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PREFACE TO SECOND EDITION

Since publishing first edition of this book three years back, there are few additions in the
subject and also as a result of receiving some feedback, it has become imperative to bring
another edition to cover the lapses and bring the text more useful to students.

In the second edition, I have reorganised the chapters and also added few subchapters
like High Frequency Amplifiers, Stability Considerations, UPS and SMPS in the respective
chapters.

The author is indebted to Sri. M.V. Ramanaiah, Associate Professor in the Department
of ECE, Gokaraju Rangaraju Institute of Engineering and Technology, Hyderabad for his
efforts in going through the book and making the symbols etc. more perfect which were
cropped up at the time of typing the text.

I am also thankful to Mr. Nikhil Shah and Mr. Manoj Jha of BS Publications for their
persuasion and bringing the second edition of this book in record time.

~Author
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PREFACE TO FIRsT EDITION

Foundations for Electronics Engineering were laid as far back as 18" Century when
H.A. Lorentz postulated the existence of negatively charged particles called as Electrons.
Since then the field of electronics engineering has developed rapidly. Advancement in this
area was more rapid since 1970s, with Digital Electronics dominating over Analog Electronics,
as was done by Solid State Devices in 1960s over Vacuum Tubes. After the Industrial
Revolution, it is Computer Revolution which is the astonishing phenomenon, at the fag end
of the 21* Century. The next striking development could be computer communications.
The research and development work done in the field of Semiconductor Devices and
Technology contributed significantly for the miniaturisation taking place in electronic systems
and computers. Thus Electronics Engineering is a fascinnating subject.

Electronic Circuit Analysis is an important component of the broad area of Electronics
and Communications Engineering. Electronic Circuit Design and Analysis aspects are dealt
with in this book. Learning these topics is very essential for any electronics engineer. A
student must study the subject, not just for the sake of passing the examination, but to learn
the concepts. In this competitive world, to secure a job or to learn the concepts, proper
effort must be made. This book is written with that motive. Any book written just for the
sake of enabling the student to pass the examination will not fullfil its complete objective.
Electronic Circuit Analysis is one of the fundamental subjects, which helps in I.C design,
VLSI design etc.

This textbook can also be used for M.Sc (Electronics), AMIETE, AMIE (Electronics)
B.Sc (Electronics), Diploma courses in Electronics, Instrumentation Engineering and other
courses where Electronics is one subject. So students from Universities, Engineering Colleges
and Polytechnics can use this book.

Though efforts are made to minimize typing errors, printing mistakes and other
topographical errors, still, there could be some omissions. The author and publisher will be
thankful if such errors brought to notice for necessary correction.



Many Textbooks are referred while writing this book. The author is thankful for
them and their publishers.

The author is thankful to Mr. Nikhil Shah for the encouragement given to write this
book. The author is also thankful to Mr. Naresh, Mr. Prashanth, Mr. J. Das, Shri Raju and
other staff of M/S. B.S. Publications. The author is highly grateful to Prof. D. S. Murthy
Head, ECE Dept., Gayatri Vidya Parishad College of Engineering, Vizag, for his valuable
suggestions. The author is also thankful to Mrs. Mangala Gowari Assoc. Prof. Dept. of
ECE, JNTU, Hyderabad Mr. P. Penchalaiah Assoc. Prof. Dept of ECE, Vignan Inst. of
Science and Technology, Hyderabad and Mr. P. Ramana Reddy, APECE, JNTU CE,
Hyderabad. Author is particularly thankful to Mr. P. Penchalaiah for his effort in minimizing
printing mistakes. The author is also thankful to Ms. U.N.S. Sravanthi and Ms. Srujana for
the proof reading work.

For a task like writing textbook, there is always scope for improvement and corrections.
Suggestions are welcome.

SIFH GRI& IS0 Looking in right perspective is wisdom.
figanfiza AT . Education gives prosperity.

Knowledge shows the path — Wisdom lights it up.

-Author
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SYMBOLS

8y . Input Conductance of BJT in C.E configuration between fictitious base terminal
B’ and emitter terminal E.
h, - Input impedance (resistance) of BJT in’C:E configuration
hg :  Forward short circuit current gain in C.E configuration
h, Reverse voltage gain in C.E. configuration
h. Output admittance in C.E. configuration
Ty Base spread resistance between base terminal B and fictitious base terminal B’
C, : Emitter junction capacitance
Ce 1 Collector junction capacitance
g :  Transconductance or Mutual conductance
Vi :  Volt equivalent of temperature L) T
e 11,600
n Diode constant n =1 for G,; n =2 for S,
498 Feedback conductance between B' and collector terminal C
8 Output conductance between Collector and Emitter terminals.
G Diffusion capacitance
Q Charge
Dy Diffusion constant for minority carriers in Base region
n constant (= 1/2 for abrupt junctions)
w Base width
(0] Angular frequency = 2n f
It Frequency at which C.E. short circuit current gain becomes unity
f‘3 Frequency at which hg, becomes 0.707 h, . . Frequency range upto ffs is referred

as the B.W of the transistor circuit.



xvi

C, : Incrimental capacitance in hybrid - © model
. : Incrimental resistance in hybrid - # model
vy Voltage gain of I stage amplifier circuit
AIl :  Current gain of I stage amplifier circuit
B.W : Band width of the amplifier circuit.
fe :  Cut-off frequency
fL=/f; : Lower cutoff frequency or Lower 3-db point or Lower half power frequency
Ju= £, Upper cutoff frequency or upper 3-db point or upper half power frequency
o :  Mid Band Frequency f, = \/ f; f, -
R : Emitter Resistor
G : Emitter Capacitor

Ay(L.F) : AvL = Voltage gain in the Low frequency range
A(HF) : AVH = Voltage gain in the High frequency range
Ay(M.F) : AVM = Voltage gain in the Mid frequency range

Py :  Output Power

P, Input Power

A, Power Gain

¢ Phase angle

\A RMS value of voltage

I, RMS value of current

lm (IMax - IMm)

Vm (vMax - VMin)

I _p Peak to Peak value of current

P, A.C. Output power

Ppc DC Input power

n Conversion Efficiency of the power amplifier circuit.

n Transformer turns ratio (N,/N,)

N, Number of turns of transformer Secondary winding

N, Number of turns of transformer Primary winding

\A Primary voltage of Transformer

V, Secondary voltage of Transformer

R, Resistance of Tuned Circuit

R, Parallel resistance associated with the tuning coil (Inductor)
Vie A.C voltage between base and emitter leads of transistor (BJT)
Ve D.C voltage between base and emitter leads of transistor (BJT)

Small subscripts are used for a.c. quantities.
Capital subscripts are used for a d.c. quantities.
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Effective Q factor of coil

Fractional Frequency Variation

Resistance of tapped tuned Circuit

Quality factor of output circuit

Mutual Inductance

Critical value of the coefficient of coupling
Critical value of Mutual Inductance

Series Resistance in Voltage Regulators
Stability factor

Temperature coefficient in Voltage Regulator
Output Resistance

Zener Diode Resistance

Cut in voltage of junction diode

Output ripple voltage

Input ripple voltage
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Brief History of Electronics

In science, we study about the laws of nature and verification and in technology, we study the
applications of these laws to human needs.

Electronics is the science and technology of the passage of charged particles, in a gas or
vacuum or semiconductor.

Before electronic engineering came into existence, electrical engineering flourished. Electrical
engineering mainly deals with motion of electrons in metals only, where as Electronic engineering
deals with motion of charged particles (electrons and holes) in metals, semiconductors and also in
vacuum. Another difference is, in electrical engineering, the voltages and currents are very high KV,
and Amperes, where as in electronic engineering one deals with few volts and mA. Yet another
difference is, in electrical engineering; the frequencies of operation are 50 Hzs/60Hzs. In electronics
it is KHzs, MHz, GHzs, (high frequency).

The beginning for Electronics was made in 1895 when H.A. Lorentz postulated the existence of
discrete charges called electrons. Two years later, J.J Thomson proved the same experimentally
in 1897.

In the same year that is in 1897, Braun built the first tube based on the motion of electrons, the
Cathode ray tube (CRT).

In 1904 Fleming invented the Vacuum diode called ‘valve’.

In 1906 a semiconductor diode was fabricated but they could not succeed, in making it work.
So semiconductor technology met with premature death and vacuum tubes flourished.
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In 1906 it self, De Forest put a third electrode into Fleming’s diode and he called it Triode. A
small change in grid voltage produces large change in plate voltage, in this device.

In 1912 Institute of Radio Engineering (IRE) was set up in USA to take care of the technical
interests of electronic engineers. Before that in 1884 Institute of Electrical Engineers was
formed and in 1963 both have merged into one association called IEEE (Institute of Electrical and
Electronic Engineers).

The first radio broadcasting station was built in 1920 in USA.
In 1930 black and white television transmission started in USA.
In 1950 Colour television broadcasting was started.

The electronics Industry can be divided into 4 categories :

Components : Transistors, ICs, R, L, C components

Communications : Radio, TV, Telephones, wireless, landline communications
Control : Industrial electronics, control systems

Computation : Computers

Vacuum Tubes ruled the electronic field till the invention of transistors. The difficuty with
vacuum tubes is with its excess generated heat. The filaments get heated to > 2000°K so that
electronic emission takes place. The filaments get burnt and tubes occupy large space. So in 1945
Solid State Physics group was formed to invent semiconductor devices in Bell labs, USA.

1895:
1897 :
1904 :
1906 :
1920 :
1930:
1947 .
1947 :
1950
1959 :
1959 :
1969 :

1969 :
1970:
1971:
1971:
1975
1975 :

H. A. Lorentz - Postulated existence of Electrons
LJ. Thomson - Proved the same

Fleming - Vacuum Diode

De. Forest - Triode

Radio Broadcasting in USA

Black and White TV USA

Shockley invented the junction transistor. (BJT)
Schokley BJT Invention

Colour Television

Integrated Circuit concept was announced by Kilby at an IRE convention.
KILBY etc. anounced ICs.

LSI, IC : Large Scale Integration, with more than 1000 but < 10,000 components per
chip (integrated or joined together), device was announced.

SSI 10 - 100 comp/chip. LOGIC GATES, FFs.

Intel People, 9 months, chip with 1000 Transistors (4004up)

uP - 4 bit INTEL

4 bit Microprocessor was made by Intel group.

VLSI : Very large scale integration > 10,000 components per chip. 1Cs were made.

CHMOS - Complimentary High Metal Oxide Semiconductor ICs were announced by
Intel.
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1975
1978 :
1980 :
1981 :
1982:
1984 :
1985 :
1986 :
1987 :
1989 :
1990 :
1992 :

1998 :
2001 :
2002:

2003 :
2004 :
2010:

MSI (Multiplenum, Address) 100 - 1000 comp/chip

LSI 8 bit uPs, ROM, RAM 1000 - 10,000 comp/chip
VLSI > 1,00,000 components/ser 16, 32 bit uPs
16 bituP > 1,00,000 components/ser 16, 32 bit pPs
100,000 Transistors, 80286 Processor

CHMOS > 2,00,000 components/ser 16, 32 bit puPs
32bitup > 4,50,000 components/ser 16, 32 bit uPs
64bitpp > 10,00,000 components/ser 16, 32 bit uPs
MMICS Monolithic Microwave Integrated Circuits
1860 Intel’s 64 bit CPU

ULSI > 500,000 Transistors ultra large scale

GSI > 10,00,000 Transistors Giant scale

100, 3 million Transistors, Pentium

2 Million Gates/Die

5 Million Gates / Die

1000, 150 Million Transistors.

1 Gigabit Memory Chips

Nature is more SUPERIOR

10 n.m. patterns, line width

Commercial Super Comp. 10TRILLION Flip Fiops

Neoro - Computer Using Logic Structure Based on Human Brain

There are 107 cells/cm® in human brain
VLSI Technology Development :

3 u Technology

A
0.5 p Technology

\:
0.12 p Technology

ASICs (Application Specific Integrated Circuits)
HYBRID ICs

BICMOS

MCMs (Multi Chip Modules)

3-D packages
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Table showing VLSI technology development predictions made in 1995.

Table 1

1995. 1998 2001 2004 2007

Lithography (1) 0.35 0.25 0.18 0.12 0.1
No. Gates/Die : 800K 2M 5SM 10M 20M
No. Bits/Die

DRAM 64 M 256 M 1G 4G 16G

SRAM 16 M 64 M 256 M 1G 4G
Wafer Dia (mm) 200 200-400 400 400 400
Power (WW/Die) 15 30 40 40-120 40-200
Power Supply. (V) 3.3 2.2 2.2 1.5 1.5
Frequency (MHz) 100 175 250 350 500




UNIT -1

Single Stage Amplifiers

In this Unit,

Single stage amplifiers in the three configurations of C.E, C.B, C.C,
with design aspects are given.

Using the design formulae for A, A, R, R_etc, the design of single
stage amplifier circuits is to be studied.

Single stage JFET amplifiers in C.D, C.S and C.G configurations are
also given.

The Hybrid - n equivalent circuit of BJT, expressions for Transistor
conductances and capacitances are derived.

¢ Miller’s theorem, definitions for f, and f; are also given.

¢ Numerical examples, with design emphasis are given.



2

Electronic Circuit Analysis

1.1

An electronic amplifier circuit is one, which modifies the characteristics of the input signal, when
delivered the output side. The modification in the characteristics of the input signal can be with
respect to voltage, current, power or phase. Any one or all these characteristics power, or phase

Introduction

may be changed by the amplifier circuit.

1.1.1

Classification of Amplifiers

Amplifier circuits are classified in different ways as indicated below :

Types of Classification
(a) Based on Frequency range
(b) Based on Type of coupling

(c) Based on Power delivered/conduction angle

(d) Based on Signal handled.

(a) Frequency Range

(b) Types of Coupling

1.

RS

AF (Audio Freq.) 40 Hzs — 15/20 KHz
RF (Radio Freq.) >20KHz
Video Frequency 5S—-8MHz
VLF (Very Low Freq.) 10 —30 KHz
LF (Low Frequency) 30 —300 KHz
Medium Frequency 300 - 3000 KHz
High Frequency 3-30MHz
VHF (Very High Freq.) 30— 300 MHz
UHF (Ultra High Freq.) 300 - 3000 MHz
.SHF (Super High Freq.) 3000 - 30,000 MHz
Direct coupled
RC coupled
Transformer coupled
LC Tuned Amplifiers
Series fed.

(c) Output power delivered/conduction angle

1.
2.
3.

Low power (tens of mW or less).
Medium power (hundreds of mW).
High power (Watts).

ClassA 360°

Class B 180°

ClassAB 180 — 360°
Class C <180°

Class D Switching type.
Class S Switching type.
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(d) Type of signal handled
1. Large signal 2. Smali signal

In addition to voltage amplification Ay, current amplification A; or power amplification A; is
expected from an amplifier circuit. The amplifier circuit must also have other characteristics like
High input impedance (Z, or R;), Low output impedance (Z, or R,), Large Band Width (BW), High
signal to Noise Ratio (S/N), and large Figure of Merit (Gain BW product).

In order that the amplified signal is coupled to the load R; or Z,, for all frequencies of the
- input signal range, so that maximum power is transferred to the load, (the condition required for
maximum power transfer is |Z,| = |Z,| or R, = R) coupling the output of amplifier V, to load R,
or Z, is important. When reactive elements are used in the amplifier circuit, and due to internal
junction capacitances of the active device, the Z, and Z_ of the amplifier circuit change with
frequency. As the input signal frequency varies over a wide range, and for all these signals
amplification and impedance matching have to be achieved, coupling of the output of the amplifier
to the load is important.

Since the gain Ay, A; or A;, that can be obtained from a single stage amplifier circuit where only
one active device (BJT, JFET or MOSFET) is used, the amplifier circuits are cascaded to get large
gain. Multistage amplifier circuits are discussed in the next chapter.

When the frequency of the input signal is high (greater than A.F. range) due to internal junction
capacitances of the actual device, the equivalent circuit of the BJT used earlier is not valid. So
another model of BJT valid for high frequencies, proposed by Giacoletto is studied in this chapter.

1.2 Small Signal Analysis of Junction Transistor

Small Signal Analysis means, we assume that the input AC signal peak to peak to amplitude is
very small around the operating point Q as shown in Fig. 1.1. The swing of the signal always
lies in the active region, and so the output is not distorted. In the Large Signal Analysis, the
swing of the input signal is over a wide range around the operating point. The magnitude of the
input signal is very large. Because of this the operating region will extend into the cutoff region
and also saturation region.

Ly

Ic

==

N

Vee\ —— Vi

Fig. 1.1 Output Characteristics of BJT
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1.3 Common Emitter Amplifier

Common Emitter Circuit is as shown in the Fig. 1.2. The DC supply, biasing resistors and coupling
capacitors are not shown since we are performing an AC analysis.

C
% NPN Re
AW B\-EQ g

Fig. 1.2 C.E. Amplifier mr

Eg is the input signal source and R is its resistance. The h-parameter equivalent for the above
circuit is as shown in Fig. 1.3.

V Vi
hle — Ibe hre _ _‘be
b Wee=0 e lip=0
I I
hoe= Vc hfe =
Cellp=0 b V=0
The typical values of the h-parameter for a transistor in Common Emitter Configuration are,
h, =4 KQ,
Rs B — I -« I C

h,, §
Eg CN) Vy, +< (D bl § h,, § Ry v,

E / E
»
Fig. 1.3 h-parameter Equivalent Circuit

. Vbe
Since, h, = —Ib—
V.. is a fraction of volt 0.2V, 1, in pA, 100 pA and so on.

