 – 552  
 illustrated,  551  
 voltage gain, setting,  551   

  AD624 instrumentation amplifier,  552   
  AD637 rms-to-DC converter 

 block diagram,  694  
 defined,  694  
 internal function diagram,  695   

  AD650 IC  V/F  converter.  See also  Voltage-to-
frequency ( V/F ) converters 

 defined,  669  

 example,  670 – 671  
 full cycle period,  670  
 illustrated,  669  
 interval duration,  670  
 output frequency,  670   

  AD8436 converter,  695   
  AD9300 analog multiplexer,  634 – 635   
  ADC0804 ADC 

 defined,  663  
 illustrated,  663  
 logic diagram,  664   

  ADCs.  See  Analog-to-digital converters  
  ADG1212 analog switch,  632 – 633   
  Adjustable negative linear regulators,  528   
  Adjustable positive linear regulators.  See also  

IC regulators 
 defined,  527  
 LM 317 ,  527 – 528  
 operation,  527 – 528   

  AGC.  See  Automatic gain control  
  All-pass filters,  430   
  AM.  See  Amplitude modulation  
  AM demodulators 

 basic,  602 – 603  
 defined,  602  
 illustrated,  603  
 operation in terms of frequency spectra,  603   

  AM receivers (superheterodyne) 
 AGC,  587  
 antenna,  587  
 audio and power amplifiers,  587  
 block diagram,  587  
 defined,  586 – 587  
 detector,  587  
 IF amplifier,  587  
 local oscillator,  587  
 mixer,  587  
 RF amplifier,  587  
 signal flow,  588   

  Amplification,  749   
  Amplifiers,  18 – 29  

 averaging,  398 – 399  
 capacitively coupled,  240 – 247  
 cascaded stages,  23 – 24  
 cascode,  213  
 common-base (CB),  147 – 152  
 common-collector (CC),  143 – 147  
 common-drain (CD),  209 – 212  
 common-emitter (CE),  136 – 142  
 common-gate (CG),  212 – 213  
 common-source (CS),  206 – 208  
 decibel power ratios,  25 – 28  
 decibel voltage ratios,  28 – 29  
 defined,  20 ,  749  
 direct-coupled,  259 – 265  
 efficiency,  270  
 IF,  256 – 257  
 instrumentation,  548 – 555  
 inverting,  328 – 329  
 isolation,  555 – 561  
 linear,  20 – 21  
 log and antilog,  569 – 571  

 model,  22 – 23  
 noninverting,  326 – 328  
 nonlinear,  21 – 22  
 operational,  307 – 342  
 operational transconductance (OTAs),  

561 – 568  
 output,  23  
 RF,  247 – 252  
 sample-and-hold,  638 – 642  
 special-purpose,  547 – 576  
 summing,  396 – 402  
 switching,  21  
 transformer-coupled,  252 – 259  
 tuned,  250 – 251  
 waveshaping,  21  
 wide-band,  32 – 33   

  Amplitude modulation (AM),  594 – 600  
 balanced modulation,  595 – 596  
 concept illustration,  594  
 defined,  586 ,  594 ,  749  
 demodulation,  602 – 603  
 frequency spectra,  596  
 linear multiplier as balanced modulator,  596 – 597  
 multiplication process,  594  
 with music,  599  
 as OTA application,  565 – 567  
 signal conversion to IF,  603  
 signal example,  586  
 standard,  597 – 599  
 sum and difference frequencies,  594 – 595  
 with voice,  599  
 waveform,  586   

  Analog electronics 
 ac resistance,  3 – 4  
 conventional current,  4  
 electron flow,  4  
 linear equations,  2 – 3   

  Analog multiplexers 
 AD9300,  634 – 635  
 defined,  634  
 four-channel,  634   

  Analog signals 
 defined,  5 ,  749  
 digital signals and,  643 – 645  
 examples of,  7  
 frequency domain,  10 – 12  
 periodic,  10  
 time-domain,  10  
 types of,  5   

  Analog switches,  632 – 638  
 ADG1212,  632 – 633  
 applications,  632  
 in ASK test generator,  493  
 break-before-make switching,  633  
 defined,  749  
 multiple-channel,  634 – 636  
 solar panel control system example,  636 – 637   
 types of,  632 – 634   

  Analog switches (MOSFET) 
 analog multiplexer,  219  
 applications,  218 – 220  
 defined,  217  

     INDEX 

755
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Analog switches (MOSFET) (continued)
 example,  218  
 operation of,  217  
 sampling circuit,  218  
 switched-capacitor circuit,  219 – 220   

  Analog systems 
 defined,  12  
 examples of,  12 – 13   

  Analog waveforms,  6   
  Analog-to-digital (A/D) conversion 

 concepts,  651 – 654  
 defined,  644 ,  651 ,  749  
 errors,  676 – 677  
 example,  395 – 396  
 incorrect code,  677  
 methods,  655 – 665  
 missing code,  677  
 offset error,  677   

  Analog-to-digital converters (ADCs) 
 ADC 0804 ,  663 – 665  
 cell phone example,  645 – 646  
 conversion time,  652  
 defined,  644 ,  749  
 dual-slope,  660 – 661  
 flash (simultaneous),  655 – 657  
 list of,  665  
 method for testing,  677  
 quantization error,  653 – 654  
 resolution,  651 – 652  
 sampling theory,  653  
 single-slope,  659 – 660  
 specific,  663 – 665  
 stairstep-ramp,  657 – 658  
 successive approximation,  662 – 663  
 testing,  676  
 tracking,  658 – 659   

  Angle measurement,  697 – 703  
 digital code representation,  700 – 701  
 RDC operation,  698 – 700  
 resolvers,  698  
 SDC operation,  698 – 700  
 synchros,  697 – 698   

  Angle of incidence,  619   
  Angle of reflection,  619   
  Anode terminal,  48 ,  749   
  Antennas 

 capacitively coupled amplifier,  244 – 245  
 superheterodyne AM receiver,  587   

  Antilog amplifiers.  See also  Special-purpose 
amplifiers 

 defined,  572 ,  749  
 feedback resistor current,  572  
 IC,  573  
 multipliers with,  574 – 576  
 negative input voltage,  572   

  Aperture jitter,  640 ,  749   
  Aperture time,  640 ,  749   
  Armstrong oscillators,  480 ,  749   
  ASK test generator example 

 analog switch,  493  
 block diagram,  492  
 defined,  491 – 492  
 125kHz oscillator,  492  
 10 kHz pulse oscillator,  492   

  Astable,  749   
  Astable multivibrators,  488 – 490 ,  749   
  Attenuation 

 defined,  749  
 phase-shift oscillator,  749 – 751   

  Audio,  749   
  Audio amplifiers,  606 – 607  

 defined,  606  
 LM 386 ,  606 – 607  
 superheterodyne AM receiver,  589  
 superheterodyne FM receivers,  589   

  Automatic gain control (AGC) 
 circuits,  696  
 defined,  749  
 feedback oscillators,  469  
 IF amplifiers,  605  
 RF amplifier input,  197  
 superheterodyne AM receiver,  587  
 tuned amplifier,  251   

  Avalanche breakdown,  49   
  Avalanche effect,  49   
  Average value, sinusoidal wave,  8 – 9   
  Averaging amplifier,  398 – 399   
  Averaging circuits 

 defined,  692  
 illustrated,  693    

  B 
  Balanced modulators 

 defined,  595 – 596 ,  749  
 frequency spectra of,  596  
 linear multiplier as,  596 – 597   

  Band-pass filters,  442 – 448 .  See also  Active 
filters 

 bandwidth,  428  
 cascaded low-pass/high-pass filters and, 

 442 – 443  
 critical frequencies,  429  
 defined,  428 ,  749  
 multiple-feedback,  443 – 444  
 quality factor,  429  
 response,  428 – 429  
 for RFID reader,  445  
 state-variable,  445 – 447   

  Band-stop filters,  448 – 450 .  See also  Active 
filters 

 defined,  429 ,  749  
 multiple-feedback,  448  
 response,  429 – 430  
 state-variable,  448 – 449   

  Bandwidth 
 defined,  357 ,  749  
 negative feedback effect on,  363 – 364  
 open-loop voltage gain,  357  
 unity-gain,  357   

  Barrier potential,  47 ,  749   
  Base,  749   
  Base bias 

 circuit illustration,  122  
 defined,  122 ,  749  
 example,  123   

  Baseball counting system example,  86   
  Base-collector junction,  112   
  Base-emitter junction,  112   
  Bessel characteristic,  432 ,  749   
  Bias 

 BJT circuits,  121 – 131  
 clamper,  287 – 288  
 collector-feedback,  123 – 124  
 defined,  749  
 diode,  50 – 51  
 D-MOSFET,  202 – 203  
 emitter,  128 – 129  
 E-MOSFET,  203 – 204  

 forward,  48 ,  751  
 forward-reverse,  113  
 reverse,  49 – 50 ,  753  
 stability,  260 – 263  
 voltage-divider,  124 – 128 ,  190 – 191 ,  754  
 zero,  202   

  Bias current 
 input/output resistances versus,  564  
 transconductance as function of current,  562   

  Biasing 
 current sources,  192 ,  211 – 212  
 graphical methods,  188 – 190  
 JFET,  186 – 193  
 push-pull amplifier,  274 – 275  
 self,  186 – 188   

  Binary-weighted-input DAC.  See also  Digital-
to-analog converters (DACs) 

 defined,  646  
 disadvantages,  647  
 example,  647 – 648  
 illustrated,  647   

  Bipolar,  749   
  Bipolar junction transistors (BJTs),  111 – 167  

 ac equivalent circuit,  135  
 ac quantities,  131 – 132  
 amplification,  136  
 base,  112  
 base bias,  122 – 123  
 base-collector junction,  112  
 base-emitter characteristic,  116  
 base-emitter junction,  112  
 bias circuits,  121 – 131  
 bypass capacitor,  135 – 136  
 characteristic curves,  116 – 118  
 collector,  112  
 collector characteristic,  116 – 118  
 collector-feedback bias,  123 – 124  
 common-base (CB) amplifier,  147 – 152  
 common-collector (CC) amplifier,  143 – 147  
 common-emitter (CE) amplifier,  136 – 142  
 construction illustration,  112  
 coupling capacitor,  135  
 currents,  114  
 cutoff,  118 – 119  
 data sheet parameters,  130 – 136  
 dc beta (� DC ),  114 – 115  
 dc current gain,  133  
 dc equivalent circuit,  135  
 dc load line,  119 – 120  
 dc power dissipation,  133  
 dc quantities,  131 – 132  
 defined,  112 ,  749  
 electron flow,  114  
 emitter,  112  
 emitter bias,  128 – 129  
 forward-reverse bias,  113  
 gain measurement,  166  
 general-purpose/small-signal,  158  
 IV curve,  119  
 leakage measurement,  166  
 log amplifier with,  571  
 maximum power dissipation curve,  133 – 134  
 multiple-transistor packages,  159  
 one-transistor switching circuit,  154 – 155  
 operation of,  113 – 114  
 power,  158 – 159  
 Q-point,  121  
 RF,  159 – 160  
 saturation,  118 – 119  
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 structure of,  112 – 121  
 summary,  166 – 167  
 as a switch,  152 – 157  
 symbols,  112  
 temperature control system example,  129 – 130  
 testers,  163 – 165  
 testing, with DMM,  160 – 166  
 transistor categories,  157 – 160  
 troubleshooting,  160 – 166  
 two-transistor switching circuit,  155  
 voltage-divider bias,  124 – 128  
 voltages,  115 – 116   