0.2v
h, = ———— =4KQ

ie

50x10™0
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he = 1./1, ~100.
I is in mA and I in pA.

hfe >> 1 = B
h,=0.2 x 103, Because, it is the Reverse Voltage Gain.
= Joe
re Vce
and V> Vi
_ Input
' Qutput

Output is >> input, because amplification takes place. Therefore h << 1.

I
h,=8uU and h, = TIC—
ce

1.3.1 Input Resistance of the Amplifier Circuit (R,)

The general expression for R, in the case of Common Emitter Transistor Circuit is

hfehre

17 e 1
hge + —
L

For Common Emitter Configuration,

R; depends on R;. If R, is very small, El— is large, therefore the denominator in the second
L

term is large or it can be neglected.
Rl = hle _
If R, increases, the second term cannot be neglected.
R, = h,, — (finite value)

. 1. -
Therefore, R, decreases as R, increases. If R, is very large, N will be negligible compared
L

to h,.. Therefore, R, remains constant . The graph showing R; versus R, is indicated in Fig. 1.4.
R, is not affected by R; if R; <1 KQ and R; > 1 MQ as shown in Fig. 1.4.
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600 Q

1KQ 1MQ R,
Fig. 1.4 Variation of R with R

R, varies with frequency f because h-parameters will vary with frequency. hg, h will change
with frequency f of the input signal.
1.3.2 Output Resistance of an Amplifier Circuit (R )

For Common Emitter Configuration,

R = L (1.3)

° h. - rehfe
* | hg +R;
R, is the resistance of the source. It is of the order of few hundred Q.
R, depends on R. If R, is very small compared to h,,
1

R = (independentofR;)) ... (1.4)

(4]

hoe - h;bfe

1e

Then, R, will be large of the order of few hundred KQ. If R is very large, then

R~ L ~150 KQ.
oe

The graph is as shown in Fig. 1.5.

R | 800KQ

200 KQ

Fig. 1.5 Variation of R, with R
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1.3.3 Current Gain ( A)

_hfe

AT T hoeR |

If R, is very small, A, ~ hg, ~ 100. So, Current Gain is large for Common Emitter Configuration.
As R increases, A drops and when R| =, A, = 0. Because, when R; = oo, output current I, or load
current I} = 0. Therefore, A, = 0. Variation of A; with R; is shown in Fig. 1.6.

50 |

IMQ
—> RL

Fig 1.6 Variation ofAI with RL

!

1.3.4  Voltage Gain ( A,)

- “heRp

If R is low, most of the output current flows through R, . As R, increases, output voltage increases

Ay

, then the current from the current generator in the

and hence A, increases. But if R| >>
oe

h-parameters equivalent circuit flows through h_, and not R, .

1
Then the, Output Voltage = hg, . I . I
0¢
(R, is in parallel with h .. So voltage across h = voltage across R, ). Therefore, V remains constant
as output voltage remains constant (Fig.1.7).

3300 f--=msmmmmes

Ay,

!

1
1 KQ 100 MQ
RL

Fig. 1.7 Variation of A with R
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1.3.5 Power Gain

As R, increases, Afdecreases. As R increases, Ay also increases.
Therefore, Power Gain which is the product of the two, A, and A, varies as shown in Fig. 1.8.

Ap=Ay Al
k=
Ap S
B
ES
[=]
ay,

- R
Fig. 1.8 Variation of A, with R
Power Gain is maximum when Ry is in the range 100 KQ — 1 MQ i.e., when R, is equal to the
output resistance of the transistor. Maximum power will be delivered, under such conditions.

Therefore, it can be summarised as, Common Emitter Transistor Amplifier Circuit
will have, ’
Low to Moderate Input Resistance (30082 5K€J).
Moderately High Output Resistance (10K - 100K0).
Large Current Amplification.
Large Voitage Amplification.

[ Y S R

Large Power Gain.
6. 180° phase-shift between input and output voltages.

As the input current I, increases, I increases therefore drop across R increases and
V, = Ve — V; drop across R. Therefore, there is a phase shift of 180°.

The amplifier circuit is shown in Fig.1.9.

'f ’\/lj/i B% NPN T
| " |
r

Fig. 1.9 CE Ampilifier Circuit

<

<
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1.4 Common Base Amplifier
The circuit diagram considering only AC is shown 1n Fig. 1.10.
NPN

IC_-’ E/'\C IC‘—

B L

Fig. 1.10 CB Amplifier

h = Veb
b~ Ty
© Vep=0
V., is small fraction of a volt. I, is in mA. So, hy is small.
Io .
hg= T =-0.99 (Typical Value)
lely
cb =0
<1 W hg <1
I
hyy = Vc_ = 7.7 x 10-8 mhos (Typical Value)
cbile=0
I, will be very small because I, = 0. This current flows in between base and collector loop.
Veb :
h, = —— =37 x 10~ (Typical Value)
VC b Ie =0

h,, is small, because V, will be very small and V , is large.
1.4.1 Input Resistance (R)
hg.h
R‘=hlb“—_fb_‘t'?'—; hﬂ) iS—Ve ----- (1.7)
h , +—
ob
Ry
when R, is small < 100 KQ, the second term can be neglected.

R, = h, ~ 30Q.

when R, is very large, RL can be neglected.
L
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R =hy - Sodle
ob
So R;~500Q (Typical value) [+ hg is negative]
hgh
- fb b
Ry=hy+— —
ob
The variation of R, with R; is shown in Fig. 1.11. R, varies from 20Q to 500€2.

— 100 MQ

Fig. 1.11 Variation of R, with R,

1.4.2 Output Resistance'(Ry)
1

R;= — (1.8)
° n . _ Pl
ob
hib +Rg
h h
IfR issmall, R = / (hob _%ﬂl]
ib
But h, is negative.
R = 1
° . ProPep
ob h.
ib

This will be sufficiently large, of the order of 300 KQ. Therefore, value of h, is small. As R

increases, R, = also increases. [This will be much larger because, in the previous case, in the

hob
denominator, some quantity is subtracted from h.]

R, = 12MQ
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“The variation of R, with R_ is shown in Fig, 1.12.

100 kQ

> R
Fig. 1.12 Variation of R with Ry
1.4.3 Current Gain (A)
-h
A= — b
1+ hObRL

A;is < 1. Because hy, < 1. As R, increases, A decreases. A, is negative due to hy. The
variation of A; with R, is shown in Fig. 1.13.

098 L

>Ry
Fig. 1.13 Variation of A with R
1.4.4 Voltage Gain (Ay)

-hg R
A= L (1.10)
hip + Ry (hiphop —hfyhrp)
As R increases, A, also increases. If R; tends to zero, Ay also tends to zero. (A, — 0,
as R;— 0). The variation of Voltage Gain A, with R, is shown in Fig. 1.14.

>Ry

Fig. 1.14 Variation of A with R
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1.4.5 Power Gain (Ap)

Power Gain Ap=Ay A
A, increases as R, increases. But A decreases as R, increases. Therefore, Power Gain,

which is product of both, varies with R; as shown in Fig. 1.15.

40

>

g
—» Power Gain

— RL
Fig 1.15 Variation of A, with R,

The characteristics of Common Base Amplifier with typicél values are as given below.

Low Input Resistance (few 100 2.

High Output Resistance (M.

Current Amplification 4, < 1.

High Voltage Amplification and No Phase Inversion
Moderate Power Gain (30). *» A;< 1L

W AW N =

1.5 Common Collector Amplifier
The simplified circuit diagram for AC of a transistor (BJT) in Common Collector Configuration is as

shown in Fig. 1.16 (without biasing resistors).

R E
S Vo
——o
R,
L
Eg %

Fig. 1.16 CC Amplifier
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The h-parameter equivalent circuit of transistor in Common Collector Configuration is shown

in Fig. 1.17.
1 R 1
B S
X > IB :e E
h
1 h
Es @ Vbe . hfchCb o¢ § RL § Vec
i hrcvec
C C

Fig. 1.17 h-parameter Equivalent Circuit

V,
h,= 2|  =2780 Q( Typical Value )
) b Vec=0
I
h,=7T- =77 % 10-6mhos ( Typical Value )
Vec Ip=0
I
hy, =— =5 =100 (Typical value)
Iy Vee=0
e 1 >> 0

h, is negative because, I and Iy are in opposite direction.

Voo .
h =5 5 Vie= Ve (Typical Value )
€Cc ]b:O :
Because, Iz =0, E - B junction is not forward baised.
Vgg = 0.

For other circuit viz., Common Base and Common Emitter, h_ is much less than 1.
For Common Collector Configuration, h, ~ 1.
The graphs (variation with R..) are similar to Common Base Configuration.

Characteristics
1. High Input Resistance ~ 3 K2(R,)
2. Low Output Resistance 30 2 (R,)
3. Good Current Amplification A, >> 1
4. 4,<1
5. Lowest Power Gain of all the configurations.
Since, A, is < 1, the output voltage (Emitter Voltage) follows the input signal variation. Hence

it is also known as Emitter Follower. The graphs of variation with R; and Ry are similar to Common
Base amplifier.



14 Electronic Circuit Analysis

Example : 1.1

For the circuit shown in Fig.1.18 estimate A, A, R; and R using reasonable approximations. The
h-parameters for the transistor are given as
hfe =100 h,, =2000Q h,isnegligible and h, = 10" mhos(¥5).
=100 pA.

+VCC

R4=2.1KQ

. G8yF

Fig. 1.18 CE Amplifier Circuit
Solution :

At the test frequency capaéitive reactances can be neglected. V. point is at ground because the AC
potential at V.. = 0. So it is at ground. R, is connected between base and ground for’/AC. Therefore,
R, [IR,. R, is connected between collector and ground. So R, is in parallel with 1/h_, in the output.

The A.C. equivalent circuit in terms of h-parameters of the transistor is shown in Fig. 1.19.

-1 « 1

T T T

@Eg v, Rlllkzv:é Cther g RT RZ ‘l’o

VLT E
ar

Fig. 1.19 Equivalent Circuit

2 “re

input signal ,the capaeitors C, and C2 can be regarded as short circuits. So they are not shown in the
AC equivalent circuit. The emitter is at ground potential. Because X _is also negligible, all the
AC passes through C,. Therefore, emitter is at ground potential and this circuit is in Common
Emitter Configuration. :

The voltage source h,, V, is not shown since, h,, is negligible. At the test frequency of the
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1.5.1 Input Resistance (R)

R, input resistance looking into the base is h,, only

The expression for R; of the transistor alone = h,, -

R, is very small and h,, is negligible. Therefore, the second term can be neglected. So R, of the
transistor alone is h,. Now R, of the entire amplifier circuit, considering the bias resistors is,

Rl = hle H Rl H R2
RiRy,  100x22
R;+R, 100+22

=18 KQ

R——1~8x—2—18KQ
11842

1.5.2 Output Resistance (R,)
1

R, = - (7.11)
hrehfe
R
ie S

Because, h_, is negligible, R, of the transistor alone in terms of A-parameters of the

1
transistor = P Now R, of the entire amplifier circuit is,
oe

1
[h—ll Ryll RL] = (2.1 x 10"3) || (100 KQ) || (1 k)
oc

=2KQ. || (1 kQ) = 0.67 kQ
1.5.3 Current Gain (A)

To determine A; the direct formula for A, in transistor in Common Emitter Configuration is, TTho R
oe N[

But this cannot be used because the input current I; gets divided irito I, and I,. There is some current
flowing through the parallel configuration of R, and R,. So the above formula cannot be used.
Vbe = Ib : hie

Vi, =10 x (2000) = 0.2V. (This is AC Voltage not DC)
Voltage across R, R, parallel configuration is also V.

Vbe _ 0.2 -
50x103  50kQ

Current I, = 4 pA.
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Therefore,total input current,
L=1 +1I, =4+ 100 = 104 pA.
Iy is the current through the 1KQ load.

hoe

output side, h, I gets divided between R, and R, only.
Therefore,current through R, is I,

2.1x10°

I =100x10-4 —<°~
° (2.1x10° +10%)

= 6.78 mA.
Therefore current amplification,

1

1

_ 6.78x107
104x1070

_ Yo _
A=y VitV
1
V,=-1,. Ry
(- 6.78 x 10%) x (10%)
=-6.78V

il

1
—— = 100 KQ is very large compared with R, and R; .

Therefore, all the current on the

Because, the direction of I is taken as entering into the circuit. But actually I, flows down,

because V,, is measured with respect to ground.

-0.78
A =

v 02

=-339

Negative sign indicates that there is phase shift of 180° between input and output voltages,
i.e. as base voltage goes more positive, (it is NPN transistor), the collector voltage goes

more negative.
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Example : 1.2

For the circuit shown, in Fig. (1.20), estimate A, and R . e is large compared with the load seen
oe

by the transistor. All capacitors have negligible reactance at the test frequency.
h, = 1KQ, h,=99 h,isnegligible.

*Vee
R4
5 KQ
ng
60 KQ 11
1T ° Vo
11 =
I Ré
T C, 20
v & § ]_ c
30KQ R, 2
| i T
7
Solution : Fig. 1.20 AC Amplifier Circuit (Ex : 1.2)
The same circuit can be redrawn as, c
= oV,
R,§ R,Z 20 kQ
50 kQ
¢
|
v, o—| .

§ R, 30KQ —]_ = Ve
R, =60K R~ 3KOQ
G

7T
Fig. 1.21 Redrawn Circuit of AC Amplifier

In the second circuit also, R, is between collector and positive of V.. R, is between +V . and
base. Hence both the circuits are identical. Circuit in Fig. 1.20 is same as circuit in Fig. 1.21. In the
AC equivalent circuit, the direct current source should be shorted to ground. Therefore, R, is between
collector and ground and R, is between base and ground. Therefore, R, is in parallel with R, and R,
is in parallel with R, ( Fig. 1.21).
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<« I
B A B C A ¢
RIRZ S, R,§ N T
V. @D hfelb .V
i [o]
I
vy ? I
3
E Y E T LA
Voza
Fig. 1.22 h - Parameter equivalent circuit
R,||R;= 60X30‘@ =20KQ
2R = 50330 " 00 '
5x20
=R, = —— =4KQ.
RillR7 =Ry 5+20
Therefore, the circuit reduces to, (as shown in Fig. 1.23).
|
- 1 B C c
b ,13
§zom m? 1KQ Ré
V. Gther \"
1 (]
v E
7T
Fig. 1.23 Simplified circuit of Fig. 1.22
Vl . . .
I, = o ( -+ h, is negligible)
1€
he, V.
fe.'i
I=h, I =—"—
C € hie
he V. R
Vo=-1,.R = - L1k

"Ti—h- 103
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R, is the parallel combination of 20KQ and h,.

20x1KQ

041 o0

Example : 1.3

Given a single stage transistor amplifier with /» - parameter as h, = 1.1 KQ, h =1, hy = =51,
h,, = 25 pA/v. Calculate A, Ay, Ay,, R;, and R for the Common Collector Configuration, with
R,=R; = 10K.

Solution :
~h 51
fc
A= (1+hoeR; ) 1 6,00 0¥
oc &y, +25x10 x10
R =h,+h AR =11x103+1x40.8x10*=409.1 KQ
A ARy, 40.8x10* 0998
v R 409.1x103
_Ay-R;0998x409.1 974
AT R +Ry | 400 "
R, = 1 _ 1 _ 1
_ heehre 25x10—6+__‘5_1><_1__§ 4.625x1073
¢ h;, +Rg (1.1+10)10
R, =217Q
Example : 1.4
For any transistor amplifier prove that
h.
R,=——"—
Solution :
heh
- fr
hg + —
RL
-h
But = f
I+h .Rp
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A ALRL
v R.
1

AR
R, = A

Substituting this value of R, in equation (1)
. BrApAy R

R, =h, A =h, + h.Ay.R
R[l1-h A]=h 'R-—h‘—
1 | G 1 . 1 l_hrAv

Example : 1.5

For a Common Emitter Configuration, what is the maximum value of R for which R, differs by nof
more than 10% of its value at R, =0 ?

h, = 1100Q ; hg, =50

h, =250 x 107#; h,=25p Alv
Solution :

Expression for R, is,

IfR, =0, R, = h. The value of R; for which R; = 0.9 h,_ is found from the expression,

hfe .hre

hoe + __1_
Ry

0.9h =h, -

or ——— =h,—09h, =0.1h

R, _ 0an. loe= 0.1h
L . . . ie

R, - 0.1h;e _ 0.1x1100
hehre —0.1hge hie  50x2.5x10™% —0.1x1100x25x10
R, = 11.3KQ

or _6



Single Stage Amplifiers

1.6 JFET Amplifiers
1.6.1 Common Drain Amplifier

The circuit is shown in Fig.1.24.

‘o+VDD
R1
D
o I(ﬁ G
S ﬁl \L °Vo
Vi R, % %Rs
! I

Fig. 1.24 Common drain amplifier circuit

+
. r————+ <— Vg —> - —o
_.ng
Vm §Rl ” R2 & rd RS VO
- +—0
Fig. 1.25 Equivalent circuit

KVL

Vm - Vgs = VO

VO = RS’ - 8m [Vm - VO]

where R' =Rg |1y

V0 = RS' Em Vm - RS' ngO

Vo x [1 +Rg'8 1 =Rg'8, Vi,

Vo _ _Rs'8m

Vin  1+Rg'gy
1.6.2 Common Gate Amplifier
Small signal equivalent of Fig. 1.26. +Vpp

RD
[ S —D Y
Va o—| "%
R, G
_VSS

Fig. 1.26 Common Gate Amplifier
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A
& ip
S 8n Ve D
] AM i
v‘ Rs Ty RD

||||-

Fig. 1.27 (a) Equivalent circuit

Vs

=g V_ -+
nggs Iy

Vi
Vo=-Rp [gmvgs + rds :l

VOIVin+Vds
Vis= Vo= Vin
Vo -V,
V,=-Ryp l:gm(_vin)+_—0 "’]
Iy
VozngDVin_m + ﬁRD
Iy 1]
R R
v, [HJA} - [ngo +—D} v,
Iq Iy
Rp
8mRp+—
Vo "7t (gmtatDRp
Vin 1+EQ I3+ Rp
Iy
_ (w+1)Rp
v iy +RD

JFET amplifier has very small gate leakage current. G — 8 junction is a reverse biased P— N
junction. In the ideal case, I; = 0. This is equivalent to saying, I, = I ( ** I = 0).

JFET amplifier has high input impedance, therefore the input side i.e, G — S junction is reverse
biased. [For a bipolar transistor amplifier circuit, the input side i.e., E — B junction is forward. So it
has less resistance].
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The price paid for high input resistance is less control over output current. That is, a JFET
takes larger changes in input voltage to produce changes in output current, therefore a JFET amplifier
has much less voltage gain than a bipolar amplifier.

Equation

2
V,
Ip = Ipgs { “‘"“GS}

This is a square law. This is another name for parabolic shape. So JFET is often called as a
square law device.

Example : 1.6

What is the DC input resistance of a JFET which has I (gate leakage current) = 5 picoamperes
(pA)at20V ? ’

Solution :
Rss = Input resistance,

20V

= o4 x102Q
5x107 12 '

1.6.3 Common Source (CS) Amplifier

When a small AC signal is coupled into the gate, it produces variations in gate — source voltage. This
produces a sinusoidal drain current. Since AC flows through the drain resistor, we get an amplified

AC voltage at the output.
V.,=20V
;RL =10K

¥ .

>

—_— <

D
v
[ (1 ' —t
P, @) v
IMQ R
_Q,G mr

Fig. 1.27 (b) Common Source Amplifier

This is FET equivalent of common emitter transistor amplifier in BJT. As common emitter
configuration is widely used, C.S. configuration is also widely used in the case of FETs. As in the
case of common emitter configuration, C.S configuration also introduces a phase-shift.of 180°.

Vps = Vpp = Ip - Ry (DC values)
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\%
Suppose AC input of positive voltage (positive half cycle (i ——) is applied. Gate is

p - type. So reverse bias of G — S junction is reduced. So I, increases, because Vg decreases.
Therefore, with respect to AC, initially AC is zero, now the AC signal (output) is negative, therefore,
V;, decrease. So for positive input AC, the AC output i s negative. Hence it introduces a phase-shift.

Low frequency equivalent circuit (C)

Capacitance and DC voltages are shorted. FET is replaced by its small signal model so the
equivalent circuit is as shown in Fig. 1.27 (c).

Fig. 1.27 (c) C.S amplifier

I, =AC drain current

ry = drain resistance

Vo =L R,
Ty
I;=-g_V.
4~ 8m Vi r +Rp
rg xRy,

Vo=~ 8m-Vi {rd +RL}

: Vo
Voltage gain =Av = —=

Vi
_ —gm.rd.RL

I4 +RL
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But r,>> Ry
g+t Ry ~1y
Av ~ -8, 43Ry
Tq
Av~-g R/

1.6.4 Phase Inversion

An increase in gate - source voltage produces more drain current, which means that drain voltage
is decreasing because drop across R increases.

Vpp — Ip Rp = Vg decreases.

So increasing input voltage /\ produces \\/ decreasing output voltage. Therefore
there is phase inversion.

1.6.5 Voltage Gain

Vo=—8n Ve Rp (phase inversion for negative sign)

Vm = Vgs
\Y
Ay=-2
Vi
== 8m RD'

1.6.6 Distortion

The transconductance curve of a JFET is non-linear. It follows square law. Because of this,

JFET distorts large signals. This is known as square law distortion.

+— V4 !
Fig. 1.28 Transfer Characteristic of JFET
1.6.7 Swamping Resistor

The resistor that is connected in series with the source resistance Ry is called Swamping resistor. The
source resistance Rg is bypassed by Cg, the source bypass capacitor. (Similarly to Ri in BJT circuit)
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Fig. 1.29 Circuit with Swamping resistor

—0 VO
8n Vs
A 2R
Ros
v, R, IR, : s
nr

Fig. 1.30 Equivalent circuit

If r, is not there, source is at ground potential. But when r, is connected, AC current is passing,
through this, because source is not at ground potential. Thus local feedback will help in reaching the
non-linearity of the square law transconductance curve of JFET. So distortion will be reduced.

The voltage gain will be (- Ry /1,). So the effect of swamping resistor is,
1. Itreduces distortion.
2. It reduces voltage gain.

Vgs + gmvgs Ig— Vin =0
Vin = (1 + 8m I‘s) vgs

Vo=-8nVesRp
Mo,
Vin '
-Rp
AV=
I +i1;gmi

If g, is large, Ay=
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1.7 Common Drain (CD) Amplifier

It is similar to CC amplifier or emitter follower. So it is also called source follower.
1. Ay<l.
2. No phase change.

3. Less distortion than a common source amplifier, because the source resistor is not
bypassed.

V0 = 8m Vgs Rs
Vgs * 8m Vgs Rs - Vm =0
Va = I+ €mn Rs) Vgs

__V_Q_ - ngS
Vln 1+ngS
RS
A= i
Rg+—
Em

1.8 Common Gate Amplifier (CG)
The input |Z| of CG amplifier is low. Therefore, its application is very less.

1

Z = =500 Q
n g,

VO = 8m vgs RD
m o Vgs
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Example : 1.7
For the JFET amplifier circuit shown in Fig. 1.31, if g = 2500 .U, and V| = 5 mV, what is the value

of V2
+30V
1 MQ é

V o

Fig. 1.31 Circuit diagram of Ex : 1.7
Solution :

1

=400 Q

Em 2500 48

Open circuit output voltage, that is without considering R, = (0.949) (5SmV) = 4.75 mV.
1
Output impedance is, Z, = Rq || —
Em
=7500 Q || 400 Q
=380 Q

This is the AC equivalent circuit. An AC source of 4,75 mV is in series drawn circuit with an
output impedance of 380 Q.

380 Q
5mV Vv

500 Q 475mV 2 3 KQ

Fig. 1.32 AC Equivalent circuit

Therefore, AC voltage across the load resistor is,

3000

Vo = 3380 x 475 mV

4.22 mV

Il
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1.9 Gain - Bandwidth (B.W) Product

This is a measure to denote the performance of an amplifier circuit. Gain — B.W product is also
referred as Figure of Merit of an amplifier. Any amplifier circuit must have large gain and large
bandwidth. For certain amplifier circuits, the midband gain A may. be large, but not Band width or

Vice - Versa. Different amplifier circuits can be compared with thus parameter. The expression for
Gain — B.W product of BJT.

A he, |
X ~ =
h=h= W o,

where C_ is shunt capacitor. At f= £, A, = 1. So value of gain - B.W product is f; itself.
for high frequency amplifiers, the approximate expression for £’ is,

_ _8m
% 21 C,
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Objective Type Questions
1. The units of h-parame.iers are .........ccoccvvereererenas
2. h-parameters are named as hybrid parameters because .............cccocererrrnne.
3. The general equations governing h-parameters are
Vi =
I2 T e
4. The parameter hre is defined as hre T et
5. h-parameters are valid in the ........ccocceevrineeen. frequency range.
6. Typical values of h-parameters in Common Emitter Configuration are ..............ccecevrvnnene
7. The units of the parameter hrc ] (OO
8. Conversion Efficiency of an amplifier circuit is ........c.ccccvevirrennnn.
9. Expression for current gain AI in terms of h fe and hre are AI TSP
10. In Common Collector Configuration, the values of h]rc ~ eereeeern———e e ea——
11. Inthe case of transistor in Common Emitter Configuration, as R increases, R ...................
12. Current Gain A of BJT in Common Emitter Configuration is high when R is .....cccco.cc.... .
13. Power Gain of Common Emitter Transistor amplifier is ................... .
14. Current Gain A, in Common Base Configuration is ................... .
15. Among the three transistor amplifier configurations, large output resistance is in ...........cc.......
configuration.
16. Highest current gain, under identical conditions is obtained in .................... transistor ampli-
fier configuraiton.
17. C.C Configuration is also known as .................... circuit.
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Essay ‘Type Questions

1. Write the general equations in terms of h-parameters for a BJT in Common Base Amplifiers
configuration and define the h-parameters.

2. Convert the h-parameters in Common Base Configuration to Common Emitter Configuration,
deriving the necessary equations.

3. Compare the transistor ( BJT ) amplifiers circuits in the three configurations with the help of
h-parameters values.

4. Draw the h-parameter equivalent circuits for Transistor amplifiers in the three configurations.

With the help of necessary equations, discuss the variations of A, A,R R, A, withR and
R, in Common Emitter Configuration.

6. Discuss the Transistor Amplifier characteristics in Common Base Configuration and their
variation with R and R with the help of equations.

7. Compare the characteristics of Transistor Amplifiers in the three configurations.



32 Electronic Circuit Analysis
Answers to Objective Questions
1. Q2, mhos and constants
2. the units of different parameters are not the same
3. hllll-i-hl2VZ
h2111 + h22\/2
. O0Vp
" 5VC IB-‘—‘K
5. Audio
_ _ —4
6. h, =1KQ,h _=15x%x10",
i€ re
hOe = 6umhos, hfe =200
7. No units (constant)
8 AC Signal Power Delivered to the Load <100
: DC Input Power
o D
1+h R
10. 1
11 Decreases
12. Low
13. Large
14. <1
15. Common Base configuration
16. Common Collector
Configuration
17. Voltatge follower/buffer




UNIT -2

Multistage Amplifiers

In this Unit,

Cascading of single stage amplifiers is discussed.

¢ Expressions for overall voltage gain are derived.

¢ Lower cut-off frequency, upper cut-off frequency, when n-stages are

cascaded are given.

Phase response of an amplifier, decibel voltage gain, stiff coupling terms
are explained.

Other types of transistor circuits, Darlington pair circuits, Boot strapped
sweep circuit, Cascode amplifiers are also discussed.

Numerical examples are also given.
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2.1 Multistage Amplifiers Methods of Inter Stage Coupling

If the amplification obtained from a single stage amplifiers is not sufficient, two or more such amplifiers
are connected in Cascade or Series i.e., the output of the first stage will be the input to the second
stage. This voltage is further amplified by the second stage and so we get large amplification or large
output voltage compared to the input. In the multistage amplifiers, the output of the first stage should
be coupled to the input of the second stage and so on : Depending upon the type of coupling, the
multistage amplifiers are classified as :

1. Resistance and Capacitance Coupled Amplifiers (RC Coupled)

2. Transformer Coupled Amplifiers

3. Direct Coupled DC Amplifiers

4. Tuned Circuit Amplifiers.

2.1.1 Resistance and Capacitance Coupled Amplifiers (RC Coupled)

This type of amplifier is very widely used. It is least expensive and has good frequency response.
In the multistage resistive capacitor coupled amplifiers, the output of the first stage is coupled to the
next through coupling capacitor and R; . Ir two stage Resistor Capacitor coupled amplifiers, there is
no separate R; between collector and ground, but R, the resistance between collector and V- (R)
itself acts as R, in the AC equivalent circuit.

2.1.2 Transformer Coupled Amplifiers

Here the output of the amplifier is coupled to the next stage or to the load through a transformer. With

this overall circuit gain will be increased ( N ~V—2J and also impedance matching can be achieved.

1V
But such transformer coupled amplifiers will not have broad frequency response i.e., (f,—f;) is small
since inductance of the transformer windings will be large. So Transformer coupling is done for
power amplifier circuits, where impedance matching is critical criterion for maximum power to be
delivered to the load.

2.1.3 Direct Coupled (DC) Amplifiers

Here DC stands for direct coupled and not (direct current). In this type, there is no reactive element.
L or C used to couple the output of one stage to the other. The AC output from the collector of one
stage is directly given to the base of the second stage transistor directly. So type of amplifiers are
used for large amplification of DC and using low frequency signals. Resistor Capacitor coupled
amplifiers can not be used for amplifications of DC or low frequency signals since X, the capacitive
reactance of the coupling capacitor will be very large or open circuit for DC
X =12 nf.. Iff=0or low, then X — «.)

2.1.4 Tuned Circuit Amplifiers

In this type there will be one RC or LC tuned circuit between collector and V., in the place of R...
These amplifiers will amplify signals of only fixed frequency £, which is equal to the resonance
frequency of the tuned circuit LC. These are also used to amplify signals of a narrow band of
frequencies centerd around the tuned frequency f,.
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2.1.5 Bandwidth of Amplifiers

The gain provided by an amplifier circuit is not the same for all frequencies because the reactance of
the elements connected in the circuit and the device reactance value depend upon the frequency.
Bandwidth of an amplifier is the frequency range over which the amplifier stage gain is reasonably
constant within + 3 db, or 0.707 of A}, Max Value.

Based upon the B.W. of the amplifiers, they can be classified as :

1. Narrow band amplifiers : Amplification is restricted to a narrow band of frequencies around
a centre frequency.

There are essentially tuned amplifiers.

2. Untuned amplifiers : These will have large bandwidth. Amplification is desired over a
considerable range of frequency spectrum.

Untuned amplifiers are further classified w.r.t bandwidth.

1. DC amplifiers (Direct Coupled) : DCto few KHz

2. Audio frequency amplifiers (AF) : 20 Hzto 20 KHz

3. Broad band amplifier : DC to few MHz

4. Video amplifier : 100 Hz to few MHz

2.1.5.1 Distortion in Amplifiers

If the input signal is a sine wave the output should also be a true sine wave. But in all the cases it may
not be so, which we characterize as distortion. Distortion can be due to the nonlinear characteristic
of the device, due to operating point not being chosen properly, due to large signal swing of the input
from the operating point or due to the reactive elements L and C in the circuit. Distortion is
classified as :

(a)Amplitude distortion : This is also called non linear distortion or harmonic distortion. This
type of distortion occurs in large signal amplifiers or power amplifiers. It is due to the
nonlinearity of the characteristic of the device. This is due to the presence of new frequency
signals which are not present in the input. If the input signal is of 10 KHz the output signal
should also be 10 KHz signal. But some harmonic terms will also be present. Hence the
amplitude of the signal (rms value) will be different V= A,, V;. But it will be V.

(b) Frequency distortion : The amplification will not be the same for all frequencies. This is
due to reactive component in the circuit.

(c) Phase - shift delay distortion : There will be phase shift between the input and the output
and this phase shift will not be the same for all frequency signals. It also varies with the
frequency of the input signal.

In the output signal, all these distortions may be present or any one may be present because
of which the amplifier response will not be good.

Example : 2.1
The transistor parameters are given as,
h,=2K hg, =50 h,=6x 104 h,. = 25 pA/V
h,=2K hg =~ 51 h, =1 h,, =25 pA/vV
Find the individual as well as overall voltage gains and current gains.
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12

Fig. 2.1 (a) Circuit for Ex: 2.1

Solution :

It is advantageous to start the analysis with the last stage. Compute the current gain first, then
the input impedance and voltage gain.

Il stage : For the second stage R; = Re2

—Ie2 —hg, (negative () sign is there because for NPN
AI2 = T - 1+h. R transistor, I, is negative (~) since it is leaving
b2 octre2 the transistor)
_ 51
1+25x107% x5x10°
=453

Input impedance Ri2 =h. +h_ A, R,
=2+4+453 x 5K =228.5 K.
". Input Z of the C.C. stage is very high.
Voltage gain of the second stage

Ay =B _p =2
V2. v, "hR,
0 = Ie2 Re2 ;

V, = Input voltage for the second stage = Ri2 L

; Y_o_ _ IO.Re2
o v, I.R,
= A, Rq

2 R,

453x5
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I stage :  For the first stage, the net load resistance in the parallel combination of RCl and Ri2 or

R - —uty _ 5x2285
2 R, +R, s KR
I ~h -50
A - 1 — fe - = _.
Hence I Ibl 1+hoeRL1 1+25><10—6 x4.9%10° 445

The input impedance of the first stage will also be the input Z of the two stages since input Z
of the second stage is also considered in determining the value of RLI. Ril depends on RLl'
Ril = hie + hre AIl RLl (from the standard formula)
=2-6x10%x445x49
Ril = 1.87 KQ.

Voltage gain of the first stage is,

V = e—— = —‘_—.‘-T':
1V R,
- 445x49 66
1.87 o
A= Tlea  —lgp +lpp +lg
I_' - N .

1
b Ly I Iy

I
_ b2
= ——Alz.—I—.AIl
cl

In the actual circuit, the current gets branched into I, and I,, which depend upon the values
of RCl and R‘2
Clp LD Ry =Ty - Ry
+ I Ry + R =1 - R

cl

C < Icl —> b2

Fig. 2.1 (b) Current branching
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Iy _ Ry

Ia Rg+*Ry
A—AL A =S
1 12 7M1 - Ri2+RC

1
_ 45.3x(-44.5)x5
228.5+5
Ay =-432
o Vo Vo,
v, v
i 2V
Ay, =0.99 x (-116.6) =—115.
2.1.6 R - C Coupled Amplifier Circuit (Single Stage)

(e
VWA
~
@)
;U
T

——0
O
8~
—>

Fig. 2.2 RC Coupled ampilifier circuit

R, is the load resistor that develops the output voltage from the transistor. C, is used to couple
the AC component of the output to R, .

In the self bias circuit, R the emitter resistors is connected between emitter and ground. But
through Ry, a negative feedback path is there. So to prevent A.C. negative feedback, if a capacitor is
connected in parallel with Rg, and it is chosen such that X provides least resistance path compared
to R, AC signal passes through C and not through Rp. Therefore, there will not be any negative
feedback for AC signals.