  BJTs.  See  Bipolar junction transistors  
  Bonds 

 covalent,  44 – 45  
 metallic,  44   

  Bounding 
 defined,  391 ,  749  
 output,  391 – 393   

  Break-before-make switching,  633   
  Breakdown voltages, zener diode,  78   
  Bridge rectifiers 

 functioning,  61 – 62  
 linear power supply example,  70  
 open diode effect in,  97  
 output voltage,  62  
 peak inverse voltage (PIV),  62  
 shorted diode effect,  98   

  Butterworth characteristic,  431 ,  749   
  Bypass capacitors,  135 ,  263 ,  749    

  C 
  Cable TV systems,  259   
  Capacitance 

 junction field-effect transistors (JFETs), 
 185 – 186  

 varactor diode,  82   
  Capacitively coupled amplifiers,  240 – 247  

 active FM antenna example,  244 – 245  
 analysis,  241  
 defined,  240  
 example,  243 – 244  
 input resistance,  242  
 isolation,  555 – 557  
 loading effects,  241 – 244  
 noise and,  245 – 246  
 oscillation and,  245 – 246  
 output resistance,  242  
 unloaded gain,  241  
 unwanted oscillation and noise,  245 – 246  
 voltage gain,  242   

  Capacitor-input filter 
 defined,  63  
 leaky,  98 – 99  
 linear power supply example,  70 – 71  
 operation with,  64  
 ripple voltage,  63 – 64  
 surge current,  65   

  Capacitors 
 bypass,  135 ,  263 ,  749  
 charging of,  403 – 404  
 coupling,  135 ,  750  
 integrator,  403 – 404  
 shorted,  98 – 99  
 voltage,  404   

  Capture range,  615   
  Carriers,  749   
  Cascaded filters 

 band-pass response,  442 – 443  

 high-pass,  441  
 low-pass,  436 – 437   

  Cascaded stages, amplifier,  23 – 24   
  Cascode amplifiers,  213 ,  749   
  Cathode terminal,  48 ,  749   
  Center tap,  749   
  Center-tapped full-wave rectifier,  59 – 60   
  Characteristic curves 

 BJT,  116 – 118  
 collector,  750  
 collector characteristic,  116 – 118  
 defined,  3 ,  749  
 diode,  51  
 drain characteristic curve,  181  
 illustrated,  3  
 phase control,  723  
 plotting on oscilloscope,  51 – 52  
 silicon-controlled rectifiers (SCRs),  721  
 triacs,  722  
 turning on,  723   

  Characteristic impedance, transmission line, 
 248   

  Chebyshev characteristic,  431 ,  749   
  Circuit breakers, troubleshooting,  96   
  Clamper bias 

 action,  288  
 class C power amplifier,  287 – 288   

  Clampers 
 defined,  76 ,  749  
 example,  77  
 negative,  77  
 positive,  76   

  Clapp oscillators.  See also LC  feedback 
oscillators 

 defined,  478 ,  750  
 schematic,  479   

  Class A power amplifiers.  See also  Power 
amplifiers 

 centered Q-point,  266 – 267  
 DC quiescent power,  268  
 defined,  265 ,  750  
 efficiency,  270 – 271  
 heat dissipation,  265 – 266  
 large-signal type,  265  
 maximum efficiency,  271  
 maximum output,  266  
 output power,  268 – 270  
 power gain,  267 – 268   

  Class AB power amplifiers,  750   
  Class B power amplifiers,  272 – 283 .  See also  

Power amplifiers 
 ac operation,  275 – 276  
 biasing,  274 – 275  
 complementary symmetry transistors,  273  
 crossover distortion,  273 – 274  
 current mirror,  274  
 defined,  272 ,  750  
 illustrated,  272  
 MOSFET,  278 – 281  
 PA system power amplifier example,  281 – 282  
 push-pull operation,  272 – 273  
 Q-point at cutoff,  272  
 single-supply operation,  276 – 277  
 transformer coupling,  273   

  Class C power amplifiers.  See also  Power 
amplifiers 

 clamper bias,  287 – 288  
 defined,  283  
 example,  288 – 289  

 illustrated,  284  
 maximum output power,  287  
 operation of,  283 – 284  
 power dissipation,  284 – 285  
 resonant circuit action,  286  
 tank circuit,  287  
 tuned, illustrated,  285  
 tuned operation,  285 – 287  
 waveforms,  284   

  Class D power amplifiers.  See also  Power 
amplifiers 

 block diagram,  289  
 complementary MOSFET stage,  291 – 292  
 defined,  283 ,  289  
 low-pass filter,  292  
 pulse-width modulation (PWM),  290 – 291  
 signal flow,  292   

  Clippers.  See  Limiters  
  Closed-loop,  750   
  Closed-loop gain 

 defined,  355 ,  750  
 illustrated,  355  
 open-loop gain comparison,  364  
 open-loop gain intersection,  369  
 programmable gain amplifiers,  355   

  Closed-loop response (op-amp) 
 defined,  363  
 gain-bandwidth product,  364 – 365  
 negative feedback effect,  363 – 364   

  CMOS 
 advantages of,  220  
 digital switching application,  220 – 222  
 inverter,  221  
 NAND gate,  221  
 NOR gate,  221 – 222   

  CMRR.  See  Common-mode rejection ratio  
  Coax,  248 ,  750   
  Codecs,  645   
  Cold junctions 

 compensation,  707  
 defined,  704 ,  750   

  Collector,  750   
  Collector characteristic curves,  750   
  Collector-feedback bias 

 circuit illustration,  123  
 collector current,  124  
 defined,  123 ,  750  
 example,  124   

  Colpitts oscillators.  See also LC  feedback 
oscillators 

 conditions for oscillation,  476  
 defined,  475 ,  750  
 FET,  477  
 frequency of oscillation,  475  
 loading of,  476 – 478  
 RF choke,  477  
 schematic,  475  
 start-up conditions,  476   

  Common mode,  750   
  Common-base (CB) amplifiers.  See also  

Bipolar junction transistors (BJTs) 
 ac parameters,  151 – 152  
 defined,  147 ,  750  
 equivalent circuit,  148  
 illustrated,  148  
 input resistance,  149  
 output resistance,  149 – 151  
 with swamping resistor,  148 – 149  
 voltage-divider bias,  148   
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  Common-collector (CC) amplifiers.  See also  
Bipolar junction transistors (BJTs) 

 ac parameters,  151 – 152  
 current gain,  144 – 145  
 darlington feedback regulator,  146 – 147  
 darlington pair,  146  
 defined,  143 ,  750  
 equivalent circuit,  143  
 illustrated,  143  
 input resistance,  144  
 output resistance,  144  
 voltage gain,  143 – 144   

  Common-drain (CD) amplifiers 
 with current-source biasing,  211 – 212  
 defined,  209 ,  750  
 example,  210 – 211  
 illustrated,  209  
 input resistance,  209 – 210  
 source-follower,  209  
 voltage gain,  209  
 voltage-divider bias,  210   

  Common-emitter (CE) amplifiers,  136 – 142 . 
 See also  Bipolar junction transistors 
(BJTs) 

 ac equivalent circuit,  137 – 138  
 ac load line,  140 – 142  
 ac parameters,  151 – 152  
 collector ac circuit,  139  
 defined,  136 ,  750  
 dynamic emitter resistance,  138  
 emitter ac circuit,  138 – 139  
 illustrated,  137  
 input resistance,  139 – 140  
 output resistance,  139 – 140  
 Q-point,  140 – 141  
 total ac resistance,  138  
 two-stage,  240  
 voltage gain,  138 – 139 ,  148 – 149   

  Common-gate (CG) amplifiers.  See also  FET 
linear amplifiers 

 as cascode amplifier,  213  
 defined,  212 ,  750  
 JFET,  213  
 MOSFET,  213   

  Common-mode input impedance,  750   
  Common-mode input voltage range,  319 ,  750   
  Common-mode operation (diff-amp),  313 – 314   
  Common-mode rejection,  314   
  Common-mode rejection ratio (CMRR) 

 dB expression,  314  
 defined,  314 ,  750  
 example,  315 – 316  
 infinite,  320  
 op-amp,  320   

  Common-source (CS) amplifiers.  See also  FET 
linear amplifiers 

 defined,  206 ,  750  
 D-MOSFET,  206 – 207  
 E-MOSFET,  207  
 example,  208  
 input resistance,  207 – 208  
 JFET,  206  
 voltage gain,  207   

  Communications circuits,  585 – 622  
 AM demodulation,  602 – 603  
 amplitude modulation,  594 – 600  
 audio amplifier,  604 – 607  
 fiber optics,  618 – 621  
 frequency modulation (FM),  607 – 610  

 IF amplifiers,  604 – 607  
 introduction to,  585  
 linear multiplier,  590 – 593  
 mixer,  600 – 602  
 PLL,  610 – 618  
 receivers,  586 – 590   

  Comparators,  386 – 396  
 analog-to-digital (A/D) conversion 

application,  395 – 396  
 bounded,  392  
 defined,  750  
 double-bounded,  392  
 external component failure symptoms,  411 – 412  
 input noise effect on,  388 – 389  
 noise effect reduction,  389 – 391  
 nonzero-level detection,  387 – 388  
 operation with hysteresis,  390  
 output bounding,  391 – 393  
 oven-temperature sensing circuit application, 

 394  
 Schmitt trigger,  390  
 troubleshooting,  411 – 413  
 window,  393 – 394  
 zero-level detection,  386   

  Compensating network 
 action,  372  
 critical frequency for,  372 – 373  
 example,  373 – 374  
 frequency response,  373  
 open-loop response change,  372   

  Compensation.  See also  Operational amplifiers 
(op-amps) 

 cold-junction,  707  
 defined,  750  
 extent of,  375  
 external,  372  
 feedforward,  377  
 internal,  372  
 phase lag,  371 ,  372  
 single-capacitor,  375 – 377  
 thermal expansion,  714  
 thermocouple,  707   

  Complementary MOSFETs 
 defined,  291  
 efficiency,  292  
 illustrated,  291   

  Complementary symmetry transistors 
 class B power amplifier,  273  
 defined,  272 ,  750   

  Conduction band,  44   
  Conduction electrons,  750   
  Constant-current limiting,  514   
  Constant-current region,  181 ,  750   
  Constant-current source,  409 ,  750   
  Conventional current,  4   
  Conversion time, ADC,  652   
  Coupling capacitors,  135 ,  750   
  Covalent bonds,  44 – 45 ,  750   
  Crest factor,  695   
  Critical angle,  619 ,  750   
  Critical frequency 

 active filters,  433  
 defined,  750   

  Crossover distortion 
 class B power amplifier,  273 – 274  
 defined,  273 ,  750  
 illustrated,  274  
 transformer-coupled amplifier,  275   

  Crystal,  750   

  Crystal-controlled oscillators,  481  
 defined,  480  
 fundamental frequency,  482  
 modes of oscillation,  481 – 482  
 piezoelectric effect,  480 – 481  
 schematics,  481   

  Current gain 
 BJT,  133  
 common-collector (CC) amplifier,  144 – 145   

  Current limiting 
 action illustration,  535  
 network functioning,  534  
 regulator with,  534   

  Current mirror,  274 ,  750   
  Current regulators,  535 – 536   
  Current(s) 

 bias,  562  
 input bias,  318  
 input offset,  319  
 integrator,  404  
 sources,  192   

  Current-source biasing 
 common-drain (CD) amplifier with,  211 – 212  
 defined,  192  
 examples of,  192 – 193  
 illustrated,  192   

  Current-to-voltage converter.  See also  Op-amp 
circuits 

 defined,  409 ,  750  
 illustrated,  410   

  Cutoff 
 BJT,  118 – 119  
 common-emitter (CE) amplifier,  141  
 defined,  750  
 JFET,  183  
 Q-point at,  272  
 Q-point closer to,  267  
 transistor switch,  153   