R
. X. < NE
Xg 1s chosen such that Xg 10

and X is chosen at the frequency f,. For frequencies higher than £}, X;; any way will be less.
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The equivalent circuit for the above transistor configuration is,

el

B 1e
>—— WV A
T E the Ib
Ry

Sl ke |
o

Fig. 2.3 Equivalent circuit

Suppose the value of C. is very large. Then at the low and medium frequencies, the impedance
is negligible. So the equivalent circuit is as shown. We shall consider the effect of Cp; later.

From the equivalent circuit,
VO = - hfe. lb. RL
negative sign is used since it is NPN transistor. The collector current is flowing into the transistor.
Input current, I, =V/R+R,

For a transistor amplifier circuit in common emitter configuration,
i =hig + (1+ he) Zg.

R
Where Z; = Ry in parallel with Cg = ﬁ
EE
V, =-hg. R ¥s
0= e B (+he )R
Rg +hig + ———& =
® 1+joCgRg
VO
Ay =<
v VS
Ay at low frequencies, (LF)
Vo
Ay (LF) =5, °
S
Ay (LF) ~hee- Rp
v = 1+he )R
Rg +h, +- fIRE
¥ 1+jo CgREg

1+he )R
(+—fe)_i can be neglected. So in the Mid Frequency range, (M.F.),

When o is large, -
1+jo CgRE

—h,. R

feRL

Ay (MF)= £ ih_
1€

In this expression, there is no for © term. Hence in the mid frequency range, A, is independent
of for the gain remains constant, irrespective of change in frequency.
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2.1.7  Effect of Coupling Capacitor on Low Frequency Response

Suppose that the value of Cg is such that its effect on the frequency response can be neglected and

+VCC
R, R,
c I c ,
C 1IN A C b B C
A % v B R %

vZR, R 0 VR R v .

1 E CE Vs 1 2 hfe Ib 0
\]/ T v i = ‘L

7
(a) (b)

Fig. 2.4 Effect of coupling capacitors

the value of X . at low frequencies is such that it is not a simple short circuit for A.C. signals, so that
its effect has to be considered.
The effect of Cp is, voltage drop across C. will reduce V; with a corresponding drop in V,,

1
The frequency at which the gain drops by a factor of —=, is the lower 3 db frequency.
‘\/5 .

1
fi = 2n(Rg +R,")Cc

where R/ =R, IR, | R;

and R, =h,,, for an ideal capacitor Cp.

ie®
These expressions are valid when emitter is bypassed. In AC equivalent circuit, emitter is

assumed to be at GND potential. Therefore Cy has no effect.

Large values of capacitors are required (10uF, SpF etc.) in transistor amplifiers for coupling
and bypass purposes for good low frequency response. Since these values are large, only electrolytic
capacitors are used. Capacitors of such large values are not available in other types of capacitors.
These capacitors are bulky. So audio amplifier circuits, Integrated Circuits (I.C) often have large
capacitors connected externally to the (I.C) itself to provide the required low frequency response.

Example : 2.2

In the Resistance Capacitance (RC) coupled amplifier, AVm =50, f, =50 Hz and
/, = 100 K Hz. Find the values of frequencies at which the gain reduces to 40 on either side of
midband region.
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Solution :

Phase shift angle ¢ = 180° — tan™! (Jf_]

"3 J
= 180° !
¢ tan [ 7

At the frequency f; the gain is Ay | = 40.
AyLg =40, Avm.r = 50,

fy =50 Hzs, f=7?

40 1
50 > - f=66.66 Hz.
1+ —
f
_ AVMF
Avur = )
1+ L
)
At frequency f, Ayyp =40. . f=7?
40 1
50
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Example : 2.3

An amplifier of 40db gain has both its input and output load resistances equal to 600Q. If the
amplifier input power is — 30db, what is the output power and voltage ? Assume that reference
power level used is ImW in a 600 Q resistance.

Solution :
Since it is logarithmic scale, for dbs,
Py (db) = (P)gy + (gain 4);
P, =P, x A, Output power (P,) = Input Power (P;) x Power Gain (Ap)
P, = 7P, =-30db, gain = 40db
P, =-30 + 40 = 10db.

Reference power level = ImW.

Po
10 log = oW | 10db
Po
10 log 0.001 10
P
0
=1
18 3001
20y
0.001
log10=1
P, =10 x 0.001
=10mW
(With respect to, ImW, the input and output powers are compared and expressed in db)
Po
10 log mW 10db)
RMS output voltage is,
\/5
Po= R
or V, = B R =10x107 x 600

=46 =245V
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Example : 2.4

An amplifier has R; = 0.5KQ and R, = 0.05KQ. The amplifier gives an output voltage of 1V peak for
an input voltage of ImV peak. Find Ay, A;, Apin db.

Solution :
V, (peak) = 1V.
. Vo (peak) v
VO (rms) \/—2_ ; VO (tms) ﬁ

20 log | 20
A =2010g |5

1 -
=20 log [mv) = 60 db
L peaky = Vipeay’ R
=1mV/500
=2x 100A.
Iy (peaky = Vo (peaky / Ro
= 1/50
Iy (Peaky = 0-02 A

. Current Gain (A;) =20 log ( 2x1 0_6) = 80 db
V2
P,= == =100W,
v 2
P, = U 102 W,
0

P
Power gain, A, =10 log (FO—J =70 db
i

2.2  n-Stage Cascaded Amplifier
2.2.1 Overall Voltage Gain .
The resultant voltage gain is given by the product of the individual voltage gains of each stage.

VZ .
Ay, = v, =A, £ 6
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A, = Magnitude of the voltage gain of the first stage and 6, is the phase angle between output
and input voltage of this stage

YoV, V3 Vo Yy
Vi - Vi Vv,V TV
Ay =AyAyy Ay

=Ay) £01a Ay, £0,. Ay £6; ... Ay, £6,

=AyiAyy e Ay, £0,+ 40, + £0; ... 48,

=A, £0. [SinceAy=Ay;Ay,Ay;..Ay,and0=0,+6,+...+6,]

Yo
v

2.2.2 Current Gain

It is the ratio of the output current I, of the last stage to the input current or base current Ibl

of the first stage.
1 -1
A, = 0 _ _I__‘ﬂ
bl bl

Where I, is equal to the collector current of the n'h stage transistor.

I i
AIl = The base to collector current gain of the first stage

A'I = Base collector current gain of the nt stage
n

R, Ic‘=11 I nl  bn on~ Iy
le > ° [ s — — =l [ o
Vs Ib' BlQ - R BzQ E R R Q R n
1 < 2 ) Cp-1 n n
E, E'l Ez Iig —_— Le o
I stage II stage nth stage

Fig. 2.5 Multistage amplifiers
2.2.3 Power Gain

—VAl
O t pPOW! 0°n
_ Outputpower _ “Ay.A

P Input power Vi1

_In-Ren(Rp)

But
Ip-Rip
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_ Output Voltage
V' InputVoltage
But L/, =A;
Ren (Ry)
ATAT R

il
R, = Collector Ressistance of n' stage transistor
R;, = Input resistance of 1 stage amplifier

RCl’l

Ril

Ap= (A1)2 .

2.2.4 Choice of Transistor in a Cascaded Amplifier Configuration

By connecting transistor in cascade, voltage gain gets multiplied. But what type of configuration
should be used ? Common Collector (CC) or Common Base (CB) or Common Emitter (CE)? To get
voltage amplification and current amplification, only Common Emitter (CE) configuration is used.
Because for Common Collector, the voltage gain is less than 1 for each stage. So the overall amplification
is less than 1.

Common Base Configuration is also not used since A, is less than 1.

Ry
R.

1

Ay =Ax

Effective load resistance R, is parallel combination of R, and R; of the following stage, (next
stage) (since in multi stage connection, the output of one stage is the input to the other stage). This

parallel combination is less than R;. Therefore, —I;—L— <1.

The current gain A; in common base configuration is hy < 1 or =1.

Therefore overall voltage gain = 1. Therefore Common Base configuration is not used for
cascading.

So only Common Emitter configuration is used. (hg, >>1)

Therefore overall voltage gain and current gains are >1 in Common Emitter configuration.
For a single stage Resistor Capacitor coupled amplifier, bandwidth is (f, — ;) = £, . f; is very small
compared to f,. f; is usually of the order of KHz or MHz. f| is of the order of few HZ.
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1
ETT
1+[&‘—J
)
If £, is the upper 3 db frequency

] -(3) woen

M
/, is the frequency at which

it

S

Ay ,
When n stages of RC coupled amplifiers are connected in cascade, the upper 3db frequency
1
(f,)" for which the overall voltage gain falls to —J—.z_ of its midband value is,

( yn

5
(354
1
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or

If

then
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2
b
or 1+ [?i'] =2
2
or 1+ (—fLJ = oV/n
Ip

Ny

In

=/
or fip = 1 /21/,,_1



Multistage Amplifiers 49

2.2.5 Midband frequency f,
It is the geometric mean of the lower cut off frequency f; and upper cut off frequency f,. It lies in the
middle of the mid frequency range and has maximum gain. f, = \[fl—fZ .

fB and f; are the frequency constants of a Transistor in Common Emitter configuration.

For a Transistor in Common Emitter configuration, the plot of A V¢ R, is as shown Fig. 2.6.
Short circuit current gain of Common Emitter Transistor varies with frequency. Short circuit current
gain of transistor varies with frequency.

Al
—>R

T

Fig. 2.6 Variation of A with R/

The frequency fﬂ; It is the frequency at which short circuit current gain of the Transistor

1
falls to 7_-2— of its maximum value. This is called as the Bandwidth of the transistor.

he . fy = fr

2.2.6 Cascading Transistor Amplifiers

When the amplification of a single transistor is not sufficient for a particular purpose (say to deliver
output to the speaker or to drive a transducer etc) or when the input or output impedance is not of the
correct magnitude for the desired application, two or more stages may be connected in cascade.
Cascade means in series i.e. The output of first stage is connected to the input of the next stage.

1 Stage \Y \Y% ) II Stage v RL

Fig. 2.7 Cascaded amplifier stages

Let us consider two stage cascaded amplifier. Let the first stage is in common emitter
configuration. Current gain is high and let the Il stage is in common collector configuration to provide
high input impedance and low output impedance. So what are the expressions for the total current



50 Electronic Circuit Analysis

gain A, of the entire circuit (i.e. the two stages), Zi, Ay, and Y, ? To get these expressions, we must
take the h-parameters of these transistors in that particular configuration. Generally manufactures
specify the h-parameters for a given transistor in common emitter configuration. It is widely used
circuit and also A, is high. To get the transistor h-parameters in other configurations, conversion
formulae are used.

2.2.7 The Two Stage Cascaded Amplifier Circuit

The Transistor Q, is in Common Emitter configuration (Fig. 2.8). The second Transistor Q, is in
Common Collector (CC) configuration. Output is taken across SK, the emitter resistance. Collector is
at ground potential in the A.C. equivalent circuit.

Biasing resistors are not shown since their purpose in only to provide the proper operating point
and they do not affect the response of the amplifier. In the low frequency equivalent circuit, since the
capacitors have large value, and so is X, low, and can be neglected. So the capacitive reactance is not

considered, and capacitive reactance X = is low when C is large and taken as short circuit.

2nf C

The small signal Common Emitter configuration circuit reduces as shown in Fig 2.8.

+
vCC

T,
\

Fig. 2.8 Two stage cascaded amplifier circuit

In this circuit Q, collector is at ground potential, in AC equivalent circuit. It is in Common
Collector configuration and the output is taken between emitter point E, and ground. So the circuit
is redrawn as shown in Fig. 2.9 (a) indicating voltages at different stages and input and output

resistances. I
< ©2
I I
<—¢I <«
1‘ Q E,
Vv
2
Rel R, SKQ
SKQ
V.
S ﬁ (-ﬁ [——) N (_.'
1
01 R an 02 R,
mr N

Fig. 2.9 (a) Redrawn circuit
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2.2.8 Phase Response

Since the transistor is in Common Emitter configuration, there will be a phase shift of 180° between
input and output.

/
But in the L.F. range, 6 = + tan™! [71

When f=f,, § =+ tan -1(1) = 450 As f, increases, 6 decreases.
Total phase difference in the L.F. range is, +180°. Phase shift due to Common Emitter

configuration 6 = + tan™! [_ﬁj

S

This phase lead decreases as frequency increases.

In the high frequency range 8 = tan™! (—Jf;] When f=f,, 0 =tan™! 1 =45°
2

As fincreases, @decreases. Therefore Phase lag decreases

In the low frequency range, the signal is leading. Since 8 is positive and +180°
Total Phase angle = +180° + 8; ¢ = 180° + tan’! [-j}]

In the high frequency range the signal is lagging. Therefore + 180° - 0;
¢ = 180° - tan’! (1J

2
Phase Response : 180°, because, Common Emitter configuration introduces 180° phase shift.

¢ 180°+6

TISO + 45°
180°

180° - 0 S
( ) 7, 7

Fig. 2.9 (b) Variation of phase angle with frequency

In the low frequency range, Phase shift ¢ = (180° + 6)
In the high frequency range, Phase shift ¢ = (180° — 6)

2.2.9 Gain - Bandwidth Product
A = _hfe(RcRLJ
MF —
hie RC+RL
Bandwidth=f, - f, ~ f, = fi <</
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1

hH= g
R~R
2nCS.[—Q~L—j
RC +RL

. The product of these two, (AMF and BW) is,

~h
fe~w 1

b “amca T

ie ntg

Axfh=f=

For a given value of Cg, this product is constant.
We can increase the voltage gain by increasing R, R, parallel combination.

1
RellRy
increases, Bandwidth decreases and vice versa.

£, can be increased without affecting voltage gain by reducing the value of C - But there is a
limit to which Cg can be reduced. If higher gain is required then Bandwidth has to be scarificed.

It (B.W) will reduce.
The product of midband gain and Bandwidth is also known as the figure of Merit of the circuit.

But f « . Therefore f, will reduce if A\, is increased. Therefore if voltage gain

Example : 2.5
If B= 150, what are the cutoff frequencies of the input and output lead networks of the

given circuit ?
+10V

%RL = 15K

Fig. 2.10 Circuit for Ex : 2.5
Solution
When B value is given, and not h, of the transistor, the input impedance of the transistor can

be determined.

V,
Zin = .m
Iy
. .. .
Vm LeTe le=lc= Blb
M 1]
Vo= Big-r,
. 1
Blb.l'e
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Rin = R1 ” R2 ” Bre'
B, =150 x 22.7 = 3.14 KQ

R, = 10K [ 2.2K || 3.14 K = 1.18KQ
: 1

Ja = r®R.+RL)C.
Cutoff frequencies of input network (HPF)
1
Jo= 2n(R,+R,)C,
1
Jfin

~ 2n(IKQ+1.18KQ)(0.47pF)
155Hzs.

It

1
fo = 2mB6K+1.5KQ)(2.20F)
= 14,2 Hzs
LPF Cutoff frequency of output network.

2.2.10 Emitter Bypass Capacitor

Fig. 2.11 CE Ampiifier circuit .

Cg is the emitter bypass capacitor. This causes the frequency response of an amplifier to break
at a cutoff frequency, designated f;. To understand the effects of emitter bypass capacitor,
suppose, C; and C, (coupling capacitor) are shorted, then the frequency response will be, as shown
in Fig. 2.12(a).

(b)
Fig. 2.12 Effect of emitter by pass capacitor
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This means that frequency response breaks at f;. Thevenin’s equivalent resistance driving
Common Emitter, R, is the Thevenin’s resistance facing the capacitor.

Ry RslRylRy

out — e B
[iere' +ieRE_Vin+ib(Rs”R1”R2)]:0

iy =io /B, =i, /B,
Solving fori, i~ _Vn
R +1. +(R{R,[IR,)/B

The emitter resistor R is driven by an AC source with an AC output resistance of

: + R_IR;}IR

Z, (emitter) = r,+ RyIR IR,

B
2.3 Equivalent Circuits
!+ Rs IRy IRy
B

RyR,IR, —w .

v

Fig. 2.13 Equivalent circuits
1

e
21tR0ut CE
fre = Cutoff frequency of emitter network.
R, = Output resistance facing bypass capacitor.
Cr = Emitter bypass capacitance.

.3.1 Decibel

n many cases it is convenient to compare two powers on a logarithemic scale rather than on a linear
scale. The unit of this logarithemic scale is called the decibel abbreviated as db.

Suppose P, is the output power and P, is the input power, then the power gain in decibels is
_ Py
N =10 log,, T’]_

Where N is in dbs
If N is negative, it means P, is less than P,.

Noise power is also expressed in decibels (dbs). It should be negative for a given device or
amplifier i.e the output noise is less than what is present in the input.
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If for a given amplifier circuit, the input and output resistances are same (as R), then

2 2
M V2
P1 = —, P2 = —=— where V, and V, are input and output voltages.
R R

V2
N=20 lOg v =20 logAV

1

But even though, the input and output impedances are not equal, this convention is followed -

for convenience i.e, N = 20 log A,,. If A\, = 10, N = 20 log 10 is 20 the decibel voltage gain of the

amplifier. 20 is not the power gain because, the input resistances are not equal. Therefore 20 is the

decibe! voltage gain. If the output resistances are equal decibel voltage gain is equal, to power gain.
Overall db V of a multistage amplifier is equal to sum of db V of individual stages.

2.4 Miller’s Theorem

Fig. 2.14(a) shows an amplifier with a capacitor between input and output terminals. It is called as
feedback capacitor. When the gain K is large, the feedback will change the input Z and output Z of

the circuit. C
If
1t
X A
\Y% K \Y
e ] | I

Fig. 2.14 (a) Feedback capacitor

A circuit as shown above is difficult to analyze, because of capacitor. So according to the
Miller’s theorem, the feedback capacitor can be split into two values, one as connected in the input
side and the other on the output side, as shown in Fig. 2.14 (b).

Pl Loy |
T« ¢

" C(1-K)
VT

Fig. 2.14 (b) Splitting of feedback capacitor using Miller's Theorem.

2.4.1 Mathematical Proof of Miller’s Theorem
The AC current passing through capacitor (C) in Fig. 2.14 (a) is
vin -V, = (Vm - vout)

out

le 1 -J Xc
joc

Vout =K Vin
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L. = (Vm_KVm)__: Vin (I_K)
¢ —JXc -iXc

Vin

L Va(-K) _ -iXc

e "% T T 0-K)

I
2nf C(1-K)
. 1

Since Xe = _2FC

Vi . . . .
—L js the input Z as seen from the input terminals.

C
7 = —J
i 2nf[C(1-K)]
C,,=C(1-K)

Similarly output capacitance can be derived as follows :

Current in the capacitor,

V:
Vout (1 - vV = j
_ Vout "'Vi _ out

o= —% = .
¢ -iXc -iXc
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2.5 Frequency Effects
2.5.1 Lead Network

i
O~
—
+

Fig. 2.15 Lead Network
\/

[ = m

R+ —~1—

joC
V. .R
Vo=1R= 7=
(R+————_ J

joC
V, leads with respect to V; . So it is called as lead network for the above circuit, at low
frequencies, Xe = .

=V, is low since (I is low). As fincreases X_ decreases. Hence I flows, and V  increases.

.. Gain increases. Hence the frequency response is as shown.

2.5.2 Cut-off Frequency

Fig. 2.16 Frequency response

V o
t
* \/R2 +XC2
Vout _
V

R
.Vin
R
\"A 12 2
in R +XC
out 1

Cut-off frequency is the frequency at which -,
q y req Y v 2

This happens when, X =R
1 |
= R =
2m/f.C or e 3Re

Lower cut-off frequency.
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2.5.3 Halif Power Point

Vou
At f=fe P= R

Power is haif of maximum power when V_  is maximum. Therefore it is also called as half
power point.

Fig. 2.17 Equivalent circuit

Considering Source Resistance :

Vou _ R
Vi JRs+R ) +X,>
Atf., Rg+R =X,

1

1e™ aRARLC

In the midband frequency region X = 0.

Vout — RL
Vi, Rg+R
. . _ Ry
A, ;4 (midband voltage gain) = R, +R,

2.5.4 Stiff Coupling
If X, =0.1 (Rg + R)) it is called Stiff Coupling.
The coupling capacitor must have (or bypass capacitor).

1
Xc= Ta RE

This is known as Stiff Coupling.
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2.6 Amplifier Analysis

Fig. 2.18 Amplifier circuit

The equivalent circuit from input side, not considering Rq.
The equivalent circuit from output side, not considering R, .

R, =R, [IR, | Br, (Not cosidering R)
R, = R (Not cosidering R )

out —

Fig. 2.19 Equivalent circuit
Considering the input side as a load network,
3 1
T = 2n(Rg+R,)C,,
Similarly output lead network has cut-off frequency
1
Jout = 2R +R,)Con

out

2.6.1 Lag Networks
V=L X,
V. Xc

e
joC

Ly,
__joC

YT TRexa

_ —JV,/eC)

\Y therefore it is lag network
0 \/RZ +Xé
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V, lags with respect to V..

Vout _ Xc
Vin \/R2+XC2

R
Wy

VI C i Vom
Fig. 2.20 Lag Network Fig. 2.21
at fe., R=X.

1
Je= 22RC
__Ry
mid R +R,

Midband gain A

2.6.2 Decibel
Power gain =G = —é
P, = Output power.
P, = Input power.
Decibel power gain = G' =10 log,, G.
If G=100, G' =10 log 100 =20 db.
If G=2, G’ =10log2=3.01db.
Usually, it is rounded off to 3.

2.6.3 Negative Decibel

Ifa <1, a’ will be negative.

|
If G——E,

1
G'=10 log 3 =-3.01db

G G’
If 1 0db
10 . 10 db
100 20 db
1000 30 db

10, 000 40 db
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Ordinary Gains Multiply :

If two stages are there,

P —> G P,—> G P,—> R

Fig. 2.22 Cascaded amplifier stages

P, Py
G, =—=; G ===
1 P] 2 P2
Py
Overall gain G = P
1
_Pkh B
P‘l ) P2
G =G, G,
Decibel gains add up.

2.6.4 Decibel Voltage Gain

vy

If A= Normal Voltage Gain % , decibel voltage gain A" =20 logA. A= v
1

If R, is output resistance,

Input P vi
nput power = —
put p 1 R,
. . \2%
If R, is output resistance, P, = ?‘
2
p i G= 22 vy Ry
.. Power gain =5 = =5 —
g Pl V12 R2

If the impedances are matched, i.e. input resistance
R, = output resistance R,

Power gain G > =A?
Vi

In decibels, 10 log G=G' = 10 log A%
In decibels, 10 log G=G" =20 log A.
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2.6.5 Cascaded Stages

—

Fig. 2.23 Cascaded stages
A =A xA,
A, =A,' + A, (in decibels)
2.6.7 Stiff Coupling

-R
When the capacitor is chosen such that, X = =

0’ it is called as stiff coupling. Because, for the
circuit shown.

A
mud
oA M R Vo 0.707 |- — —
i : A

Tud

-

Fig. 2.24 Stiff coupling network
For the circuit, shown above, in the mid frequency range, X is negligible.
i Vin

T Rs+Ry)

Vi
Vout= i. RL= (Rs"'RLJ R;.

A(mi 3 Voltage gain in the mid frequency range is,

A - Vout - RL

V R
For the complete circuit, — L

" Vi \RRS+RL)2+XG2

1
2 f.C

When Rg+R)=X, =

vout - RL
Vin \E(Rs*‘RL)

=0.707 Ay
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1
Je= 2n(Rg+R,).C

When X, = 0.1 (Rg +R)),

<

out Ry

Va  (Rg+R)*+[0.1 Rg+R )P

<

out

=0.995 A

<

X is made = 0.1 (Rg + R)), at the lowest frequency. (/. lower)
- At the frequency, A = 0.995 A_ ;. So it is called as Stiff Coupling.

— Vout X [ 1

>

Vo JR7+X/ \[l+(£J2
Xc

R __R _ L
Xc— i 2n fRC A

2
1+(l—]
fe

Decibel voltage gain A" =20 log -
1+[—f——]
1o

Jfc = cutoff frequency.

When -f— = 0.1,

1
A, =20 log -=——== =0db
! J1+(0.1)?
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When L =1,
fc
1
Al=20log =_-3.01db=3db
w/1+12
When -—f——= 10,
fe
Al'=20log L. 20 db
\/1+102
When L= 100,
c
Al =20 log L 40 db
\1+1002
When —ji = 1000,
Je
Al=201 ”—1— = 60 db
~ 200 J141000%
. _ fC t
. when f= 10° A =0
=5, A= -3db
f=10f, A;=-204db
and so on.
A ch lec 100 £, 1900 /e

-3db T i

-20F——=4—— |
!

T | A

- ——_— e —— — —

I

1
|
|
!
20 db )I decade

Fig. 2.25 Frequency Roll - off

". A change of 20db per decade change in frequency.
An Octave is a factor of 2 in frequency change
When f changes from 100 to 200 Hzs, it has changed by one octave.
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When, f changes from 100 to 400 Hzs, it is two octaves for lead network, Bode Plot is

0.001 f, 0.01 f, 0.1/, A

~20dbf-———————

—-40db_______{__._._

-60db|_ .

Fig. 2.26 Variation of A, with f

2.7 High Input Resistance Transistor Circuits

In some applications the amplifier circuit will have to have very high input impedance. Common
Collector Amplifier circuit has high input impedance and low output impedance. But its A, < 1.
If the input impedance of the amplifier circuit is to be only 500 KQ or less the Common
Collector Configuration can be used. But if still higher input impedance is required a circuit shown in
Fig. 2.29 is used. This circuit is known as the Darlington Connection (named after Darlington) or
Darlington Pair Circuit.

L e X oC
| o i
\ 1
1 C 1
1 Bp \ 1
T PNP 1C2 I
B | l\l I
| E 1
| 1
} 1
i C 1
| B |
! | PNP 1
| Q, 1
| |
1 |
| |
| |
|

E ! N

Fig. 2.27 Darlington Pair Circuit

In this circuit, the two transistors are in Common Collector Configuration. The output of the
first transistor Q, (taken from the emitter of the Q,) is the input to the second transistor Q, at the base.
The input resistance of the second transistor constitutes the emitter load of the first transistor.
So, Darlington Circuit is nothing but two transistors in Common Collector Configuration connected in
series. The same circuit can be redrawn as AC equivalent circuit. So, DC is taken as ground shown
in Fig.2.29. Hence, ‘C’ at ground potential. Collectors of transistors Q, and Q, are at ground potential.
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The AC equivalent Circuit is shown in Fig. 2.29.

e
T L
L C
- B
€ |
Ry L
: rE )
\A @ I : T
e Vo
_ v

Fig. 2.28 AC equivalent circuit of Darlington Pair

There is no resistor connected between the emitter of Q, and ground i.e., Collector Point.
So, we can assume that infinite resistance is connected between emitter and collector. For the
analysis of the circuit, consider the equivalent circuit shown in Fig. 2.29 and we use Common

Emitter h-parameters, h,, h., h, and h.
B
A
Q
VI
Q, E

R = ® lg f

VO

\ Cl ¥

hy

Fig. 2.29 Simplified circuit
For PNP transistor, [ leaves the transistor, I, enters the transistor and I, leaves the transistor.

2.7.1 Current Amplification for Darlington Pair

Ic =l t 1,

cl = Ib] hfe;

I, b. Ng- (Assuming identical transistor and hy, is same)

Ib | (The emitter of Q, is connected to the base of Q,)

I I, h, Heyhe N
I Il+Il—Ib1(1+hfe) ..... 2)
I = hg,

But

II

l
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Substituting equation (2) in (1),
=Ty b+ 1T, (1+ hohy, = 1, (Zhe, + he?)

But h?;, >> 2h,

Since, hfe is of the order of 100.
I = Ib hfe

. I, |. . .
It means that we get very large current amplification (AI = —9—] in the case of Darlington Pair
by

Circuit, it is of the order hg? i.e. 1002 = 10,000.

L 2
A= T_ (he)

2.7.2 Input Resistance (R)

Input resistance R, of the transistor Q, (which is in Common Collector Configuration) in terms of
h- parameters in Common Emitter Configuration is,

R; =hi + (I+hg) Ry

2

But hy, <<heR;, and he, Ry >> h,, Ay = ;—0 = (1 + hg)

1e?
2

Here R, is R, since, output is taken across emitter resistance.
Ry =(1+hg) R,

The input resistance Ri, of the transistor Q, is, since it is in Common Collector Configuration
R,=h, +h AR,

Expressing this in term of Common Emitte” h-parameters,
hic = h.;h_ =1.

1€’ "rc
(For Common Collector Reverse Voltage Gain is equal to 1) and R; for transistor Q, is the
input resistance of transistor Q2
o =h, + A R, Rlz, is large,
Therefore, h R12 <0.1. and Ap = 1+ hg
Ri1= AI] Ri2
R, =(+ he) R,
But the expression for Common Collector Configuration in terms of Common Emitter
h-parameters is

l+hfe
AT T+hy R,

Here, R =R, and R, =(1+hg)R,.
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I+hg
Ap =
1+h, (1+hg)R,

h,, R, will be is less than 0.1 and can be neglected.

hoe value is of the order of p mhos (micro mhos)

1+hg,
A“ B 1+ hoehfeRe
Ril = An- Ri2
_ (1+hg)’R,
I~ l+h,hgR,
This is a very high value. If we take typical values, of R, = 4KW, using h-parameters,
Ri2 =205 KQ.
R; = 1.73 MQ.
A, =427

Therefore, Darlington Circuit has very high input impedance and very large current gain
compared to Common Collector Configuration Circuit .

2.7.3 Voltage Gain

General expression for A, for Common Collector in term of h-parameters is

h
1-

I

\Y/ h,
e, - = 2 |1
h, =h; orAvl v, |'1 R, ]

Av
i
Ri

R,’
Aj- R,
h
A = — e
Vi [ All Riz]

Ay, = Yo _ [1 - _hI_GJ
V2 Ri»

Therefore, over all Voltage Gain A, = AVl x sz

But

il

1— hie 1- hje
= A; R. R.
Il iy in
1 hie .
A, =" Ri, Ri2 >>h,, and Ai] is >>1

Therefore, A, is always less than 1.
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2.7.4 Output Resistance

The general expression for R  of a transistor in Common Collector Configuration in terms of Common
Emitter h-parameters is,

_ Rg+h,
° 1+hg,

B R, +h
o1 1+hy

Now for the transistor Q,, R, is ROI.

RS + hle +h
1+ hfe 1€
R, =—-"=—+—7—
02 1+ hfe
Therefore, R02 is the output resistance of the Darlington Circuit.
R. +h; h
RO — S + l€2 +

e

This is a small value, since, 1+ h, is >> 1.
Therefore, the characteristic of Darlington Circuit are
1. Very High Input Resistance ( of the order of M2 ).
2. Very Large Current Gain ( of the order of 10,000 ).
3. Very Low Output Resistance ( of the order of few ).
4. Voltage Gain, A, < 1.

Darlington Pairs are available in a single package with just three leads, like one transistor in
integrated form.

2.7.5 Disadvantages

We have assumed that the h-parameters of both the transistors are identical. But in practice it is
difficuit to make h-parameters depend upon the operating point of Q; and Q,. Since the emitter
current of transistor Q, is the base current for transistor Q,, the value of Ic2 >> Ic1

1. The quiescent or operating conditions of both the transistors will be different. hfe value will
be small for the transistor Q,. . hfe = (I L/Ib).lb2 is less

CDIL make CIL997 is a transistor of Darlington Pair Configuration with hfe = 1000.

2. The second drawback is leakage current of the first transistor Q, which is amplified by the
second transistor Q, (= 1, ;= Ibz)'
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Hence overall leakage current is more. Leakage Current is the current that flows in the circuit
with no external bias voltages applied

(a) The h-parameters for both the transistors will not be the same.
(b) Leakage Current is more.

Darlington transistor pairs are in single package available with hfe as high as 30,000

2.7.6 . Boot Strapped Darlington Circuit

The maximum input resistance of a practical Darlington Circuit is only 2 MQ. Higher input resistance
cannot be achieved because of the biasing resistors R;, R, etc. They come in parallel with R; of the

transistors and thus reduce the value of R,. The maximum value of R; is only since, hy, is the

ob
resistance between base and collector. The input resistance can be increased greatly by boot strapping,
the Darlington Circuit through the addition of C, between the first collector C, and emitter B,.

What is Boot Strapping ?
1 I

e R WO
e

ar . e & R'=Rl-%k L

Boot strapping
Fig. 2.30 Fig 2.31

In Fig. 2.31, V is an AC signal generator, supplying current I to R. Therefore, the input resistance of

\Y
the circuit as seen by the generator is R, = T° R itself. Now suppose, the bottom end of R is not at

ground potential but at higher potential i.e. another voltage source of KV (K< 1) is connected between
the bottom end of R and ground. Now the input resistance of the circuit is (Fig.2.31).

V-KV
R'~='Y' I’=_(..____I_(_)

or R = =
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I’ can be increased by increasing V. When V increases KV also increases. K is constant.
Therefore the potential at the two ends of R will increase by the same amount, K is less than 1,
therefore R, > R. Now if K = 1, there is no current flowing through R (So V = KV there is no

*Vee

L o —

*
% Rez VO =AVl

<&

Fig. 2.32 Boot Strap Circuit

potential difference). So the input resistance R, = . Both the top and bottom of the resistor
terminals are at the same potential. This is called as the Boots Strapping method which increases the
input resistance of a circuit. If the potential at one end of the resistance changes, the other end of R
also moves through the same potential difference. It is as if R is pulling itself up by its boot straps.
For CC amplifiers A, < 1 = 0.095. So R, can be made very large by this technique. K = Ay, = 1.
If we pull the boot with both the edges of the strap (wire) the boot lifts up. Here also, if the potential
at one end of R is changed, the voltage at the other end also changes or the potential level of R, rises,
as if it is being pulled up from both the ends.

For Common Collector Amplifier,

R:

1€
; Ayl
11-Ay Y

Therefore, R, can be made large, since it is of the same form as

oo R
i 1-K

In the circuit shown in Fig. 2.32, capacitor C; is connected between C, and E,. If the input

signal changes by V,, then E, changes by A .V, (assuming the resistance of C is negligible).

1
is now effectively increased to S =400MQ
hg, hy,(1-Av)

Therefore,
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2.7.7 AC Equivalent Circuit

The input resistance
Y chg by R
R, = =P e, Re

If we take hg, as 50, R, = 4KQ, we get R; as 10MQ. If a transistor with hg, = 100 is taken, R,
will be much larger. The value of X is chosen such that at the lower frequencies, under consideration
Xc 0 is a virtual short circuit. If the collector C; changes by certain potential, E, also changes by the

1
same amount. So C, and E, are boot strapped. There is " between B, and C,.
ob

1

R, = T
¢t h,(0-A,)
hfe:l Ibl
)
—>
A
A A A oel
hrevcel
B + N - G
/\hN\’ \—/  E.B, Wy E,
el h|e2
\Y%
é Rai by Iy,
y

7 N G,
Fig. 2.33 AC equivalent circuit
Direct short circuit is not done between C, and E,. Since, DC condition will change, XCO isa
short only for AC signals and not for DC.