  Cutoff voltage 
 JFET,  182  
 pinch-off voltage versus,  182 – 183   

  Cycle,  750   
  Czochralski method,  54    

  D 
  DACs.  See  Digital-to-analog converters  
  Damping factor (DF),  432 ,  750   
  Darlington feedback regulator example, 

 146 – 147   
  Darlington pairs,  146   
  Data communication system using FSK modem 

example 
 block diagram,  617  
 defined,  616  
 frequency-shift keying (FSK),  617 – 618  
 FSK data example,  618  
 illustrated,  616  
 phone line interface,  617  
 timing and control,  617   

  Data conversion circuits,  631 – 679  
 analog and digital interface,  643 – 646  
 analog switches,  632 – 638  
 A/D conversion,  651 – 665  
 D/A conversion,  646 – 651  
  F/V  converters,  671 – 675  
 introduction to,  631  
 sample-and-hold amplifiers,  638 – 642  
 troubleshooting,  674 – 678  
  V/F  converters,  666 – 671   
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  Data sheets 
 BJT,  132 – 135  
 defined,  91  
 diode,  91 – 95  
 JFET,  185  
 MOSFET,  197 – 198  
 op-amp,  317 – 323  
 power transistor,  280 – 281   

  dBm,  28 ,  750   
  dc beta (� DC ),  114 – 115 ,  750   
  dc quiescent power,  268   
  dc resistance,  4   
  dc restorers.  See  Clampers  
  dc voltages, testing,  33   
  Decibels (dB) 

 dBm,  28  
 defined,  24 ,  25 ,  750  
 as dimensionless quantity,  26  
 power ratios,  25 – 28  
 uses of,  27  
 voltage ratios,  28 – 29   

  Decoupling network,  750   
  De-emphasis network,  589   
  Demodulation 

 AM,  602 – 603  
 defined,  750  
 example,  603  
 FM,  610   

  Depletion mode,  750   
  Depletion MOSFETs (D-MOSFETs).  See also  

Metal-oxide semiconductor FETs 
(MOSFETs) 

 bias,  202 – 203  
 common-source (CS) amplifier,  206 – 207  
 current-source biasing,  203  
 defined,  194  
 depletion mode,  194 – 195  
 enhancement mode,  195  
 modes,  194  
 source bias,  203  
 structure of,  194  
 symbols,  195  
 transfer characteristic,  195 – 196  
 voltage-divider with self-bias,  203  
 zero bias,  202   

  Depletion region,  750   
  Detectors 

 fiber optic proximity,  719  
 phase,  611 – 612  
 resistance temperature (RTDs), 

 708 – 711  
 superheterodyne AM receiver,  587   

  DF (damping factor),  432   
  Differential amplifiers (diff-amps).  See also  

Operational amplifiers (op-amps) 
 circuit,  310  
 common-mode input,  313 – 314  
 common-mode rejection,  314  
 common-mode rejection ratio (CMRR), 

 314 – 316  
 current changes,  311  
 defined,  310 ,  750  
 differential input,  312 – 313  
 as input stage of op-amp,  316  
 internal arrangement of op-amp,  316  
 modes of single operation,  312 – 314  
 operation of,  310 – 312  
 output voltage,  317  
 single-ended input,  312  

 symbol,  310  
 voltage changes,  311   

  Differential input impedance,  750   
  Differential mode (diff-amp),  312 – 313 ,  751   
  Differential nonlinearity,  674 – 675   
  Differentiators (op-amp) 

 defined,  403 ,  751  
 example,  407 – 408  
 illustrated,  406  
 output,  407  
 with ramp input,  406   

  Digital codes, angle representation,  700 – 701   
  Digital electronics,  1   
  Digital multimeters (DMMs) 

 defective transistors and,  162 – 163  
 defined,  31 – 32  
 diode test position,  162  
 features,  32  
 illustrated,  32  
 nondefective transistors and,  162  
 testing transistors with,  161 – 163   

  Digital signals 
 analog signals and,  643 – 645  
 defined,  6 ,  751  
 examples of,  7   

  Digital storage oscilloscopes (DSOs),  33   
  Digital-to-analog (D/A) conversion,  646 – 651  

 defined,  644 ,  750  
 differential nonlinearity,  674 – 675  
 errors,  674 – 675  
 example,  400 – 401  
 low/high gain,  675  
 nonmonotonicity,  674  
 offset error,  675   

  Digital-to-analog converters (DACs) 
 accuracy,  650  
 binary-weighted-input,  646 – 648  
 cell phone example,  645 – 646  
 defined,  645 ,  646 ,  751  
 linearity,  650  
 monotonicity,  650  
 performance characteristics,  650 – 651  
  R/ 2 R  ladder,  648 – 650  
 resolution,  650  
 setting time,  651  
 test setup for,  674  
 testing,  674   

  Diode data sheet 
 defined,  91  
 electrical characteristics,  93  
 instantaneous voltage,  93  
 lead temperature,  94  
 maximum average value,  92  
 maximum current,  93  
 maximum forward voltage drop,  93  
 maximum peak value,  92  
 maximum reverse current,  94  
 maximum reverse dc voltage,  92  
 maximum reverse peak value,  92  
 maximum reverse peak voltage,  91  
 parameters,  91 – 94  
 ratings,  91 ,  92   

  Diode drop,  51   
  Diode models 

 ideal,  52  
 offset,  53  
 offset-resistance,  53 – 54   

  Diodes 
 bias circuits,  50 – 51  

 characteristic curve,  51 – 52  
 characteristics,  50 – 57  
 clampers,  76 – 77  
 defined,  751  
 IV characteristic curve,  4  
 light-emitting (LEDs),  84 – 89  
 limiters,  72 – 76  
 log amplifier with,  570 – 571  
 open, troubleshooting,  96 – 97  
 packages,  51  
 photodiodes,  89 – 91  
 shorted,  97 – 98  
 special-purpose,  78 – 91  
 symbol,  50 – 51  
 terminal identification,  51  
 testing,  52  
 varactor,  82 – 84  
 zener,  78 – 81   

  Direct coupling,  259   
  Direct-coupled amplifiers,  259 – 265  

 bias,  260  
 defined,  259  
 feedback voltage,  264  
 negative feedback for bias stability,  260 – 263  
 negative feedback for gain stability,  263 – 265  
 without feedback,  260   

  Direct-coupled preamps,  264   
  Discrete components,  307   
  Discrete devices,  751   
  Discrete point measurement,  450   
  Discriminators 

 defined,  751  
 superheterodyne FM receivers,  589   

  Displacement transducers,  718 – 719   
  Distortion 

 crossover,  273 – 275 ,  750  
 harmonic,  11  
 intermodulation (IMD),  11   

  DMMs.  See  Digital multimeters (DMMs)  
  Domain,  10 ,  751   
  Donors,  46   
  Doping,  46 ,  751   
  Double-ended operation (diff-amp),  312 – 313   
  Drain 

 characteristic curve,  181  
 defined,  751  
 voltage,  187   

  Drift,  510   
  Droop,  640 ,  751   
  Dropout voltage,  526   
  DSOs (digital storage oscilloscopes),  33   
  Dual-axis solar tracking,  226 – 227   
  Dual-gate MOSFETs,  197   
  Dual-slope ADC.  See also  Analog-to-digital 

converters (ADCs) 
 conversion,  661  
 counter,  660  
 defined,  660  
 illustrated,  660   

  Dummy gages,  714   
  Dynamic emitter resistance,  138 ,  751   
  Dynamic resistance,  4    

  E 
  Edge-emitting LEDs,  87   
  Efficiency 

 class A power amplifier,  270 – 271  
 complementary MOSFETs,  292  
 defined,  270 ,  751   
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  Electrocardiography (ECG),  246   
  Electroluminescence,  84 ,  751   
  Electromagnetic pulses (EMPs),  621   
  Electromagnetic spectrum,  34   
  Electron current,  45   
  Electron flow,  4   
  Electronic thermostat example,  644 – 645   
  Electrons 

 conduction,  43  
 defined,  751  
 energy,  43 – 46  
 hole current and,  45  
 orbits,  43  
 valence,  43 ,  44 ,  754   

  Electrostatic discharge (ESD),  278 ,  751   
  Emitter,  751   
  Emitter bias 

 circuits illustration,  128  
 defined,  128 ,  751  
 example,  128 – 129   

  Emitter-follower amplifiers.  See  Common-
emitter (CE) amplifiers  

  EMPs (electromagnetic pulses),  621   
  Energy,  751   
  Enhancement mode,  751   
  Enhancement MOSFETs (E-MOSFETs).  See 

also  Metal-oxide semiconductor FETs 
(MOSFETs) 

 bias,  203 – 204  
 common-source (CS) amplifier,  207  
 construction,  196  
 defined,  196  
 operation of,  196  
 schematic symbols,  196 ,  197  
 for switching applications,  216  
 transfer characteristic,  197   

  Equation derivations,  747 – 751  
 base-emitter  pn  junction,  747  
 CD amplifier gain,  747  
 center frequency,  748  
 feedback resistors current,  751  
 open-loop gain,  748  
 phase-shift oscillator attenuation,  749 – 751   

  Equivalent circuits 
 BJT,  135  
 common-base (CB) amplifier,  148  
 common-emitter (CE) amplifier,  137 – 138 , 

 143  
 transmission line,  248  
 zener diode,  79 – 80   

  ESD (electrostatic discharge),  278 ,  751   
  External pass transistors 

 heat sink,  533  
 regulator operation,  533  
 7800-series three-terminal regulator with, 

 532    

  F 
  Far-infrared,  34   
  Feedback oscillators,  464 – 482  

 Armstrong,  480  
 Clapp,  478 – 479  
 Colpitts,  475 – 478  
 conditions for oscillation,  465  
 crystal-controlled,  480 – 482  
 defined,  463 ,  751  
 elements,  463  
 Hartley,  479 – 480  
  LC ,  475 – 482  

 phase-shift,  472 – 473  
 positive feedback,  464  
  RC ,  466 – 474  
 stability for,  469  
 start-up conditions,  465 – 466  
 twin-T,  473 – 474  
 Wien-bridge,  466 – 472   

  Feedback voltage,  264   
  Feedforward compensation,  377 ,  751   
  Feedthrough,  640   
  FET Colpitts oscillator,  477   
  FET linear amplifiers,  205 – 215  

 common-drain (CD),  209 – 212  
 common-gate (CG),  212 – 213  
 common-source (CS),  206 – 208  
 preamplifiers example,  214 – 215   

  FET preamplifiers example 
 defined,  214  
 JFET preamp,  214 – 215  
 MOSFET preamp,  215   

  Fetal heartbeat monitors,  559   
  Fiber optics 

 absorption,  619  
 angle of incidence,  619  
 angle of reflection,  619  
 critical angle,  619  
 data communications link,  621  
 defined,  618 ,  751  
 index of refraction,  619  
 modes of light propagation,  620 – 621  
 multimode graded index,  621  
 multimode step index,  620  
 operation,  619  
 scattering,  619  
 single-mode step index,  620  
 structure of,  619  
 system preference,  621  
 total internal reflection,  619   

  Fiber-optic proximity detectors,  719   
  Field-effect transistors (FETs),  177 – 229 .  See 

also  FET linear amplifiers; Junction field-
effect transistors (JFETs); Metal-oxide 
semiconductor FETs (MOSFETs) 

 classification of,  179  
 defined,  177 ,  178 ,  751  
 electrical noise,  178  
 family,  178 – 179  
 input resistance,  178  
 transconductance of,  205 – 206  
 transfer characteristic,  205  
 types of,  177   