2.8 The CASCODE Transistor Configuration

Fig. 2.34 CASCODE Amplifier (C.E, C.B configuration)



Multistage Amplifiers 73

The circuit is shown in Fig. 2.34. This transistor configuration consists of a Common Emitter Stage
in cascade with a Common Base Stage. The collector current of transistor Q, equals the emitter
current of Q,.

The transistor Q, is in Common Emitter Configuration and transistor Q, is in Common
Base Configuration. Let us consider the input impedance (h,,) etc., output admittance (h,,) i.e.
the h - parameters of the entire circuit in terms of the & - parameters of the
two transistors.

2.8.1 Input |Z| (h )

Vi
h;, = Input Z = 1
Liv,=0
If V, is made equal to 0, the net impedance for the transistor Q, is only hibz. But hy, for a
transistor in common emitter configuration is very small = 20. We can conclude that the collector of
Q, is effectively short circuited.
' h11 = hle

When V, =0, C, is shorted. Therefore, h, = h, But hib2 is very small. Therefore C, is

by’
virtually shorted to the ground.
hi = hie
2.8.2  Short Circuit Current Gain (h,,)
I,
hy, = 1.
1 V, =
h = _Il. - ._.I_ X 12_
21 1 Il Io
Va—g
I . 3
—1 =hg, since, | = ICl L IBl
\ . =
T2' =— hﬂ) since, [ =1g . 1, [c:,_
hy; =~ hg. hg.
I
he, >> 1. —hg ~ 1, sincehﬂ)=i
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2.8.3 Output Conductance (h,,)

Output Conductance with input open circuited, for the entire circuit is,

1

h =
22 \V/
24, =0

1
when I, = 0, the output resistance of the transistor Q, is B———E4O KQ. (Since Q, is in Common

oe

Emitter configuration and h  is defined with [, = 0).

1
h

oc

Z40KQ
is the source resistance for Q,. Q, is in Common Base Configuration. What is the value of R  of the
transistor Q, with R, = 40k

Itis = 1/h, itself.

Since, h, . is very large, we can say that I} = 0 or between E, and ground there is infinite
impedance. Therefore, output conductance of the entire circuit is hy, =h .

2.8.4 Reverse Voltage Gain

h, =
12 V2 =0
= —b oyt
v V2 I, =0
v v
:/*!— - hre‘ V_=hrb
0ly; = 2

(Since, Q, is in Common Base configuration)

hj, = hy by
h, = 107 h, =10 - h, is very small

€

h,=h;; = h. Typical value = 1.1KQ
hy=h,; = hg. Typical value = 50
h, = h,y, =hg. Typical value =0.49 pA/V

h,=h, =h.h Typical value =7 x 10 ~8,

re “rb*
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Therefore, for a CASCODE Transistor Configuration, its input Z is equal to that of a
single Common Emitter Transistor (h, ). Its Current Gain is equal to that of a single Common
Base Transistor (hg). Its output resistance is equal to that of a single Common Base
Transistor (h,,). The reverse voltage gain is very very small, i.e., there is no link between
V, (input voltage) and V, (output voltage). In otherwords, there is negligible internal feedback
in the case of, a CASCODE Transistor Circuit, acts like a single stage C.E. Transistor
(Since h , and hy, are same) with negligible internal feedback (.. h,, ts very small) and very
small output conductance, (= h_, ) or large output resistance (=2MQ equal to that of a
Common Base Stage). The above values are correct, if we make the assumption that h ; R
< 0.1 or R is < 200K. When the value of R is < 200 K. This will not affect the values of
h, h, h,, h; of the CASCODE Transistor, since, the value of h_is very very small.

CASCODE Amplifier will have

1. Very Large Voltage Gain.

2. Large Current Gain ( hfe ).

3. Very High Output Resistance.
Example : 2.6

Find the voltage gains AVS, AVl and Ay, of the amplifier shown in Fig.2.35.

Assume

h,=1KQ,  h =10 hg =50

and h,, =10 SA/V.
T ~Vec

10 KQ
,_.J\/‘
1 KQ
Q1
“Q :
5KQ \1//0

Fig. 2.35 Amplifier circuit Ex : 2.6
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Solution :

The second transistor Q, is in Common Collector Configuration Q, is in Common Emitter Configuration.
It is convenient if we start with the II stage.

I1 Stage :

hoe R, = 1078 x5 x10°=5x 103 <0.1.
Therefore, h, RLz is < 0.1, approximate analysis can be made, rigorous expression of C.C.
and C.B Configuration need not be used.
Riz = hie * (l+hfe)RL2
= 1KQ + (1 +50) SKQ = 256 KQ.

Av, is the expression for Voltage Gain of the transistor in Common Collector Configuration in
terms of Common Emitter h-parameters is

IKQ

- =1-0.0039 =0.996
256KQ

I Stage :
R, = 10K [ R, =10K| 256 KQ =9.36 KQ.

h, . RLl < 0.1. -+ approximate equation can be used
Ril =h_. = IKQ.

Ry,  —50x9.63k _

=_h, = —48.
Ay By, h,, IKQ
_aRu
I R,
Overall Voltage Gain = AVI . sz = —482 x 0.996 = — 480.
A=A Rs IKQ _ 240.

X —=AvX
v VT Rg+hg, 2K
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2.9 CE - CC Amplifiers

This is another type of two-stage BJT amplifier. The first stage in Common Emitter (CE) configuration
provides voltage and current gains. The second stage in Common-Collector (CC) configuration
provides impedance matching. This circuit is used in audio frequency amplifiers. The circuit is
shown in Fig. 2.36.

+V

cc
RC
Ry Ry
0 > §RC
A % —~C R v, V% Ry § R
V. k RE )
o

Fig. 2.36 CE, CC Amplifiers
Analysis

Here biasing resistors are neglected for simplification of analysis.

1l Stage in CC amplifier :

RL2 ~Ry
hye R < 0.1
Ap =Ap = (1 +hg)
o= (1 +hy) R
A;_ R
I, RL,
Ay = Ay = R.
1
) (1+hfe RI\Q)
hle+(1+hfe)RL
1 hie :
i
Ay, <1
for CE stage
Ay, = Ay, = hg
Rll = Rll = hie

Ay =Ay/'=(A R /R)
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Overall Characteristics

Ay=Ay Ay,
R! = Rl]
R, =R,
A —
1 R
Ly

2.10 Two Stage RC Coupled JFET amplifier (in Common Source (CS) configuration)
The circuit for two stages of RC coupled amplifier in CS configuration is as shown in Fig, 2.37.

T+VDD

Fig. 2.37 Two stage RC coupled JFET amplifier

The output V,, of I Stage is coupled to the input V,_of Il Stage through a blocking capacitor
C,- It blocks the DC components present in the output of 1 Stage from reaching the input of the II
stage which will alter the biasing already fixed for the active device. Resistor R is connected between
gate and ground resistor Ry, is connected between drain and Vyy supply. Cgq is the bypass capacitor
used to prevent loss of gain due to negative feedback. The active device is assumed to operate in the
linear region. So the small signal model of the device is valid.

Frequency Roll-off is the term used for the decrease in gain with frequency in the upper
cut-off region. It is expressed as db/octave on db/decade. In the logarithmic scale of frequency,

/2 fr
octave is - = 2 decade is <~ = 10.
fa fa
The purpose of multistage amplifiers is to get large gain. So with BJTs, Common Emitter
Configuration is used. If JFETs are employed, common source configuration is used.

2.11  Difference Amplifier

This is also known as differential amplifier. The function of this is to amplify the difference between
the signals. The advantage with this amplifier is, we can eliminate the noise in the input signals which
is common to both the inputs. Thus S/N ratio can be improved. The difference amplifier can be
represented as a blackbox with two inputs V, and V, and output V; where V= A, (V| - V,).
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where A4 is the gain of the differential amplifier. But the above equation will not correctly describe the
characteristic of a differential amplifier. The output V, depends not only on the difference of the two
signals (V, ~ V,) =V, but also on the average level called common mode signal V.=V, +V, | 2.

If one signal is (V) 100 uV and the other signal (V,) is ~100 pV.
V, should be A (200) uV.

Now in the second case, if V, = 800 uV, and V, = 600 uV. V= 800 — 600 = 200 uV and V,
should be A (200) uV. So in both cases. for the same circuit. V,, should be the same. But in practice
it will not be so because the average of these two signals V| & V, is not the same in both the cases.

Va=V,-V,

1
V.= '2' (V,+Vy
from the equations above, we can write that,

1

- _ -+ If we substitute the values of V_ and V, we
Vl = Vc + 5 Vd [ c d

get the same.

\Y \Y

R
2

Vy= — =V

!
2 €2
V,, can be represented in the most general case as
Vy=AV +A,V,
Substituting the values of V, and V,

1
V,=V - TV, V=V, +

1 1
Vo =4, [V, + 5 vgl + A, [V, - -2- V4l

Al A,

J

Vo=V (A TA)+Vy [

Vo= VoA T ViAy

A=Ay
where Ad = —5— and A=A TA,.

A -(-A
for operational amplifiers, always input is given to the inverting node to get _L___Z_) S0

that A is very large and A is very small.
A, and A, are the voltage gains of the two amplifier circuits separately.
The voltage gain from the difference signat is A,
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The voltage gain from the common mode signal is A_..
Vo=A 3V +A V..

To measure A, directly set V| =~ V, = 0.5V so that
V4 =0.5-(-0.5)=1V.

(0.5-0.5)
V,=—"=
2
Vo=Ay4. 1=A,itself
If V, = -V, and output voltage is measured,

Output voltage directly gives the value of A .
Similarly if we set V, =V, = 1V. then

VvV, +V.
= 1772 _
V,=0, V.= S -
Ve=0+A .1=A_
The measured output voltage directly gives Ac. We want A 4 to be large and A_ to be very
small because only the difference of the two signals should be amplified and the average of the signals

2
— =1V
2

A

should not be amplified. .. The ratio of the these two gains p = [, |

is called the common mode
Ac

rejection ratio. This should be large for a good difference amplifier.
V0 =Ad Vd+Ac Vc

A S

c

pz_A_d Ad
Ac p

Aq

Vo=AyVy+ == .V
p

Vo-aevs| _]
\Y%
L

C

2.12  Circuit for Differential Amplifizr

In the previous D.C amplifier viz., C.B, C.C and C.E, the output is measured with respect to ground.
But in difference amplifier, the output is « to the difference of the inputs. So V is not measured w.r.t
ground but w.r.t to the output of one transistor Q, or output of the other transistor Q,.
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T A\

Fig. 2.38 Differential amplifier

Neglecting hre & llhoe, 1/hoe

Fig. 2.39 Equivalent circuit

The advantage with this type of amplifiers is the drift problem is eliminated. Drift means, even
when there is no input, V; there can be some output V, which is due to the internal thermal noise of
the circuit getting amplified and coming at the output. Drift is reduced in this type of circuit, because,
the two points should be exactly identicai. Hence, I_ , hgg, Vi will be the same for the two transistors.
Now if I rises across R; (I, R; ) increases with increase in I°1' So the voltage at collector of Q,
decreases. If Q, is also identical to Q, its collector voltage also drops by the same amount. Hence
V,, which is the difference of these voltages remains the same thus the drift of these transistors gets
cancelled.

The input to a differential amplifer are of two types. 1. Differential mode 2. Common mode.

If V, and V, are the inputs, the differential mode input =V, - V,.
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Here two different a.c. signal are being applied V| & V,. So these will be interference of these
signals and so both the signals will be present simultaneously at both input points i.e., if V| is applied
at point 1, it also prices up the signal V, and so the net input is (V, + V,). This is due to interference.

V1 + V2
2

Common node input =

An ideal differential amplitier must provide large gain to the differential mode inputs ana zero
gain to command input.

Vo=A,V,-AV, M
A, = voltage gain of the transistor Q,
A, = voltage gain of the transistor Q,

we can also express the output in term of the common mode gain A and differentil gain A.

V1 + V2
Vo=A4(V,-V)D+A, ~—2—— ..... (o
V] Vi
:Advz“Ad-VﬁAc-“z"““Aq-_; ..... 3)
- Ac ; Ac
VO—V2 Ad+—2— _Vl Ad—T" ..... )
Comparing eqns. 4 and 1,
Ac
A=A+ —
2 d 2
Ac
AimAgt
Ap+ A2
Solving these two eqns. A = ‘—2—
A=A, A2
pA 730 is an LC ditferential amplifier.
5 6 7 8
¥ I 1 i
uA 730 <
4 3 2 i
1 L I 1

Fig. 2.40 IC uA 730 Pin configuration
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8 pins. Input is given 1o pins 2 and 3. V¥ to pin 7, 4 is ground. Output is taken at pin no 6.
In the difference amplifier, the difference of the input voitages V, and V, is amplified. The collectors
of the transistor Q, & Q, are floating. They are not at ground potential. So the output voltage is not
at ground potential. Hence the output voltage is the difference of the collector voltages (a.c) of
transistors Q, & Q,. Difference amplifiers are used in measuring instants and instrumentations
systems. The difference of Vl.1 & Vi2 may be 1 pV which is difficult to measure. So if this is
amplified to ImV or 1V the measurement will be accurate. So difference amplifiers are used to
measure very small increased voltages.

While computing A; & A, of individual transistors, the other input should be made zero. One
while computing A, V, = 0. Because there should be no common mode signal, while computing A |,
A, is the actual gain. Not differential gain. .. the other input is made zero.

In the case of operational amplifiers for single ended operation, always the positive end is
grounded (non inverting input) & input is applied to the inverting input (-). It is because, at this part
the feedback current & input current get added algebraically. So this is known as the swimming
junction. When sufficient negative feedback is used, the closed looop performance becomes virtually
independent of the characters of the operational amplifiers & depends on the external passive elements,
which is desired.
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Objective Type Questions

1. Based on‘the type of Coupling, the Amplifiers are classified as

2. Based on Bandwidth, the amplifiers are classified as

3. Different types of Distortion in amplifiers are

4. When n stages with gains A, A, ....... A are cascadec‘,}, overall voltage gain
Ayp=

5. Expression for voltage gain A  in the Mid Frequency range, interms of h,, R , R; and h_ is,
A,(MF) =

6. Expression for A (H.F) in terms of £, f, and A (M.F) is, A (H.F) =

7. Phase shift ¢ interms of £, and fis,

8. Expression for A (L.F) in terms of £, f, and A  (M.F) is

9. When n stages are cascaded, the relation between £, , and f2 is

10. When h stages are cascaded, the relation between f,_and f, is,

11. The relation between h_, f, and f_is

12. Figure of Merit of an amplifier circuit is

13. CMRR (p) =

14. Expression for V interms of A s Vo V. a'nd p is,

15. Expression for A, and A_interms of A and A, are

16. Stiff coupling is

17. When frequency change is octave 7?— =

18. Incascade form, ordinary gains decibal gains

19. Phase response is a plot between

20. According to Miller’s theorem the feedback capacitance when referred to input side, with gain
Ais

21. Interms of h_, current gain in Darlington Pair circuit is approximately

22. The disadvantage of Darlington pair circuit is
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23. Compared to Common Emitter Configuration R of Darlington pair circuit is

24,
25.
26.
217.
28.
29.
30.
31
32.
33.
34.
35.
36.
37.
38.
39.
40.

In CASCODE amplifier, the transistors are in configuration.

The salient featuers of CASCODE Amplifier are

What is distortion ?

What are the types of distortion ? Define them.

How does the amplifier behave for low frequencies and high frequencies ?

Which configuration is the best in cascade for an output stage and for an intermediate stage ?
What is the darlington pair ? What is its significance ?

How is the bandwidth of a cascade affected compared to the bandwidth of a single stage ?
Why is the emitter bypass capacitor used in an RC coupled amplifier ?

What is the affect of emitter bypass capacitor on low frequency response ?

What are types of cascade ?

How would you differentiate an interacting stage from a non-interacting stage ?

What is the expression for the upper 3dB frequency for a n-stage non interacting cascade ?
What is the expression for lower 3dB cutoff frequency in n-stage interacting cascade ?
What is the expression for upper 3dB cutoff frequency in a n-stage interacting cascade ?
What is the slope of the amplitude response for an n-stage amplifier ?

Why do we go for multistage amplifier ?
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Essay Type Questions

1. Explain about the classification of Amplifiers based on type of coupling and bandwidth.

2. What are the different types of distortions possible in amplifiers outputs ?

3. Obtain the expression for the voltage gain A in the L.F, M.F and H.F ranges, in the case of
single stage BJT amplifier.

4. When h-identical stages of arplifiers are cascaded, derive the expressions for overall gain A, |
lower cutoff frequency £, and upper cutoff frequency £, .

5. With the help of necessary waveforms, explain about the step response of amplifiers.

6. What is the significance of square wave testing in amplifiers ?

7. Draw the circuit for differential amplifier and derive the expression for CMRR.

8. Explain about the characteristics of operational amplifiers.

9. Draw the circuit for Darlington pair and device the expressions for A, A, R and R ..

10. Draw the circuit for CASCODE Amplifier. Explain its working, obtaining overall values of the

circuit for h.’ hp hO and hr.
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Answers of Objective Type Questions

1. (a) R-C coupled (b) Transformer coupled
(c) Direct coupled (d) Tuned circuit
2. (a) Narrow band (b) Untuned amplifiers
3.” (a) Frequency distortion (b) Phase distortion (c) Amplitude distortion
4. A, =ALALA LA
~h¢, .R
5. A,(MF)= T{s%_li

6. A, (HF)= Ay (MF)/I + j(—f—)
f

a0 tan-Y /L

7. ¢=180" - tan (f]

8. A, (LF)=

f,
10 f]n '—_-/%‘
270 -1

1L he, fo =17 ’
12. Figure of merit = Gain x Bandwidth

13. CMRR=(A,/A)

1 VC
14, V =A,V, [1+;)—.——-J

Va
15. A Jirag) A, —A )2
: d . 2 > Ac—( 27 1)
R
16. When capacitor is chosen such that X, = —lb—

17. 2
18. Multiply, Add up
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19.
20.
21.
22.
23.
24,
25.
26.
27.

28.

29.

30.

31.
32.
33.
34.
35.

36.

37.

38.
39.
40.

Phase angle and frequency

C,=C(1-A)

(b,

Leakage current is more

Very high

CE-CB

Large voltage and current gains

If the output waveform is not the replica of the input waveform, it is called distortion.

(i) Non linear distortion : If harmonic frequencies are generated at the o/p, it is called non
linear or amplitude distortion.

(ii) Fregeuncy distortion : If different frequency components are amplified differently, it is
called frequency distortion.

(ili) Phase distortion : If the output is shifted by different phased each time, it is called phase
distortion.

Low frequencies - high pass filter.

High frequencies - low pass filter.

Output stage - CC

Intermediate stage - CE

CC-CC cascade is called Darlington pair.

Significance : (i) It has very high input impedance. (ii) It behaves life a constant current source.
It decreases.

To decrease the loss in gain due to negative feedback

The tilt is more

Interacting and non interacting.

If the input impedance of next stage loads the previous stage, it is called interacting stages. If
the input impedance of next stage does not load the previous stage, it is called non interacting
stage.

__f
T

fH =/ v 21/ -1

Jy =094 1.

6n dB/octave or 20n dB/decade.
For high gain.



UNIT -3

High Frequency
Transistor Circuits

In this Unit,

Single stage amplifiers in the three configurations of C.E, C.B, C.C,
with design aspects are given.

Using the design formulae for A, A, R, R  etc, the design of single
stage amplifier circuits is to be studied.

Single stage JFET amplifiers in C.D, C.S and C.G configurations are
also given.

The Hybrid - © equivalent circuit of BJT, expressions for Transistor
conductances and capacitances are derived.

¢ Miller’s theorem, definitions for f, and £, are also given.
¢ Numerical examples, with design emphasis-are given.
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3.1 Transistors at High Frequencies

At low frequencies it is assumed that Transistor responds instantaneously to changes in the input
voltage or current i.e., if you give AC signal between the base and emitter of a Transistor amplifier in
Common Emitter configuration and if the input signal frequency is low, the output at the collector
will exactly follow the changes in the input (amplitude etc.,). If ‘/ of the input is
high (MHz) and the amplitude of the input signal is changing the Transistor amplifier will not be able
to respond.

What is the reason for this ? It is because, the carriers from the emitter side will have to be
injected into the collector side. These take definite amount of time to travel from Emitter to Base,
however small it may be. But if the input signal is varying at a much higher speed than the actual time
taken for the carries to respond, then the Transistor amplifier will not respond instantaneously. Thus,
the junction capacitances of the transistor, puts a limit to the highest frequency signal which the
transistor can handle. Thus depending upon doping area of the junction etc, we have transistors
which can respond in AF range and also RF range.

To study and analyze the behavior of the transistor to high frequency signals an equivalent
model based upon transmission line equations will be accurate. But this model will be very
complicated to analyze. So some approximations are made and the equivalent circuit is simplified. If
the circuit is simplified to a great extent, it will be easy to analyze, but the results will not be accurate.
If no approximations are made, the results will be accurate, but it will be difficult to analyze. The
desirable features of an equivalent circuit for analysis are simplicity and accuracy. Such a circuit
which is fairly simple and reasonably accurate is the Hybrid-pi or Hybrid-mmodel, so called because
the circuit is in the form of m. The parameter have units of £2, Uetc. So it is a hybrid circuit. Hence
it is called as hybrid-7 model. Using this model a detailed analysis of single stage Common Emitter
Transconductance amplifier is made.

3.2 Hybrid - t Common Emitter Transconductance Model

For Transconductance amplifier circuits Common Emitter configuration is preferred. Why ? Because
for Common Collector (h_, < 1). For Common Collector Configuration, voltage gain A, < 1. So even
by cascading you can’t increase voltage gain. For Common Base, current gain h, < 1. So overall
voltage gain is < 1. But for Common Emitter, h;, >> 1. Therefore Voltage gain can be increased by
cascading Common Emitter stage. So Common Emitter configuration is widely used.

The Hybrid-n or Giacoletto Model for the Common Emitter amplifier circuit (single stage)
is as shown :

1
r,. = ——

b gy

W

| 1
LT
L ‘ ®
Tye = C v, . T
e gb'e _[e b'e l‘ce Bce gm Vb’e

| _ .

Fig. 3.1 Hybrid - n C.E BJT Model

Tob' B

;OC
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Analysis of this circuit gives satisfactory results at a// frequencies not only at high frequencies
but also at low frequencies. All the parameters are assumed to be independent of frequency.

4+ C

rbl; B
B o—AM T
VB E

Fig. 3.2 PNP transistor amplifier
3.2.1 Circuit Components '

B’ is the internal node of the base of the Transconductance amplifier. It is not physically accessible.
The base spreading resistance r,,, is represented as a lumped parameter between base B and internal
node B'. (g, Vy.) is a current generator. V,,, is the input voltage across the emitter junction. If

Vy. increases, more carriers are injected into the base of the transistor. So the increase in the
number of carriers is o V. This results in small signal current (since we are taking into account
changes in Vy, ). This effect is represented by the current generator g V... This represents the
current that results because of changes in V., when C is shorted to E.

When the number of carriers injected into the base increase, base recombination also increases.
So this effect is taken care of by g,,.. As recombination increases, base current increases.
Minority carrier storage in the base is represented by C,, the diffusion capacitance.

According to Early Effect, the change in voltage between Collector and Emitter changes
the base width. So base width will be modulated according to the voltage between Collector and
Emitter. When base width changes, the minority carrier concentration in base changes.
Hence the current which is proportional to carrier concentration also changes. So I
changes and hence I changes. This feedback effect [I; on input side, I on output side] is taken
into account by connecting g,  between B', and C. The conductance between Collector and
Baseis g .

C_ represents the collector junction barrier capacitance.

3.2.2 Hybrid - n Parameter Values
Typical values of the hybrid-n parameter at I, = 1.3 mA are as follows :
g, = S0 mA/V Iy =100Q 1, =1kQ
r,, = 80 kQ C,=3pf C, =100 pf
Iy, =4 MQ
These values depend upon :

1. Temperature 2. Value of I,
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3.3 Determination of Hybrid-n Conductances

3.3.1 Transconductance or Mutual Conductance (g_)

Ty

Fig. 3.3 PNP transistor amplifier
The above figure shows PNP transistor amplifier in Common Emitter configuration for AC purpose,
Collector is shorted to Emitter.
, Ie=lgo-o. %, .. )
Io opposes I. I is negative. Hence I, = I, — o I; @ is the normal value of o at room
temperature.

In the hybrid - © equivalent circuit, the short circuit current=g_ V.,

Here only transistor is considered, and other circuit elements like resistors, capacitors etc,
are not considered.

_ ¢
Vool -

Em

Differentiate (1) with respect to V,,, partially. I, is constant.

g,=0-a Ay for a PNP transistor, V;, = -V
Vb'e
Since, for PNP transistor, base is n-type. So negative voltage is given.

m 0 6VE
. . . . Vg
If the emitter diode resistance is r,, then r, = L
E
- %
V.
But for adiode, r= ] " L 1= L eVMVT—1) I=],.eVmVT

g__(_iL_Jo.ev’“VT I
dv NV  nVr
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33.2

Neglecting 1,

= l}ll n=1, I=1 r= %Ig—
8n = a—\O/;TI—E’ a, ~ 1, I~ 1o
I =ly-Ic
g = IcoV;Ic
g.= I‘i,i“ g,, = (Transconductance or Mutual Conductance)

g,, is directly proportiorfal to I.. g, is also a % For PNP transistor, I, is negative.

will become positive. Since 1. is negative. So g is always positive.

V. is volt equivalent of temperature V.. = T/11,600

At room temperature, T ~ 300 K,

If
If

|1

gn = —56—, I is in mA.

I.=1.3mA, g =0.05A/NV
I. =10 mA, g =400 mA/V

Input Conductance (g,.)

At low frequencies, capacitive reactance will be very large and can be considered as Open circuit. So
in the hybrid-m equivalent circuit which is valid at low frequencies, all the capacitances can be neglected.
The equivalent circuit is as shown in Fig. 3.4.

L T
B o—éJ\/\/\,

Eo

=

7'1

[¢]
/\(r‘

40(:

/|\ IbW\/

vb'e Tye m Vb’e C‘l’) Tee

| o

Fig. 3.4 Equivalent circuit at low frequencies
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The value of r,;_ >> 1, (Since Collector Base junction is Reverse Biased)
So I, flows into r,y, only. [This is I;. (I — I;) will go to collector junction]

oo vae ~ Ib' rb.e
The short circuit collector current,
IC = 8- Vb|e; vae = Ib' rb'e
Io =gn Iy Tye
lc
hfe = r =8m- Tp'e
BlVeg
_he
or Fble = ‘g—r'n“
i
i
But g. =
V1
h Vr
e " T
e ICl
Bpe ™ —IC’ or Em—
b

3.3.3 Feedback Conductance @yo

h,, = reverse voltage gain, with input open or I, = 0
B Vb'e _ Inputvoltage
B Vce  Output voltage

T
b'e
M = o b
b'e " 'b'c
[With input open, i.e., I~ 0, V_ is output. So it will get divided between r;, and r,,  only]
or he, (tyre * Tyte) = Tye
To'e [1- hel =h. 1y
But h, <<1
T
= : = be
Tpte = hre Tores Tpe ™ hre
1 Bre
or & ™ hre Bp'e l'_‘ = gb'C =.r_
b'c b'e
h, =10

Tyre = Tye
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3.34 Base Spreading Resistancé (ryy)

The input resistance with the output shorted is h,.. If output is shorted, i.e., Collector and Emitter are
joined, ry,, is in parallel with Ty

But we have seen that Ty, = h, .1y

h,. in very small and 1y, >> 1,
I, is parallel with r,,_is only r,,, (lower value)
hle = Tyt T Ty
or Top' = Dje = Ty
hie = Ty + Ty

1€

But we know that

= hg Vo
ble |IC|

h..V.
h =y + —ﬁal

1, is small, few Qs, to few hundred Qs

hie IIC|

mn

3.3.5 Output Conductance (g_)

This is the conductance with input open circuited. In h-parameters it is represented as h .
For I, = 0, we have, ’

v,

IC — VCC + ce +gm vb'e
Ice rbvc + rbve
Vy

But h, = 2= f Vg=hV,

VCC
\/ \/

o= —S+—%— g h .V,
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But

So dividing by V . and that r,y, >> 1y, Ty + Ty = T

But

or
If

But

But

1
h,=—+—+g_.h
=8t By T 8 hre
gm
e = 3.
) hfe
8n = Bpe- hfe

rb.e + rb'C rb|c

hoe =8 T By T 8l hfe :

Bee = hoe -1+ hfe) - By'c
hfe >>1, 1 +hfe r hfe

[gce =h, —he. gy, ]

8™ hre - Bp'e
8ee ™ hoe - hfe : hre - Bple
hfe - 8ple T B

Bee ™ hoe — 8- hre

3.3.6 Hybrid - © Capacitances

re

The ~ e _ Bblc

Ep'e

8b'c

8pe

In the hybrid - T equivalent circuit, there are two capacitances, the capacitance between the Collector-
Base junction is the C. or C,,.. This is measured with input open i.e., I = 0, and is specified by the
manufacturers as C,. 0 indicates that input is open. Collector junction is reverse biased.

where

C.a (—FVCE

1
n= 3 for abrupt junction

2

1/3 for graded junction.
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C, = Emitter diffusion capacitance C,, + Emitter junction capacitance C,
C. = Transition capacitance.

C,, = Diffusion capacitance.

CDe >> CTe

C.~Cp,

Cp. @ I and is independent of Temperature T.

3.3.7 The Diffusion Capacitance

For pnp transistor, base is n-type and emitter is p-type. So if E-B junction is forward biased, holes are
injected into the base. The distribution of these injected holes between E and C is as shown.

The collector is reverse biased. So the injected charge concentration p’ at the collector junction
is zero since they are attracted because of the negative potential at the collector. The base width W is
assumed to be small compared to the diffusion length Lg of the minority carriers. If W << L, then

p’ varies almost linearly from the value p’' (0) at the emitter to zero at the collector. The stored

charge in the base is the average concentration E—go_) times the volume of the base W,

Emitter Collector
P’ (0)

Qs

X=0 X=W

Fig. 3.5 Variation of charge in the base region
(where A is Cross Sectional Area), times charge Q.
W.A = Volume ;
W = Base width ;
A = cross sectional area of the junction.

Q =Charge
0
Bg = Average concentration.
oo s _ dp' p'(0)
Diffusion current 1=-AQ.Dj. x AQDg W

Dy = diffusion constant for minority carriers in the base

, LW
P 0= 2Dy,
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0 1 IxW AOW
= — X
w2
Q= 75~
B 2Dg
. pp ) _dQg
Emitter diffusion capacitance Cp, = v

A%
dv V. V
But rﬁ:T:i » Ig=ly e’ T
w2lg w2

In the above derivation, we have neglected the base width i.e, there is no possibility for
recombination in the base hence I, = 0. Then I = I.. But actually it cannot be so. Hence, the
hybrid-n model is valid only when change in Vi is very small and so change in I is equal to change
in I... i.e., Hybrid-wmodel is valid only under dynamic conditions, wherein change in I is negligible.
So change in I is equal to change in I...

Giacoletto who proposed the hybrid - © model, has shown that the hybrid parameters are
independent of frequency when

2

2nf . W «<! n
B
Where W = Base width
Dy= Diffusion constant for minority carriers in the base
f = Frequency of the input signal
But C = W 2
€ gm ) 2DB ..... ( )
c W
gm 2DB
w2 _C,

6D, 3g

m
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¢ 2nfr gy, 2nfy

w2

2nf
? 67th

or [f<<3f
- Hybrid r model is valid for frequencies upto ~ f/3.

Equation becomes

3.4 Variation of Hybrid Parameters with [I |, [V | and T

3.4.1 Transconductance Amplifier or Mutual Conductance (g )

_Id
g, is « I¢
V. =T/11,600

1
gm°°T

8., is independent of V.
Since in the active region of the transconductance, I is independent of V...

3.4.2 Base Emitter Resistance (r,.)

I
e IC

1
rb'e o« T
Ic

Ty increases as T increases since Tr, o vV,

3.43 Emitter Capacitance (C)
Ce= 8- %2“
B
g, « Io nC e I

As V., increases, W the effective base width decreases

C, decreases with V . (increasing)
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3.44 Collector Capacitance (C)
C. depends on Vo
C, c (Ve
. C, is independent of 1.
. C, is independent of T
C, decreases with increase in V¢
3.45 Base Spread Resistance (r,,)
r,,t decreases with increase in I..

Since as I increases, conductivity increases. So r;, decreases, because of conductivity
modulation. But r,,; increases with increase in Temperature. Because as T increases, mobility of the
carriers decreases. So conductivity decreases. So r;, increases.

3.4.6 Collector Emitter Short Circuit Current Gain

Consider a single stage Common Emitter. Transistor amplifier circuit. The hybrid-r equivalent circuit
is as shown :

Bv'c
W\
Tob ’
B B 1 C
+T A% 11 | T +
C L
Ev'e ¢ % gce
. c, == DevsZR Ve

|

me—
|

E 77
Fig. 3.6 Hybrid - = equivalent circuit in C E configuration

If the output is shorted i.e. R; = 0, what will be the flow response of this circuit ? when
R, =0, V, = 0. Hence A;,= 0. So the gain that we consider here is the current gain I |1
The simplified equivalent circuit with output shorted is,

I B’ C
> 1 \
w TC”Q Onv |

E E
Fig. 3.7 Simplified equivalent circuit

A current source gives sinusoidal current I.. Output current or load current is I;. g, is
neglected since g, << g,.., &, is in shunt with short circuit R = 0. Therefore g . disappears.
The current is delivered to the output directly through C_ and g, is also neglected since this will be
very small.
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IL = 8n Vb'e
i Il
e gpe +jo(Ce+Ce)

A, under short circuit cendition is,

\Y%

A = .IL_—. “8m
L gb.e+1co(Ce+Cc)
g
But o= Em— C,+C,~C,
fe
_ _8m
Ce B anT
= fgm
gm  J2n.gmf
hfe 27tf’r
A = ~1
hfe fT
_ _hfe
I+jh (—I—J
fe fT
-h
fe
AT
1+j| =
Je
But, {I— =fﬁ
fe
h
fi
A ~—
1+ L
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Ep'e
h =
Where fb 27!‘Ce+CC;
gm
Bve = 7
. hfe

=g
p hﬁznke+cc)
1
AL f=fy A= =07070fhg

The frequency range upto fB is referred to as the Bandwidth of the circuit.
Note : Common Emitter short circuit current gain was skipped out.