  Filters 
 active,  425 – 454  
 all-pass,  430  
 band-pass,  428 – 429 ,  442 – 448  
 band-stop,  429 – 430 ,  448 – 450  
 cascaded,  436 – 437 ,  441  
 defined,  425 ,  751  
 high-pass,  427 – 428 ,  439 – 442  
 low-pass,  426 – 427 ,  434 – 439 ,  752  
 multiple-feedback,  443 – 444  
 passband of,  426  
 response characteristics,  431 – 434  
 response measurements,  450 – 453  
 Sallen-Key,  435 – 436 ,  440 – 441  
 single-pole,  434 ,  439 – 440  
 switched-capacitor,  449   

  555 timers 
 ASK test generator,  491 – 493  

 astable operation,  488 – 490  
 connected as astable multivibrators,  488  
 monostable operation,  493 – 494  
 as one-shots,  493 – 496  
 operation as VCOs,  490 – 491  
 as oscillators,  488 – 493   

  Fixed negative linear regulators,  526   
  Fixed positive linear regulators.  See also  IC 

regulators 
 capacitors,  525  
 defined,  525  
 output currents,  526  
 7800 series,  525 – 526  
 thermal overload,  526   

  Flash (simultaneous) ADC.  See also  Analog-to-
digital converters (ADCs) 

 defined,  655 ,  751  
 example,  656 – 657  
 illustrated,  655  
 reference voltage,  656  
 sampling rate,  656   

  Floating point,  161 ,  751   
  Flow rate measurement,  718   
  FM.  See  Frequency modulation  
  FM receivers (superheterodyne) 

 audio and power amplifiers,  589  
 block diagram,  589  
 de-emphasis network,  589  
 discriminator,  589  
 limiter,  589  
 local oscillator,  589  
 mixer,  589  
 RF amplifier,  589  
 signal flow,  590   

  FM stereo receiver example 
 block diagram,  452  
 channel separation circuits,  453  
 defined,  451 – 452  
 system description,  452   

  FM transmitters,  609 – 610   
  Fold-back current limiting 

 defined,  515 ,  751  
 regulator with,  515   

  Forward bias,  49 – 50 ,  751   
  Forward-reverse bias,  113   
  Four-channel mixer/amplifier example 

 defined,  401  
 op-amps,  401 – 402  
 schematic,  402  
 XLR connectors,  401   

  Fourier series,  11 – 12   
  Fourier transform,  11   
  Freescale Semiconductor MC34119,  295 – 296   
  Frequencies,  751   
  Frequency diversity,  447   
  Frequency domain signals 

 defined,  10  
 Fourier series,  11 – 12  
 harmonics,  10 – 11   

  Frequency modulation (FM),  588 – 589 ,  607 –
 610  

 carrier frequency,  607  
 defined,  607 ,  751  
 demodulation,  610  
 with VCO,  608   

  Frequency response, op-amp,  322   
  Frequency shifting,  259   
  Frequency-shift keying (FSK),  617 – 618   
  Frequency-to-voltage ( F/V ) converters 
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 AD 650 ,  671 – 672  
 applications,  665  
 defined,  665 ,  671  
 example illustration,  672  
 illustrated,  671  
 remote sensing application,  673  
 in systems with rotating device,  673  
 use of,  673   

  FSK modems,  616 – 618   
  Full-wave rectifiers 

 center-tapped,  59 – 60  
 defined,  59 ,  751  
 example,  61  
 illustrated,  59  
 operation of,  62  
 peak inverse voltage (PIV),  60  
 turns ratio effect on,  60   

  Fuses 
 linear power supply example,  70  
 open, troubleshooting,  96    

  G 
  Gage factor ( GF ) 

 defined,  714 ,  751  
 illustrated,  715  
 typical,  715   

  Gain 
 defined,  751  
 measurement,  166  
 power,  753  
 stability,  263 – 265   

  Gain-bandwidth product,  364 – 365   
  Gate,  751   
  General-purpose/small-signal transistors,  158   
  Germanium,  44 ,  751    

  H 
  Half-splitting,  31   
  Half-wave rectifiers.  See also  Rectifiers 

 defined,  57 ,  751  
 example,  58 – 59  
 operation,  58   

  Harmonic distortion,  11   
  Harmonics 

 defined,  10 ,  751  
 odd,  10 – 11   

  Hartley oscillators 
 defined,  479 ,  751  
 frequency of oscillation,  479 – 480  
 schematic,  479  
 start-up conditions,  480   

  Hazeltine neutralization,  251   
  H-bridge motor control circuit,  227 – 228   
  Heat dissipation, class A power amplifier, 

 265 – 266   
  High-intensity LEDs.  See also  Light-emitting 

diodes (LEDs) 
 in automotive lighting,  88  
 displays,  88  
 in home/business lighting applications,  88  
 pixel formation,  88  
 traffic lights,  87  
 uses for,  86   

  High-pass filters,  439 – 442 .  See also  Active 
filters 

 cascading,  441  
 defined,  427 ,  751  
 idealized curves,  428  
 response,  427 – 428  

 Sallen-Key,  440 – 441  
 single-pole,  439 – 440  
 sixth-order,  441   

  Hole current,  45   
  Holes,  751   
  Hysteresis 

 comparator operation with,  389 – 390  
 defined,  389 ,  751  
 example,  391  
 positive feedback for,  389    

  I 
  IC power amplifiers 

 for audio applications,  293  
 defined,  293  
 LM 384 ,  293 – 295  
 MC34119,  295 – 296   

  IC regulators.  See also  Regulators 
 adjustable negative,  528  
 adjustable positive,  527 – 528  
 applications of,  532 – 538  
 current limiting,  534 – 535  
 current regulator,  535 – 536  
 defined,  525  
 external pass transistor,  532 – 534  
 fixed negative,  526  
 fixed positive,  525 – 526  
 switching,  529 – 530  
 switching regulator configuration,  537 – 538  
 troubleshooting,  529  
 variable dual-polarity power supply,

  536 – 537  
 wind turbine example,  530 – 531   

  ICs.  See  Integrated circuits  
  Ideal model, diode,  52   
  IF amplifiers,  256 – 257  

 AGC in,  605  
 basic,  605 – 606  
 basic function of,  604 – 605  
 circuit configuration,  605  
 defined,  604  
 as frequency-selective circuit,  605  
 front-end filters,  606  
 function illustration,  604  
 illustrated,  605  
 superheterodyne AM receiver,  587  
 superheterodyne FM receivers,  589  
 as tuned amplifier,  601   

  IGBT (insulated gate bipolar transistor),  204   
  Impedances 

 inverting amplifier,  335 – 336  
 noninverting amplifier,  332 – 334  
 voltage-follower,  334 – 335   

  Index of refraction,  619   
  Input bias current,  318 ,  751   
  Input impedance 

 high,  309  
 infinite,  308  
 inverting amplifier,  335  
 noninverting amplifier,  332  
 op-amp,  318  
 voltage-follower,  334 – 335   

  Input offset current,  319   
  Input offset voltage 

 defined,  317 – 318 ,  751  
 drift,  318 ,  751   

  Input resistance 
 calculation formula,  140  
 capacitively coupled amplifier,  242  

 common-base (CB) amplifier,  149  
 common-collector (CC) amplifier,  144  
 common-drain (CD) amplifier,  209 – 210  
 common-emitter (CE) amplifier,  139 – 140  
 common-source (CS) amplifier,  207 – 208  
 defined,  139  
 JFET,  185 – 186   

  Instantaneous voltage 
 defined,  8  
 diode data sheet,  93   

  Instrument loading,  31   
  Instrumentation amplifiers.  See also  Special-

purpose amplifiers 
 AD 622 ,  551 – 552  
 applications,  550  
 configurations,  548 – 549  
 defined,  548 ,  751  
 with external gain-setting resistor,  549  
 gain versus frequency,  551 – 552  
 liquid level control system example, 

 553 – 554  
 op-amps,  548  
 in sensor signal amplification,  550  
 shield guard driver,  550  
 voltage gain, setting,  551   

  Instrumentation system example,  356   
  Insulated gate bipolar transistor (IGBT),  204 , 

 751   
  Integrated circuits (ICs).  See also  IC power 

amplifiers; IC regulators 
 antilog amplifiers,  573  
 defined,  293 ,  752  
 FM transmitters,  609 – 610  
 log amplifiers,  573   

  Integrators (op-amp) 
 capacitor charging,  403 – 404  
 capacitor voltage,  404  
 currents,  404  
 defined,  403 ,  752  
 example,  405 – 406  
 illustrated,  403  
 Miller,  405  
 output voltage,  404  
 rate of change of output,  405   

  Intermediate frequency (IF),  255 ,  752 .  See also  
IF amplifiers  

  Intermodulation distortion (IMD),  11   
  Intrinsic (pure),  752   
  Intrinsic silicon,  45   
  Inverters, CMOS,  221   
  Inverting amplifiers 

 closed-loop gain,  329  
 defined,  328 ,  752  
 example,  329  
 faults in,  341 – 342  
 illustrated,  328  
 impedances of,  335 – 336  
 input impedance,  335  
 open feedback resistor,  342  
 open input resistor,  342  
 output impedance,  335 – 336  
 power supply,  341   

  Inverting switching regulators.  See also  
Switching regulators 

 defined,  523  
 inverting action,  524  
 regulator action,  524  
 schematic,  523   

  Ions,  752   
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  Isolation amplifiers,  555 – 561 .  See also  Special-
purpose amplifiers 

 applications,  559 – 560  
 block diagram,  555  
 capacitor-coupled,  555 – 557  
 coupling types,  559  
 defined,  555 ,  752  
 fetal heartbeat monitors using,  559  
 modulation,  556  
 motor control example,  560 – 561  
 transformer-coupled,  557 – 559  
 wideband three-port,  560   

  IV characteristic curves 
 for diode,  4  
 for resistors,  3  
 for Thevenin circuit,  17  
 zener diode,  78    

  J 
  JFET stabilized oscillator,  469 – 471   
  Junction field-effect transistors (JFETs) 

 biasing,  186 – 193  
 capacitance,  185 – 186  
 characteristics,  179 – 186  
 common-drain (CD) amplifier,  209  
 common-gate (CG) amplifier,  213  
 common-source (CS) amplifier,  206  
 current sources,  192  
 current-source biasing,  192 – 193  
 cutoff voltage,  182  
 data sheets,  185  
 defined,  178 ,  752  
 drain characteristic curve,  181  
 drain source resistance,  470  
 input resistance,  178 ,  185 – 186  
 as linear amplifiers,  205 – 215  
  n -channel,  180 ,  181  
 operation of,  180 – 181  
 pinch-off voltage,  182  
 preamp,  214 – 215  
 self-biasing,  186 – 188  
 symbols,  181  
 transconductance curves,  184 – 185  
  V GS  ,  182  
 voltage-divider bias,  190 – 191    

  K 
  Kirchhoff’s current law (KCL),  114   
  Kirchhoff’s voltage law (KVL),  115 ,  261    

  L 
  Large-signal type,  752   
  Laterally diffused MOSFET (LDMOSFET), 

 223   
   LC  feedback oscillators 

 Armstrong,  480  
 Clapp,  478 – 479  
 Colpitts,  475 – 478  
 crystal-controlled,  480 – 482  
 defined,  475  
 Hartley,  479 – 480   

  Leakage measurement, BJT,  166   
  Leaky filter capacitors,  98 – 99   
  Light-emitting diodes (LEDs).  See also  Diodes 

 applications,  85 – 88  
 in automotive lighting,  88  
 baseball counting system example,  86  
 defined,  84 ,  752  
 displays,  88  

 edge-emitting,  87  
 electroluminescence,  84  
 in fiber optic telecommunication systems,  87  
 high-intensity,  86 – 88  
 in home/business lighting applications,  88  
 operation of,  85  
 in pixel formation,  88  
 semiconductive materials,  84  
 7-segment display,  86  
 superradiant,  87  
 surface-emitting,  87  
 in traffic lights,  87   

  Limiters 
 application,  73  
 defined,  72 ,  752  
 example,  75 – 76  
 limiting level adjustment,  74 – 76  
 negative,  75  
 positive,  75  
 superheterodyne FM receivers,  589   

  Line regulation,  507 – 508 ,  752   
  Linear amplifiers 

 defined,  20 – 21  
 FET,  205 – 215  
 transfer curve,  21   

  Linear components,  2 – 3 ,  752   
  Linear equations,  2   
  Linear multipliers 

 AD 532 ,  591  
 as balanced modulators,  596 – 597  
 defined,  590  
 in demodulation,  602 – 603  
 mixers as,  600 – 602  
 quadrants,  591  
 scale factor,  592  
 transfer function,  592   

  Linear power supply example 
 defined,  69 – 70  
 filter capacitor,  70 – 71  
 fuse,  70  
 rectifier bridge,  70  
 regulated DC power supply,  71 – 72  
 transformer,  70   

  Linear regulators,  510 ,  752   
  Linear variable differential transformers 

(LVDTs),  718   
  Linearity 

 DAC,  650  
 defined,  752   

  Line-of-sight transmission,  447   
  Liquid level control system example 

 block diagram,  553  
 circuit,  554  
 defined,  553  
 level-sensing method,  553  
 operation,  554  
 schematic diagram,  554   

  LM 384 .  See also  IC power amplifiers 
 defined,  293  
 dual-in-line packages,  293  
 example,  295  
 inputs,  294  
 operation of,  294  
 power output,  294   

  LM386 audio-power amplifier 
 as AM audio power amplifier,  607  
 application,  607  
 defined,  606  
 pin configuration,  606   

  LM13700,  564 – 565   
  Load lines 

 BJT,  119 – 120  
 common-emitter (CE) amplifier,  140 – 142  
 complementary symmetry push-pull 

amplifier,  276  
 defined,  17 ,  752  
 illustrated,  18   

  Load regulation 
 calculation of,  508  
 defined,  69 ,  508 ,  752  
 formula,  508  
 as percentage change in output voltage,  509   

  Loading effects, capacitively coupled amplifier, 
 241 – 244   

  Local oscillators 
 superheterodyne AM receiver,  587  
 superheterodyne FM receivers,  589   

  Lock range,  615   
  LOG102 amplifier,  573   
  Logarithmic (log) amplifiers.  See also  Special-

purpose amplifiers 
 with BJT,  571  
 defined,  569  
 with diodes,  570 – 571  
 IC,  573  
 multipliers with,  574 – 576  
 signal compression,  573 – 574   

  Logarithms 
 bases,  24 – 25  
 defined,  24 ,  569 ,  752  
 exponential of,  572  
 natural,  569 ,  752   

  Log-ratio amplifiers,  573   
  Loop gain,  366 ,  752   
  Low-dropout (LDO) regulators,  526   
  Lower trigger point (LTP),  389   
  Lower-side frequency,  596   
  Low-pass filters,  434 – 439 .  See also  Active 

filters 
 cascaded,  436 – 437  
 class D power amplifier,  292  
 critical frequency,  426 – 427  
 defined,  426 ,  752  
 ideal response,  426  
 response,  426 – 427  
 response curves,  426 – 427  
 RFID system example,  437 – 439  
 Sallen-Key,  435 – 436  
 single-pole,  434   

  LTP (lower trigger point),  389   
  LVDT displacement transducers,  718   
  LVDTs (linear variable differential 

transformers),  718    

  M 
  Majority carriers,  46   
  MAX2606 VCO,  609 – 610   
  MC34119,  295 – 296   
  Mean,  752   
  Measurement 

 angle,  697 – 703  
 flow rate,  718  
 motion,  718 – 720  
 pressure,  716 – 718  
 strain,  713 – 716  
 temperature,  703 – 713   

  Metal-oxide semiconductor FETs (MOSFETs). 
 See also  MOSFET switching circuits 
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 biasing,  202 – 204  
 characteristics,  194 – 201  
 common-gate (CG) amplifier,  213  
 complementary,  291 – 292  
 data sheet,  197 – 198  
 defined,  178 ,  752  
 D-MOSFET,  194 – 196  
 D-MOSFET bias,  202 – 203  
 dual-gate,  197  
 dual-gate mixer,  256  
 E-MOSFET,  196 – 197  
 E-MOSFET bias,  203 – 204  
 IGBT,  204  
 input resistance,  178 – 179  
 LDMOSFET,  223  
 as linear amplifiers,  205 – 215  
 pH sensor circuit example,  199 – 201  
 preamp,  215  
 solar tracking system example,  224 – 228  
 TMOSFET,  223 ,  224  
 uses for,  178  
 VMOSFET,  223 ,  224   

  Microcontrollers,  724 ,  752   
  Microconverters,  711   
  Mid-infrared,  34   
  Miller effect,  250   
  Miller integrator,  405   
  Minority carriers,  46   
  Mixers,  607 – 610  

 defined,  600 – 602 ,  752  
 dual-gate MOSFET,  256  
 frequency examples,  601  
 function,  600 – 602  
 as linear multipliers,  600 – 602  
 superheterodyne AM receiver,  587  
 superheterodyne FM receivers,  589   

  Modems 
 defined,  752  
 FSK,  616 – 618   

  Modulation.  See also  Amplitude modulation 
(AM); Frequency modulation (FM) 

 balanced,  595 – 596 ,  749  
 defined,  556 ,  752  
 illustrated,  556  
 suppressed-carrier,  596   

  Monostable operation,  752   
  Monotonicity 

 DAC,  650  
 defined,  752   

  MOSFET push-pull amplifiers,  278 – 281  
 class AB,  279  
 defined,  278  
 electrostatic discharge (ESD),  278  
 example,  279 – 280  
 power transistor data sheet,  280 – 281   

  MOSFET switching circuits.  See also  Metal-
oxide semiconductor FETs (MOSFETs) 

 advantages of,  216  
 analog multiplexer,  219  
 analog switch,  217 – 218  
 applications,  218 – 220  
 CMOS application,  220 – 222  
 ideal switch,  216 – 217  
 illustrated,  217  
 operation of,  216 – 217  
 power structures,  222 – 224  
 power switching applications,  222  
 sampling circuit,  218  
 switched-capacitor circuit,  219 – 220   

  MOSFETs.  See  Metal-oxide semiconductor 
FETs  

  Motion-measuring circuits.  See also  
Measurement 

 acceleration transducers,  719 – 720  
 displacement transducers,  718 – 719  
 velocity transducers,  719   

  Motor control system example,  560 – 561   
  MSP430 microcontroller,  724   
  Multimode graded index,  621   
  Multimode step index,  620   
  Multiple-channel analog switches,  634 – 636   
  Multiple-feedback filters 

 band-pass,  443 – 444  
 band-stop,  448   

  Multiplexers 
 analog,  634 – 635  
 MOSFET switching circuit,  219   

  Multipliers 
 applications,  593  
 block diagram,  574  
 defined,  574  
 four-quadrant,  751  
 illustrated,  575  
 linear,  590 – 593  
 with log and antilog amplifiers,  574 – 576  
 quadrants,  591   

  Multivibrators 
 astable,  488 – 490  
 one-shot,  493 – 496   

  Music signals, amplitude modulation with,  599    

  N 
  NAND gates, CMOS,  221   
  National Semiconductor LM 384 ,  293 – 295   
  Natural logarithms,  569 ,  752   
  Near-infrared,  34   
  Negative feedback 

 for bias stability,  260 – 263  
 defined,  323 ,  752  
 effect on bandwidth,  363 – 364  
 functioning of,  323 – 324  
 for gain stability,  263 – 265  
 illustrated,  323  
 op-amp configurations with,  325 – 331  
 reasons for using,  324   

  Negative temperature coefficient (NTC),  711   
  Neutralization 

 defined,  250 ,  752  
 Hazeltine,  251   

  Noise 
 analysis,  339  
 in circuits,  246  
 defined,  752  
 effects, reducing with hysteresis,  389 – 391  
 frequency,  337  
 input,  339  
 input, effect on comparator operation, 

 388 – 389  
 at low frequencies,  337  
 op-amp,  337 – 339  
 output,  339  
 pink,  337  
 power distribution of,  338  
 source contributors,  339  
 sources,  609  
 in VCOs,  609  
 voltage,  338 ,  388 – 389   

  Noise voltages,  246   

  Noninverting amplifiers 
 closed-loop gain,  326 ,  327  
 defined,  326 ,  752  
 example,  327  
 faults in,  340 – 341  
 feedback fraction,  326 – 327  
 illustrated,  326  
 impedances of,  332 – 334  
 input impedance,  332  
 internally open input,  341  
 open feedback resistor,  340  
 open input resistor,  341  
 output impedance,  332 – 334  
 voltage-follower,  327 – 328   

  Nonlinear amplifiers,  21 – 22   
  Nonlinearity, differential,  674 – 675   
  Nonmonotonicity,  674 ,  752   
  Nonzero-level detection,  387 – 388   
  NOR gates, CMOS,  221 – 222   
  Norton’s theorem,  16 ,  752   
  NTC (negative temperature coefficient),  711   
  Nyquist rate,  653 ,  752    

  O 
  Odd harmonics,  10 – 11   
  Offset error,  675 ,  677   
  Offset model, diode,  53   
  Offset-resistance model, diode,  53 – 54   
  Ohmic region,  181 ,  752   
  One-shots 

 defined,  493 ,  752  
 delayed output pulse,  495  
 555 timers as,  493 – 496  
 for time delay,  495 – 496  
 timing,  494   

  One-transistor switching circuits,  154 – 155   
  Op-amp circuits,  385 – 415 .  See also  Operational 

amplifiers (op-amps) 
 comparators,  386 – 396  
 constant-current source,  409  
 current-to-voltage converter,  409 – 410  
 differentiators,  406 – 408  
 integrators,  403 – 406  
 peak detector,  410 – 411  
 summing amplifiers,  396 – 402  
 troubleshooting,  411 – 415  
 voltage-to-current converter,  410   

  Op-amp responses.  See also  Operational 
amplifiers (op-amps) 

 closed-loop gain,  355  
 closed-loop response,  363 – 365  
 compensation and,  371 – 377  
 concepts,  355  
 gain as frequency dependent,  357  
 gain-versus-frequency analysis, 

 358 – 359  
 instrumentation system example,  356  
 loop gain,  366  
 open-loop bandwidth,  357  
 open-loop gain,  355  
 open-loop response,  361 – 362  
 oscillations,  370  
 phase margin,  366 – 367  
 phase shift,  359 – 360  
 positive feedback,  366  
 programmable gain amplifier,  359  
 stability analysis,  367 – 370  
 unity-gain bandwidth,  357   
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  Open diodes 
 effects in bridge rectifier,  97  
 symptoms in full-wave center-tapped 

rectifier,  97  
 troubleshooting,  96 – 97   

  Open-loop,  752   
  Open-loop bandwidth,  357   
  Open-loop gain,  320  

 closed-loop gain comparison,  364  
 closed-loop gain intersection,  369  
 defined,  355  
 illustrated,  355   

  Open-loop response (op-amp) 
 defined,  361  
 frequency response,  361 – 362  
 phase response,  362   

  Open-loop voltage gain,  752   
  Operational amplifiers (op-amps),  307 – 342 . 

 See also  Op-amp circuits; Op-amp 
responses 

 bipolar,  338  
 closed-loop critical frequency,  363  
 closed-loop voltage gain,  325  
 CMRR,  320  
 common-mode input voltage range,  319  
 compensation,  371 – 377  
 configurations with negative feedback, 

 325 – 331  
 data sheet parameters,  317 – 323  
 defined,  308 ,  752  
 designing with,  325  
 differential,  310 – 316  
 faults in inverting amplifier,  341 – 342  
 faults in noninverting amplifier,  340 – 341  
 faults in voltage-follower,  341  
 frequency response,  322  
 ideal,  308 – 309  
 impedances for noninverting amplifier, 

 332 – 334  
 impedances of inverting amplifier,  335 – 336  
 input bias current,  318  
 input impedance,  318  
 input offset current,  319  
 input offset voltage,  317 – 318  
 input offset voltage drift with temperature, 

 318  
 internal block diagram,  316  
 inverting amplifier,  328 – 329  
 negative feedback,  323 – 325  
 noise,  337 – 339  
 noninverting amplifier,  326 – 328  
 as nonzero-level detector,  387  
 open-loop voltage gain,  320  
 other features,  323  
 output impedance,  319  
 packages,  308  
 parameter comparison,  322  
 phase-shift oscillators,  472  
 practical,  309  
 in RF systems,  325  
 series regulator,  512  
 signal-to-noise ratio,  339  
 slew rate,  320 – 321  
 spectrophotometer system example,  330 – 331  
 symbol,  308  
 terminals,  308  
 troubleshooting,  340 – 342  
 uncompensated,  361 – 362  
 voltage-follower,  327 – 328  

 voltage-follower impedances,  334 – 335  
 as zero-level detector,  386   

  Operational transconductance amplifiers 
(OTAs).  See also  Special-purpose 
amplifiers 

 amplitude modulator,  565 – 567  
 applications,  565 – 567  
 basic circuits,  563 – 564  
 defined,  561 ,  752  
 as inverting amplifier,  563  
 LM13700,  564 – 565  
 Schmitt trigger,  567  
 symbol,  561  
 synthesized sine-wave generator example, 

 568  
 transconductance as function of bias current, 

 562  
 transconductance as gain,  561 – 562   

  Oscillation conditions 
 Colpitts oscillator,  476  
 defined,  465  
 illustrated,  476  
 Wien-bridge oscillator,  468   

  Oscillations 
 capacitively coupled amplifier,  245 – 246  
 defined,  464  
 from interference,  370  
 neutralization,  250  
 RF amplifier,  250  
 start of,  465 – 466  
 unwanted, troubleshooting,  370   

  Oscillators,  462 – 493  
 Armstrong,  480  
 Clapp,  478 – 479  
 Colpitts,  475 – 478  
 concept illustration,  463  
 crystal-controlled,  480 – 482  
 defined,  462 ,  463 ,  752  
 feedback,  463 ,  464 – 482  
 555 timers as,  488 – 493  
 Hartley,  479 – 480  
  LC ,  475 – 482  
 output,  462  
 phase-shift,  472 – 473  
  RC ,  466 – 474  
 relaxation,  464 ,  482 – 487  
 SAW,  487  
 square-wave,  486 – 487  
 start-up conditions,  465 – 466  
 triangular-wave,  482 – 484  
 twin-T,  473 – 474  
 types of,  463 – 464  
 voltage-controlled (VCO),  484 – 486  
 Wien-bridge,  466 – 472   

  Oscilloscopes 
 plotting characteristic curves on,  51 – 52  
 in tuning RF amplifiers,  257   

  OTAs.  See  Operational transconductance 
amplifiers  

  Output bounding 
 comparator,  391 – 393  
 defined,  391  
 example,  392 – 393  
 illustrated,  391   

  Output impedance 
 defined,  752  
 inverting amplifier,  335 – 336  
 low,  309  
 noninverting amplifier,  332 – 334  

 op-amp,  319  
 voltage-follower,  334 – 335  
 zero,  308   

  Output power 
 class A power amplifier,  268 – 270  
 class C power amplifier,  287  
 LM 384 ,  294   

  Output resistance 
 capacitively coupled amplifier,  242  
 common-base (CB) amplifier,  149 – 151  
 common-collector (CC) amplifier,  144  
 common-emitter (CE) amplifiers,  140   

  Output voltage 
 bridge rectifiers,  62  
 differential amplifier,  317  
 integrators,  404  
 phase detectors,  611  
 step-down switching regulators,  521   

  Oven-temperature sensing circuit example,  394    

  P 
  PA system power amplifier example,  281 – 282  

 defined,  281  
 illustrated,  282  
 power amplifier circuit,  282   

  Passband,  752   
  Peak detector,  410 – 411 ,  752   
  Peak inverse voltage (PIV) 

 bridge rectifiers,  62  
 defined,  49  
 full-wave rectifier,  60   

  Percent regulation,  68   
  Period,  7 ,  8 ,  752   
  Periodic signals,  752  

 defined,  10  
 frequency,  8  
 period,  7 ,  8  
 sinusoidal waves,  7 ,  8 – 9   

  PH sensor circuit example 
 defined,  199  
 handling precautions,  201  
 illustrated,  199  
 sensor circuit,  200  
 simulation,  200 – 201  
 waste treatment steps,  199   

  Phase angle,  753   
  Phase detectors 

 defined,  611  
 operation,  611  
 output voltage,  611  
 in PLLs,  611 – 612   

  Phase lag compensation,  371 ,  372   
  Phase margin,  366 – 367  

 defined,  367 ,  753  
 positive,  367 ,  368 ,  369  
 zero/negative,  367   

  Phase shift 
 defined,  359 ,  753  
 example,  359 – 360   

  Phase-locked loops (PLLs) 
 action when incoming frequency decreases,  614  
 action when incoming frequency increases, 

 615  
 block diagram,  611  
 capture range,  615  
 concept,  610 – 611  
 conditions for lock acquisition,  616  
 data communication with FSK modem 

example,  616 – 618  
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 defined,  610 ,  753  
 general operation,  611  
 lock range,  615  
 in lock under static conditions,  614  
 operation,  614 – 616  
 phase detector,  611 – 612  
 VCO,  612 – 613   

  Phase-shift oscillators,  472 – 473 ,  753   
  Photodiodes.  See also  Diodes 

 characteristics,  90  
 defined,  89 ,  753  
 illustrated,  89  
 operation of,  91  
 reverse current,  90   

  Photovoltaic effect,  54   
  Piezoelectric effect 

 defined,  753  
 quartz crystal,  481   

  Pinch-off voltage 
 cutoff versus,  182 – 183  
 defined,  182 ,  753  
 JFET,  182   

  PIV.  See  Peak inverse voltage (PIV)  
  Pixels, LED,  88   
  PLLs.  See  Phase-locked loops  
   Pn  junctions 

 defined,  47 ,  753  
 depletion region,  47  
 formation,  47  
 solar power systems example,  54 – 56   

   Pnp  transistors,  127   
  Pole,  753   
  Positive feedback 

 defined,  366 ,  753  
 occurrence,  366  
 oscillation,  464  
 Wien-bridge oscillator,  468   

  Positive temperature coefficient (PTC),  711   
  Power amplifiers,  265 – 293 .  See also  

Amplifiers 
 class A,  265 – 271 ,  750  
 class AB,  750  
 class B,  272 – 283 ,  750  
 class C,  283 – 289  
 class D,  289 – 293  
 IC,  293 – 296  
 PA system example,  281 – 282  
 superheterodyne AM receiver,  587  
 superheterodyne FM receivers,  589   

  Power control,  720 – 724  
 microcontrollers,  724  
 silicon-controlled rectifier,  720 – 722  
 thyristor,  720  
 triac,  722 – 723  
 zero-voltage switch,  723 – 724   

  Power dissipation, class C power amplifier, 
 284 – 285   

  Power gain 
 class A power amplifier,  267 – 268  
 computation formulas,  267  
 defined,  753   

  Power MOSFETs 
 laterally diffused MOSFET (LDMOSFET), 

 223  
 structures,  222 – 224  
 switching applications,  222  
 TMOSFET,  223 ,  224  
 V-groove MOSFET (VMOSFET),  223 ,  224   

  Power ratios,  25 – 28   

  Power supplies 
 DC, regulated,  71 – 72  
 defined,  753  
 example,  69 – 72  
 importance,  69  
 linear,  69 – 72  
 regulated,  99  
 switched-mode (SMPS),  67  
 troubleshooting,  95 – 99  
 with variable output voltage,  68   

  Power transistors 
 defined,  158  
 illustrated,  159   

  Preamplifiers example 
 defined,  214  
 JFET preamp,  214 – 215  
 MOSFET preamp,  215   

  Preemphasis,  589   
  Pressure transducers.  See also  Measurement 

 absolute,  716  
 applications,  718  
 circuit and symbols,  717  
 defined,  716  
 differential,  716 – 717  
 flow rate measurement,  718  
 foil strain gage,  716  
 types of,  717   

  Problem answers, odd-numbered problems, 
 753 – 761   

  Programmable gain amplifiers 
 closed-loop gain,  355  
 defined,  753  
 response,  359   

  PTC (positive temperature coefficient),  711   
  Pulse-width modulation (PWM) 

 defined,  290  
 frequency spectra,  291  
 modulator,  290  
 sine wave,  290   

  Push-pull amplifiers 
 complementary symmetry,  276  
 defined,  753  
 MOSFET,  278 – 281  
 single-ended,  277   

  Push-pull operation,  272 – 273   
  PWM.  See  Pulse-width modulation   

  Q 
  Q-point 

 BJT,  121  
 class A power amplifier,  266 – 267  
 closer to cutoff,  267  
 closer to saturation,  267  
 common-emitter (CE) amplifier,  140 – 141  
 at cutoff,  272   

  Quality factor,  753   
  Quantization,  6 ,  753   
  Quantization error 

 ADC,  653 – 654  
 avoiding with sample-and-hold amplifier,  654  
 defined,  653 ,  753   

  Quartz crystal,  481   
  Quiescent point,  17 ,  753    

  R 
   R/  2  R  ladder DAC.  See also  Digital-to-analog 

converters (DACs) 
 analysis of,  649  
 defined,  648  

 illustrated,  649  
 monolithic IC with,  650   

  Radio frequency interference (RFI),  753   
  Radiometric images,  34   
   RC  coupled amplifiers.  See  Capacitively 

coupled amplifiers  
   RC  feedback oscillators.  See also  Feedback 

oscillators 
 defined,  466  
 phase-shift,  472 – 473  
 twin-T,  473 – 474  
 use of,  466  
 Wien-bridge,  466 – 472   

  RDCs.  See  Resolver-to-digital converters  
  Recombination,  753   
  Rectification,  42   
  Rectifiers,  57 – 62  

 bridge,  61 – 62 ,  97 ,  98  
 defined,  57 ,  753  
 filters,  63 – 65  
 full-wave,  59 – 61  
 half-wave,  57 – 59  
 selection based on maximum ratings,  94  
 silicon-controlled,  721 – 722 ,  753   

  Reference thermocouples,  705   
  Regulated power supplies,  99   
  Regulation 

 defined,  754  
 line,  507 – 509 ,  752  
 load,  69 ,  508 – 509 ,  752  
 percent,  68  
 voltage,  507 – 509  
 zener diode,  80 – 81   

  Regulators,  506 – 539  
 adjustable,  68  
 current,  535 – 536  
 darlington feedback,  146 – 147  
 defined,  66 ,  506 ,  753  
 dropout voltage,  526  
 examples of,  67 – 68  
 IC,  66 – 67 ,  525 – 538  
 introduction to,  506  
 linear,  510 ,  752  
 low-dropout (LDO),  526  
 series,  510 – 515  
 shunt,  515 – 518  
 step-down,  519 – 521  
 switching,  519 – 525 ,  754  
 three-terminal,  67 – 68   

  Relaxation oscillators,  482 – 487  
 defined,  464 ,  753  
 square-wave,  486 – 487  
 triangular-wave,  482 – 484  
 voltage-controlled (VCO),  484 – 486   

  Remote sensing application,  673   
  Resistance.  See also  Input resistance; Output 

resistance 
 ac,  3 – 4  
 dc,  4  
 defined,  4  
 dynamic,  4  
 switched-capacitor circuit emulation,  220  
 Thevenin,  140  
 troubleshooting,  31   

  Resistance temperature detectors (RTDs).  See 
also  Temperature measurement 

 block diagram,  711  
 defined,  708 ,  753  
 employment methods,  708  
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Resistance temperature detectors (RTDs) 
(continued)

 example,  710 – 711  
 illustrated,  710  
 temperature-sensing circuits,  709 – 710  
 3-wire bridge and,  708 – 709  
 uses for,  708   

  Resistors 
 feedback, open,  340 ,  342  
 input, open,  341 ,  342  
 swamping,  148 – 149   

  Resolution 
 ADC,  651 – 652  
 DAC,  650  
 defined,  753   

  Resolvers 
 defined,  698 ,  753  
 voltages,  698   

  Resolver-to-digital converters (RDCs) 
 AD2S 90 ,  701 – 702  
 defined,  698 ,  753  
 operation,  698 – 700  
 Scott T-transformer,  699  
 simplified diagram,  699  
 specific,  701 – 702  
 wind-direction system example,  702 – 703   

  Reverse bias 
 defined,  49 ,  753  
 peak inverse voltage (PIV),  49  
 reverse breakdown,  49 – 50   

  Reverse breakdown,  49 – 50   
  RF amplifiers,  247 – 252  

 defined,  247  
 superheterodyne AM receiver,  587  
 superheterodyne FM receivers,  589  
 terminating transmission lines,  249  
 transmission lines,  247 – 249  
 tuned,  250 – 251  
 tuning with oscilloscope,  257   

  RF transistors 
 defined,  159  
 illustrated,  160   

  RFI (radio frequency interference),  753   
  RFID system example,  437 – 439  

 band-pass filters,  445  
 block diagram,  438  
 defined,  437  
 input block,  445  
 reader block diagram,  438   

  Ripple voltage 
 comparison,  64  
 defined,  63 ,  753   

  Rms voltmeters,  696   
  Rms-to-DC converters,  692 – 696  

 AD 637 ,  694 – 695  
 AGC circuits,  696  
 application examples,  696  
 averaging circuit,  692 – 693  
 complete,  693 – 694  
 conversion,  692 – 693  
 defined,  692  
 explicit type of,  693  
 implicit type of,  694  
 rms voltmeters,  696  
 square root circuit,  693  
 squaring circuit,  692   

  Roll-off rate 
 active filters,  433  
 defined,  753   

  Root mean square (RMS),  692 ,  753 .  See also  
Rms-to-DC converters  

  Rotor,  697 ,  753   
  RTDs.  See  Resistance temperature detectors   

  S 
  Sallen-Key filters 

 high-pass,  440 – 441  
 low-pass,  435 – 436   

  Sample-and-hold amplifiers,  638 – 642  
 acquisition time,  640  
 action of,  638  
 AD 585 ,  641 – 642  
 aperture jitter,  640  
 aperture time,  640  
 in avoiding quantization error,  654  
 basic,  638 – 639  
 defined,  638 ,  753  
 droop,  640  
 feedthrough,  640  
 illustrated,  638  
 performance specifications,  640 – 641  
 sample device,  641 – 642  
 specifications illustration,  641  
 tracking during sample time,  639 – 640  
 use of,  640   

  Sampling 
 circuits,  218  
 defined,  6 ,  753  
 theory,  652   

  Saturation 
 BJT,  118 – 119  
 common-emitter (CE) amplifier,  141  
 defined,  753  
 Q-point closer to,  267  
 transistor switch,  153 – 154   

  Scale factors,  592   
  Scaling adder,  399 – 400   
  Scattering,  619   
  Schmitt triggers 

 defined,  390 ,  753  
 OTA,  567   

  Scott T-transformer,  699   
  SCRs.  See  Silicon-controlled rectifiers  
  SDCs.  See  Synchro-to-digital converters  
  Seebeck voltage, 703  
  Selectivity,  425   
  Self-biasing 

 drain voltage determination,  187  
 drain-to-source voltage,  187  
 example,  187 – 188  
 illustrated,  187  
 JFETs,  186 – 188  
 negative feedback,  188   

  Semiconductors 
 atomic structure,  43 – 46  
 conductor difference,  44 – 45  
 defined,  44 ,  753   

  Sensor-controlled solar tracking,
  226 – 227   

  Series regulators.  See also  Regulators 
 connections,  511  
 with constant-current limiting,  514  
 defined,  510  
 with fold-back current limiting,  515  
 illustrated,  512  
 op-amp,  512  
 regulated output voltage,  513  
 regulating action,  511 – 513  

 short-circuit and overload protection,  514  
 voltage references,  510 – 511   

  Settling time,  651 ,  753   
  Shell,  753   
  Shorted capacitors,  98 – 99   
  Shorted diodes.  See also  Diodes 

 defined,  97  
 effect in bridge rectifier,  98  
 troubleshooting,  97 – 98   

  Shunt regulators.  See also  Regulators 
 block diagram,  516  
 defined,  516  
 schematic,  516  
 sequence of responses,  517  
 short-circuit protection,  517 – 518   

  Signal compression 
 concept illustration,  574  
 defined,  573 ,  753  
 with logarithmic amplifiers,  573 – 574   

  Signal flow, class D power amplifier,  292   
  Signal sources 

 independent,  14  
 load lines and,  17 – 18  
 Norton’s theorem and,  16  
 Thevenin’s theorem and,  14 – 15   

  Signals.  See also  Analog signals; Digital 
signals 

 continuous,  5  
 discrete,  5  
 frequency-domain,  10  
 periodic,  7 – 9  
 time-domain,  10   

  Signal-to-noise ratio 
 defined,  338  
 solving for,  339   

  Silicon 
 conductivity of,  46  
 defined,  44 ,  753  
 doped,  46  
 intrinsic,  45   

  Silicon-controlled rectifiers (SCRs) 
 characteristic curves,  721  
 connections,  721  
 defined,  720 – 721 ,  753  
 illustrated,  721  
 turning off,  722  
 turning on,  722   

  Single-axis solar tracking,  225   
  Single-capacitor compensation.  See also  

Compensation 
 closed-loop configuration,  376 – 377  
 defined,  375 – 376  
 example illustration,  376   

  Single-ended mode (diff-amp),  312 ,  753   
  Single-mode step index,  620   
  Single-pole filters 

 high-pass,  439 – 440  
 low-pass,  434   

  Single-slope ADC.  See also  Analog-to-digital 
converters (ADCs) 

 counter,  660  
 defined,  659  
 illustrated,  659   

  Single-supply operation, class B power 
amplifier,  276 – 277   

  Sinusoidal waves 
 average value of,  8 – 9  
 defined,  7  
 effective value of,  9  



INDEX   767

 generation of,  7  
 instantaneous value of,  8  
 peak value of,  8   

  Skin effect,  249 ,  753   
  Slew rate 

 defined,  320 ,  753  
 example,  321  
 illustrated,  321  
 measurement,  320 – 321   

  SMPSs (switch-mode power supplies),  67   
  Solar panel control system example 

 block diagram,  637  
 defined,  636  
 illustrated,  636  
 timing diagram,  637   

  Solar power systems example 
 with battery backup,  56  
 solar cell panels,  55 – 56  
 solar cell structure,  54 – 55   

  Solar tracking system example 
 defined,  224  
 dual-axis solar tracking,  226 – 227  
 H-bridge motor control circuit,  227 – 228  
 MOSFETs,  224 – 228  
 sensor-controlled solar tracking,  226 – 227  
 single-axis solar tracking,  225   

  Soldering,  31   
  Source,  753   
  Source-follower,  209 – 210   
  Special-purpose amplifiers,  547 – 576  

 instrumentation,  548  
 isolation,  555 – 561  
 log and antilog,  569 – 576  
 operational transconductance,  561 – 568  
 types of,  547   

  Spectrophotometer system example 
 defined,  330  
 description,  330 – 331  
 illustrated,  330  
 photocell response curve,  331  
 photocell/amplifier PCB layout,  330   

  Spectrum 
 defined,  10 ,  754  
 electromagnetic,  34   

  Square root circuits,  693   
  Square-wave oscillators 

 defined,  486  
 schematic,  487  
 waveforms,  487   

  Squaring circuits,  692   
  Stability 

 analysis,  367 – 370  
 criteria summary,  370  
 defined,  367 ,  754  
 problems,  370   

  Stages,  754   
  Stairstep-ramp ADC.  See also  Analog-to-digital 

converters (ADCs) 
 defined,  657  
 example,  658  
 illustrated,  657  
 speed,  657 – 658   

  Standard amplitude modulation 
 block diagram,  598  
 defined,  597  
 example,  598 – 599  
 output frequency spectrum,  597  
 signal expression,  597  
 summing circuit implementation,  598   

  Standing waves,  249 ,  754   
  Start-up conditions 

 Colpitts oscillator,  476  
 defined,  465 – 466  
 Hartley oscillator,  480  
 Wien-bridge oscillator,  468 – 470   

  State-variable band-pass filter 
 defined,  445  
 example,  446 – 447  
 illustrated,  446  
 operation of,  446  
 optimization constraints,  446  
 outputs,  445  
 response curves,  446   

  State-variable band-stop filter,  448 – 449   
  Static errors,  695   
  Stator,  697 ,  754   
  Step-down switching regulators.  See also  

Switching regulators 
 configuration,  538  
 defined,  519  
 output voltage,  521  
 regulating action,  521  
 schematic,  520  
 waveforms,  520   

  Step-up switching regulators.  See also  
Switching regulators 

 basic action,  522  
 configuration,  538  
 defined,  521  
 schematic,  522  
 switching action,  522  
 voltage regulation,  523   

  Stimulus-response testing,  32   
  Strain 

 compressive,  713  
 defined,  713 ,  754  
 examples,  713  
 tensile,  713   

  Strain gages.  See also  Measurement 
 circuits,  715 – 716  
 defined,  713 – 714 ,  754  
 dummy gage,  714  
 formula,  714  
 gage factor of,  714 – 715  
 illustrated,  714   

  Successive-approximation ADC.  See also  
Analog-to-digital converters (ADCs) 

 conversion cycle steps,  662 – 663  
 defined,  662 ,  754  
 illustrated,  662   

  Summing amplifiers,  396 – 402  
 averaging,  398 – 399  
 component failure symptoms,  413 – 414  
 defined,  396 ,  754  
 digital-to-analog (D/A) conversion example, 

 400 – 401  
 four-channel mixer/amplifier example,  401 – 402  
 with gain greater than unity,  398  
 with  n  inputs,  397  
 scaling adder,  399 – 400  
 troubleshooting,  413 – 414  
 two-input,  397  
 with unity gain,  397 – 398   

  Superheterodyne receivers 
 AM,  586 – 588  
 defined,  586  
 FM,  589 – 590   

  Superradiant LEDs,  87   

  Suppressed-carrier modulation,  596 – 597   
  Surface acoustic wave (SAW) oscillators,  487   
  Surface-emitting LEDs,  87   
  Surge current,  65   
  Swamping resistors,  148 – 149   
  Swept frequency measurement,  450 – 451   
  Switched-capacitor circuit 

 defined,  219  
 illustrated,  219  
 resistance emulation,  220  
 as resistor replacement,  220   

  Switches 
 analog,  632 – 638  
 defined,  754  
 transistor,  152 – 157   

  Switching amplifiers,  21   
  Switching regulators.  See also  Regulators 

 configurations,  537 – 538  
 defined,  519 ,  754  
 efficiency,  519  
 IC,  529 – 530  
 power levels range,  519  
 step-down configuration,  519 – 521  
 step-up configuration,  521 – 523  
 voltage-inverter configuration,  523 – 524   

  Switch-mode power supplies (SMPSs),  67   
  Synchros 

 defined,  697 ,  754  
 format voltages illustration,  698  
 illustrated,  697  
 voltages,  697   

  Synchro-to-digital converters (SDCs) 
 defined,  698 ,  754  
 operation,  698 – 700  
 Scott T-transformer,  699   

  Synthesized sine-wave generator example,  568    

  T 
  Temperature control system example 

 defined,  129  
 illustrated,  129  
 operation of,  130  
 temperature-to-voltage conversion circuit,  130   

  Temperature measurement,  703 – 713  
 resistance temperature detectors (RTDs), 

 708 – 711  
 sensor types,  703  
 thermistors,  711 – 712  
 thermocouple,  703 – 708   

  Tensile strain,  713   
  Terminals,  754   
  Testing 

 ADCs,  676  
 DACs,  674  
 dc voltages,  33  
 diodes,  52  
 equipment,  31 – 33  
 stimulus-response,  32   

  Thermal overload,  526 ,  754   
  Thermal runaway,  275   
  Thermal shunting,  708   
  Thermistors.  See also  Temperature measurement 

 application,  712  
 in bridges,  712  
 in constant-current drive configurations,  712  
 defined,  65 ,  711 ,  754  
 negative temperature coefficient (NTC),  711  
 positive temperature coefficient (PTC),  711  
 response comparison,  712   
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  Thermocouples.  See also  Temperature 
measurement 

 cold junction,  704  
 compensation,  707  
 defined,  703 ,  754  
 electronics interface,  704  
 electronics interface example,  705 – 707  
 example,  706 – 707  
 output,  704  
 reference,  705  
 Seebeck voltage, 703 
 signal conditioners,  707  
 thermal shunting,  708  
 unwanted,  704   

  Thermography 
 imager,  35  
 radiometric images,  34  
 in system fault diagnosis,  33 – 35   

  Thevenin’s theorem 
 for dc circuit,  14  
 defined,  14 ,  754  
 use of,  15   

  3-wire bridge,  708 – 709   
  Thyristors,  720 ,  754   
  Time-domain signals,  10   
  TMOSFET,  223 ,  224   
  Tone generator example,  471 – 472   
  Total internal reflection,  619   
  Tracking ADC.  See also  Analog-to-digital 

converters (ADCs) 
 defined,  658  
 illustrated,  658  
 reference voltage,  659  
 tracking action,  659   

  Transconductance 
 defined,  561 ,  754  
 of FETs,  205 – 206  
 as function of bias current,  562  
 as gain of OTA,  561 – 562   

  Transconductance curves 
 defined,  184  
 JFET,  184 – 185   

  Transducers 
 acceleration,  719 – 720  
 active,  18  
 defined,  18 ,  691 ,  754  
 displacement,  718 – 719  
 importance of,  691  
 passive,  18  
 pressure,  716 – 718  
 velocity,  719   

  Transfer characteristics 
 D-MOSFET,  195 – 196  
 E-MOSFET,  197  
 FET,  205   

  Transfer curves 
 defined,  20 ,  754  
 FET versus BJT,  205  
 linear amplifier,  21   

  Transfer function,  592   
  Transformer coupling, class B power amplifier,  273   
  Transformer-coupled amplifiers.  See also  

Amplifiers 
 crossover distortion,  275  
 dc parameters,  257  
 dc signal isolation,  252  
 decoupling network,  256  
 defined,  252  
 dual-gate MOSFET mixer,  256  

 examples of,  253 – 254 ,  257 – 259  
 high-frequency applications,  254 – 259  
 illustrated,  253  
 intermediate frequency (IF),  255  
 isolation,  557 – 558  
 low-frequency applications,  252 – 254  
 oscillator frequency,  255  
 transformer coupling,  253  
 transformers at input,  252   

  Transformers 
 linear power supply example,  70  
 Scott-T,  699   

  Transistor bias circuits 
 illustrated,  160  
 troubleshooting,  160 – 161   

  Transistor curve tracers,  164   
  Transistor switches.  See also  Bipolar junction 

transistors (BJTs) 
 action,  153  
 applications,  154  
 conditions in cutoff,  153  
 conditions in saturation,  153  
 defined,  152  
 hysteresis,  155  
 one-transistor,  154 – 155  
 security alarm system example,  156 – 157   

  Transistor testers,  163 – 165   
  Transistors.  See  Bipolar junction transistors 

(BJTs); Field-effect transistors (FETs)  
  Transmission lines 

 broken or damaged,  249  
 capacitive effects,  249 – 250  
 characteristic impedance,  248  
 coax,  248  
 equivalent circuit,  248  
 high-frequency considerations,  249 – 250  
 inductive effects,  249  
 Miller effect,  250  
 RF amplifier,  247 – 249  
 skin effect,  249  
 standing wave,  249  
 terminating,  249   

  Triacs 
 characteristic curves,  722  
 defined,  722 ,  754   

  Triangular-wave oscillators.  See also  
Relaxation oscillators 

 defined,  482  
 illustrated,  482  
 practical,  483 – 484  
 with two op-amps,  483  
 waveforms,  483   

  Trim,  754   
  Troubleshooting 

 analysis,  30  
 biased transistors,  160 – 161  
 circuit breakers,  96  
 comparators,  411 – 413  
 data conversion circuits,  674 – 678  
 defined,  29  
 half-splitting,  31  
 leaky filter capacitor,  98 – 99  
 materials,  33  
 measuring,  30 – 31  
 op-amp circuits,  411 – 415  
 open diodes,  96 – 97  
 open fuses,  96  
 operational amplifiers (op-amps),  340 – 342  
 plan,  30 ,  95 – 96  

 point-of-measurements in,  165  
 power supplies,  95 – 99  
 regulated power supply,  99  
 shorted capacitor,  98 – 99  
 shorted diode,  97 – 98  
 soldering,  31  
 summing amplifiers,  413 – 414  
 test equipment,  31 – 33  
 three-terminal regulators,  529  
 transistors with DMM,  161 – 163  
 unwanted oscillations,  370   

  Tuned amplifiers 
 automatic gain control (AGC),  251  
 defined,  250 – 251  
 design,  250  
 Hazeltine neutralization,  251  
 illustrated,  251  
 RF stage and mixer,  255   

  Twin-T oscillators.  See also RC  feedback 
oscillators 

 defined,  473  
 filters,  473 – 474  
 illustrated,  474   

  Two-transistor switching circuits,  155    

  U 
  Uncompensated op-amps 

 defined,  361 ,  754  
 example,  361 – 362   

  Unity gain 
 bandwidth,  357  
 summing amplifier with,  397 – 398   

  Unwanted thermocouples.  See also  
Thermocouples 

 compensation for,  707  
 defined,  704  
 temperature-measuring circuit with,  705   

  Upper trigger point (UTP),  389 ,  483   
  Upper-side frequency,  596    

  V 
  Valence electrons,  43 ,  44 ,  754   
  Varactors.  See also  Diodes 

 capacitance,  82  
 defined,  82 ,  754  
 example,  83 – 84  
 in tuning circuits,  83   

  Variable dual-polarity power supply example 
 circuit,  536  
 defined,  536  
 schematic,  537  
 voltage regulators,  536 – 537   

  Variable-reactance VCOs,  608   
  Vectors,  7 ,  754   
  Velocity transducers,  719   
  V-groove MOSFET (VMOSFET),  223 ,  224   
  Voice signals, amplitude modulation with,  599   
  Voltage dividers 

 capacitively coupled amplifier,  243  
 illustrated,  125  
 rule,  125   

  Voltage gain 
 AD 622 ,  551  
 capacitively coupled amplifier,  242  
 closed-loop,  325 ,  355  
 common-drain (CD) amplifier,  209  
 common-emitter (CE) amplifier,  138 – 139 , 

 143 – 144 ,  148 – 149  
 common-source (CS) amplifier,  207  
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 gain of voltage divider,  243  
 infinite,  308  
 open loop,  320 ,  355   

  Voltage ratios,  28 – 29   
  Voltage regulation.  See  Regulation  
  Voltage-controlled oscillators (VCOs).  See also  

Relaxation oscillators 
 capacitance,  612 ,  613  
 defined,  484 ,  754  
 example,  485 – 486  
 555 timer operation as,  490 – 491  
 forms,  612  
 frequency determination,  485  
 as frequency modulator,  608  
 MAX2606,  609 – 610    
 noise in,  609  
 operation of,  484 – 485 ,  613  
 in PLLs,  612 – 613  
 PUT,  484 – 485  
 variable-reactance,  608   

  Voltage-divider bias.  See also  Bias 
 common-drain (CD) amplifier,  210  
 configurations,  126 ,  127  
 defined,  124 ,  754  
 example,  127 – 128  
 illustrated,  125  
 JFET,  190 – 191  
 parameter computation,  125  
 for  pnp  transistors,  127  
 use of,  124  
 voltage-divider rule,  125   

  Voltage-follower 
 defined,  327 ,  754  
 faults in,  341  
 illustrated,  328  
 input impedance,  334 – 335  
 op-amp,  327 – 328  
 output impedance,  334 – 335   

  Voltage(s) 
 BJT,  116 – 117  

 capacitor,  404  
 collector,  125  
 collector-emitter,  125  
 cutoff,  182 – 183  
 drain,  187  
 drain-to-source,  187  
 emitter,  125  
 feedback,  264  
 gate,  190  
 input offset,  317 – 318  
 instantaneous,  8  
 noise,  246 ,  338 ,  388 – 389  
 peak-to-peak,  8  
 pinch-off,  182 – 183 ,  753  
 resolver,  698  
 ripple,  63 – 64 ,  753  
 Seebeck, 703 
 synchro,  697 – 698  
 zener,  412   

  Voltage-to-current converter,  410 ,  754   
  Voltage-to-frequency ( V/F ) converters 

 AD 650 ,  669 – 671  
 applications,  665  
 concept illustration,  666  
 defined,  665  
 illustrated,  666  
 input voltage increase,  668 – 669  
 operation,  666  
 operation illustration,  667  
 output,  667 ,  668  
 remote sensing application,  673  
 reset mode,  667  
 waveforms,  668   

  Voltmeters,  696   
  Volt-ohm-milliammeter (VOMs),  32    

  W 
  Waveform generators,  32   
  Waveshaping amplifiers,  21   
  Wide-band amplifiers,  32 – 33   

  Wide-band three-port isolation amplifier,  
560   

  Wien-bridge oscillator.  See also RC  feedback 
oscillators 

 basic circuit,  467 – 468  
 defined,  466 ,  754  
 JFET stabilized,  469 – 471  
 lead-lag network and response curve,  467  
 as noninverting amplifier,  467 – 468  
 positive feedback conditions,  468  
 schematics,  467  
 self-starting with zener diodes,  469  
 tone generator example,  471 – 472   

  Wind turbine example 
 AC-to-DC converter,  531  
 basics,  530 – 531  
 defined,  530  
 HAWT system operation,  531   

  Wind-direction system example,  702 – 703   
  Window comparator.  See also  Comparators 

 defined,  393  
 example,  394  
 illustrated,  393    

  Z 
  Zener diodes.  See also  Diodes 

 application of,  78 – 79  
 breakdown voltages,  78  
 defined,  78 ,  754  
 equivalent circuit,  79 – 80  
 IV characteristic curve,  78  
 reverse characteristic,  79  
 voltage regulation,  80 – 81   

  Zero bias,  202   
  Zero-level detection,  386   
  Zero-voltage switching 

 defined,  723 ,  754  
 nonzero switching comparison,  723  
 use of,  723 – 724      
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