3.5 The Parameters fr

J7 is the frequency at which the short circuit Common Emitter current gain becomes unity.

ie., A =1, or ==t =1

Letat f=f A=
4 2
or hg = 1+ —IJ
[ 78
2 2
(h)?=1+ T = ?—T
/8 B
hg, ~ —fl when Ai =1
/B
Jrzhe Sy
But fa = __8m
B hfe {Ce +CC}
_ gm
J1 7o e 2n(Ce +C¢)
But C,>>C,
&m
/1= Zce
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G 400 MHzs —
<
&
200 Hzs -
T 100 Hzs —
4 i
10 10 100
—> I.(mA)

Fig. 3.8 Variation of | with frequency

/1 1s very important parameter of the transistor. This indicates the high frequency performance
of the transistor. £, depends upon the operating point of the transistor. The variations of f;. with I
is as shown,

fr = hfe fB
h,, is the short circuit current gain.
fB is the frequency.
Therefore f. is the short circuit current gain Bandwidth product. So if we have two transistors
with same £;., the transistor with low h;_ will have larger Bandwidth and vice versa.

3.5.1 Measurement of f

The value of f is very large of the order of few hundred MHz. To determine the £ of a given
transistor, we need CRO whose frequency range is of that order. Such a CRO is not common.
So how to determine f. with a practically available CRO which can respond upto any few MHz ?

2
h
fe f
A=—-—1 ——-]—1 >
i 21/2 fB
1+—f—
7p
h fa-h
___fe _‘B fe
Ai— 2 f
f
7p
|A|f~fp.h =1

If we determine A, of the transistor at a frequency fwhich is 3 or 4 times jb but much smaller
than £}, the product of A and f gives the value of /.

Fora tran51stor with £ = 80 MHz and f = 1.6 MHzs, the frequency fat which A, is determined
can be 5 times £, = 8.0 MHz maximum. We can have CRO which can respond at 8 MHz but not
80 MHzs. Therefore £ can be easily determined by measuring A, at /= 8 MHz.
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3.6 Expression for f,
~8m
A= -
" Bhe +j0)(Ce + CC)
Dividing by g,+,» Numerator and Denominator,
—£m Igb'e
AT T aaslc.+C)
142 Te e
Bp'e
€m
we know that &= T
hy,
e
gm _
gbve hfe
-h
fe
A' =
! 27lCe +C
1+ {— (—e C) }
Bhe
~he
But we know that A. =
i . f
I+j—=—
i
o, _ Epe _ gm .. - g_m
Comiparing, B 2m(Ce+Ce) Mg 2m(CetCq) | BT o
8m

5= hg,-27 (Ce +Ce)

_ €m
fr= 271 (Ce +C¢)

5B C
T T ¥
Vv S c=  Lca-nss S &S Lok Sl Spov
' ¢ ¢ 2 of T K K Loe
-0}

<
<
M\

Fig. 3.9 Equivalent circuit
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3.7 Current Gain with Resistance Load :

Em
-f'i‘ :j;l * hfe =
21‘[‘Ce + Cc '
Considering the load resistance R/,
V. is the input voltage and is equal to V|
V. is the output voltage and is equal to V,

K, = Vee
Ve
This circuit is still complicated for analysis.

Because, there are two time constants associated with the input and the other associated with
the output. The output time constant will be much smaller than the input time constant. So it can
be neglected.

K = Voltage gain. It will be >> 1
K

Bve <g, v Iy ~4MQ, r,. = 80 K (typical values)
So g, can be neglected in the equivalent circuit.

1
In a wide band amplifier R; will not exceed 2KQ, since f;; « q - If R is small £, is large.

1
 2nCs R IR )

Therefore g, can be neglected compared with R

Ju

Therefore the output circuit consists of current generator gm V. feeding the load R; so the
Circuit simplifies as shown in Fig. 3.10.

1

L B
‘L l e l
Voe  Bve C, TFC(+gR) B oo SR
\ T _l,

Fig. 3.10 Simplified equivalent circuit

e C

C

T

e S

®E

V .
K= VZZ =-g . R:  g,=50mAlY, R, = 2KQ (typical values)
K=-100

So the maximum value is g,.. (1 — K) = 0.02595. So this can be neglected compared to
gy~ 1 MA/V.



106 Electronic Circuit Analysis

R, should not exceed 2KQ, therefore if R| > 2KQ, C_ (1 + g R,) becomes very large and so
band pass becomes very small.

_[K-1
€Tk |=C

when R, =2KQ,
the output time constant is,
R, .C,=2x10*x3x10712=6x 10§ =6 p.sec. (typical values)
Input time constant is,
re [C,+C [1+g, R 1]=403 psec. (typical values)
So the band pass of the amplifier will be determined by the time constant of the input circuit.

The 3db f - L Bve
¢ requency 1y 2, C  2nC
where C=C,+C,(1+g,R)

3.8 Miller’s Theorem

It states that if an impedance Z is connected between the input and output terminals, of a network,
between which there is voltage gain, K, the same effect can be had by removing Z and connecting an

ZK
impedance Z, at the input = i-x)’ and Z, across the output = K-1)

_ K)
rb’c

W

B' |
1

O

—>
-
!
IRE
O
G—‘
[
W
[_P
< —20

'm
S
———

Fig. 3.11 High frequency equivalent circuit with resistive load R,
Cb’c = Cc
r,,. and C_ are between the input termed B’ and output termed C. The voltage gain of the
Vee
b'e

amplifier = =K (> > 1). Therefore by Miller’s theorem, C_ and r,,_ can be connected between

Cc
1-K
K

B’ and E (input side) with values = and r,,. (1 ~K) respectively. On the output side between

. K
e resting .

(K-1)

collector and emitter as CC(KI;I) and
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Therefore high frequency equivalent circuit using Miller’s theorem reduces to, (neglecting r,, +)

\Y
K= Vce
b'e
V. =—1.. R ; Negative is used since current direction is opposite.
B o— oC
g (-1)
L L ~ 3 -y L G
Boe C,CU-KX— ;; >E B % Ce(k—kl)—-— 8ve —;—% R,
&0 of
Eo- == —OE
Fig. 3.12 Circuit after applying Millers’ Theorem
-IcRp
K= R
b'e
I
C
But = &n
Ve
K=-g .R_

3.9 CE Short Circuit Current Gain

This is the circuit of transistor amplifier in common emitter configuration.

Fig. 3.13 C E Amplifier circuit

The approximate equivalent circuit at high frequencies, with output shorted is,
— In B C

I
I
o

—— L
Vb'e rb'c C + C \(

(o] e gm Vb ‘e
E

Fig. 3.14 Simplified equivalent circuit
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I, is assumed to be very large. So it is open circuit.
r,, disappears since it is in shunt with short circuited output.

IL =~ 8n Vb’e
Negative sign taking the direction of current into acount. I, is contributed by the current
source only.

1
. v

b'e B gb'e + ije

- —gm -l

Conductances in parallel get added.

Y=Y +Y,
Fig. 3.15 Conductances in parallel

Therefore current gain under short circuit conditions is,

a-L__~8Bm
"L e ti0Ce
—g;
But gb'e= _m
“fe
C - —om
e 21rfT
A B P
L gy gy
hfe 27th
-1 ~hfe
A="T jonf jhe, 7
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A\
oL =
hfe P
=
| f
1 o
”[fB]

when f = fo A falls by %, or by 3db. The frequency range fB is called Bandwidth of the

amplifiers.
j@ :  Is the frequency at which the short circuit gain in common emitter
configuration falls by 3 db.
Jr +  This is defined as the frequency at which the common emitter shunt
circuit current gain becomes 1.
-h
A= —fe
1+] L
Ui
Let f=r5, A =1
h
| = fe -
1+ LT—
Ui
£ 2
1+ 2L =p2
f fe
B
2
f
(7;[3; =hg?~1 = hg? s b >> 1
f T =fi3 : hfe

Jp is the Bandwidth of the transistor
h,, is the current gain

Jfr is the current gain, Bandwidth product.
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In Common Emitter configurations, A, >> 1. But as frequency increases A, falls. Why should

I . . .
A, decrease ? A; = I—L . As frequency increases, X_ increases. So, X, increases. i.e., more and more
i
number of carriers will be stored in the base region itself. Due to this, less number of carriers will
reach collector. Storage of carriers at the base and emitter increases. So I decreases. Therefore I}
decreases i.e., g decreases. So g V,,, decreases or I; decreases. Hence A, decreases.

/1 depends on the operating point of the transistor. The graph of £ V, I_ for a transistor is
as shown,

Q 400 MHzs
<)
N
200 Hzs
T 100 Hzs -
10 50 100
- —> I.(mA)

Fig. 3.16 Variation of |, with frequency

For a typical transistor, f; =80 MHz
Jy = 1.6 MHz

Example : 3.1

Given a Germanium PNP transistor whose base wiath is 10 cm. At room temperature and for a DC
Emitter current of 2mA, find,

(a) Emitter diffusion capacitance

®) fr
Solution :
Given Dy = 47
C.~Cp, C, is negligible,
W2
T ™ 2D,
|1c|
But gn = V’; Ic : IE
2
_E,W
e Vr 2Dp
_ 2x1073x1078
26x1073 x2x 47

=82 pf
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fr =20

V;.2nC,
1500 MHz

Example : 3.2

Given the following transistor measuremegits made at I =5 mA ; V= 10V and at room temperature
he, =100 ; h, = 600Q ; [A,.] = 10 at 10'MHz C_ = 3 pf.

Findfﬂ s Jrs Cqs Tpie @Nd 1.

Solution :

S 2
1+ j=-
fB’ M
/B

he, = 100, A, = 10, at f= 10 MHz

10=
1+
fB
2
_f_ - 100x100 - 100
fB 10x10
/)
~—1 =100-1=99
/8
2
—]f— =99, f =10 MHz for use,
\/B
. fb = 1.005 MHz

Jr =Ny, f,= 100 x 1.005 MHz = 100.5 MHz

_em . _ I

8 > Bm
2nfy Vr
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_ K
e VT.2TCfT
S N
e 26 27x1005 P
h
_ Me 100 _
W= 5 =5 5200

Ty = h_— Ty, = 600 — 520 = 80Q

Example : 3.3

A single stage Common Emitter amplifier is measured to have a voltage-gain bandwidth £, of 5 MHzs
with R; = 500 Q. Assume h, = 100, g = 100 mA/V, ry,, = 100Q, C. = 1 pf, and f; = 400 MHzs.

Find the value of the source resistance that will give the required bandwidth.
Solution :

gm _ 100x1073

= 0.0405 x 10~° Farads

C =
e 2nfr  628x400x10°
h
fye = —& = 1K Q
gm

C =C,+C,(1+g,R)
1
=40+ 1(1+100 x 10 x = x 10%) =91 pf

Bandwidth ~ f, since £ is very small
1

Ju = 2zRC
where R =Rg || fye and Rg =R+ fyy
1 A 1
R

C2nfyC 628x5x100x91x10712
= 0.35 x 10° = 350Q)

R.erb'e

- =350Q ; e = 1KQ
Rg+1ye .

RS' = 539Q)

Rg=R' - fy =539 100 = 439Q
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Example : 3.4

Show that at low frequencies, the hybrid - model with r,.. and r . taken as infinite reduces to the
approximate CE h-parameter model.

—— <1
B i . < o
b % CFJ’&-I‘,
Eo— -

— OE

Fig. 3.17 Circuit diagram for Ex.3.4
Solution :

The h-parameters equivalent circuit in Common Emitter configuration is as shown in
Fig. 1.49. We have to show that the hybrid n equivalent circuit will also be the same with the
approximation given in the problem.

> Ib "
! lC
B B o C
Top!
five he 1,
E -

—OF

Fig. 3.18 Simplified circuit

If the expressions for the output current I and input impedance h,, are same in the hybrid = .

equivalent circuit and h-parameter equivalent circuit, we can say that both the circuits are identical.
This is the hybrid - & equivalent circuit neglecting capacitances

e =T, = © (since at low f, they are o).
I= Em Vb’e )
Vb'c = Ib' rb'e

I=g.. I tye

we know that Tye 8m = hg

I=hg. 1, [which is the same as in h-parameters circuit]

{in the derivation of g, ]

hie S rbbv + rb.e
Example : 3.5

The following low frequency parameters are knewn for a given transistors at [ = 10 mA, V= 10v
and at room temperature h,, = 5009, h_, = 10~ A/V, h,, = 100, h,, = 1040.

At the same operating point, f. = 50 MHz, and C_, = 3 pf, compute the values of all the
hybrid - © parameters.
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Solution :
el _tomA o
B~ Vo T 26mv O
hy _ 100
= = = —— = 2600

_ e _ .
Ty = he 260 x 10* = 2.6 MQ
Eee hoe -+ hfe) 8pc
=4 x 1075 - 101 3 =0.120 x 108
2.6x10
1 833KQ
r = —— =
®  Bce
-3
385x10
Em _ 1224 pf

e 2mfr 2mx50x10°
C,=3pf

Example : 3.6
A single stage Common Emitter amplifier is measured to have a voltage gain bandwidth product f;; of
5 MHzs, with R; = 500Q. Assume h,, = 100, g = 100 mA/V, r,,. = 100Q, C_ = 1 pf and
Jr =400 MHzs. '

(@)  Find the value of Rg that will give the required Bandwidth.

(b)  With the value of Ry, determined in part (a), find the midband voltage gain V/V.

Solution :

_ _gm___1oox1073

= = 0.0405 x 107 Farads
© 2nfT  6.28x400x10%

bt
gm

Tpe = 1KQ

1
C=C,+C,(1+g,R)=40+1(1+100x 107 x - x 10% =91 pf

Let Rg' = total input resistance = Rq + 1. ; Ry is the resistance of the source.
Let R be the equivalent input resistance = Ry! || 1.,
Jy = Higher cut off frequency
1
~ 2mRC
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1 1
=0.35 x 103 = 350Q

R= -
2"fH'C 2><11:x5x106x91x10"12
Rexfy, _ o1l o B
. =350Q; Rg'=539Q; Rg=Rg' - ny =439Q
Rg x1ye
8n Ry .Gy, o1
A, in the midband region = ('}"v—S:gTS‘, G = —Ii—ls—
‘e
Ayg=-32.5

Redraw the Common Emitter hybrid-n equivalent circuit with the base as the common terminal
and the output terminals, collectors and base short circuited.

Common Emitter Hybrid-m Equivalent Circuit

| ICC
11
Top' B' Tye C
B o—AW\ Wy e
®
Cye o %’b'e
be = gm vae rce
E

E
+4- GND

Fig. 3.19 CE Hybrid - n equivalent circuit

The base should be common terminal. So draw a line between base B and B’. We have r,;,. So draw
another line to indicate B. Between B and E, we have C,,, parallel with r,,. So draw these two in
parallel and indicate point E. E and B are input points. C and B are output points. Between B’ and C,
we have C,,, and 1, . So draw these two in parailel and indicate the point at Collector. Between

r
ce

—WV— o

E e -
g, Ve
Cp.—/ r
IC
B B’
rbb'
Be
777 GND B

Fig. 3.20 Withr,}, terminals B' and B shown separately
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Collector and Emitter we have g V. in parallel withr_.. So indicate these two between Emitter and
Collector output terminals. Base and Collector are to be shorted. So short Collector and Base terminals.
Therefore the voltage drop across the resistor

=R x =24 KQ x 100 mA
= 2400 volts !
A very large value
DC powers dissipation = IR = (100 x 1073)? x 24 x 10°
= 240000 x 1073
=240 W

Such a resistor cannot be easily obtained. Hence replacing L by equivalent R can be done only
when the output current is small.

3.10 Hybrid - © (pi) Parameters

To analyse the behaviour of transistor at high frequencies, a model based upon transmission line
equation will be accurate. But the resulting circuit becomes very complicated. By making
approximations, it becomes simple, but the analysis may not be accurate. So hybrid-m model is a
compromise between the two.

3.10.1 Hybrid - x Common Emitter Model

Common Emitter model which is valid at high frequencies is called hybrid-n or Giacoletto model. It is
as shown in Fig. 3.21.

gm Vb’e

Fig. 3.21 Hybrid - n - C E Model

C, = Diffusion Capacitance or Emitter Capacitance.
r,, = Base spreading Resistance

gn Ve = current source

g, = conductance

C, = collector junction barrier capacitance.

By analyzing the circuit we get results which will agree with practical results at all frequencies.
All the hybrid - = parameters are assumed to be independent of frequency.
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3.10.2 Discussion

Node B’ is not accessible r,,, is base spreading resistance. Excess-minority carrier concentration
injected into the base is proportional to V,, . So the small signal collector current with the collector
shorted to the emitter is proportional to V,, . This effect accounts for the current generator g V...
The increase in minority carriers in the base results in increased base current. This is taken into
account by the conductance g, between B’ and E. The excess minority carriers stored in the base is
accounted for by the diffusion capacitance C,. The feedback effect between input and output is taken
into account by conductance g,,. C, is collector junction barrier capacitance. Typical values of
hybrid - n parameters are for I_ = 1.3 mA at room temperature :

8n =S50 mA/Y, r,,=100Q, r,=1KQ, C,=100pf, C,=3pf, r, =80KQ
3.10.3 Transconductance : g

I, = Reverse saturation current.
Figure shows PNP transistor in CE configuration. Collector current I = I, - o, .

é'—lc

Fig. 3.22 PNP transistor circuit in CE configuration

Transconductance g _ = Vg Veaok = O Ve =+ Q, v for PNP transistor.
B E

Vg = Vg as shown in the above Fig. 3.22.

If the emitter diode resistance is r,, thenr, = gV o I

a —
g = 0_E_C0_C V1 = voltage equivalent of temperature
m V. V.
T T
N < RV o
C CO v gm VT ’ T 11,600

Since g, I depend on temperature. For PNP transistor, 1. is negative, for NPN . is positive.
3.10.4 - Input Conductance g,

Fig. 3.23 (a) shows hybrid-n model valid at low frequency. Neglecting all the capacitances,
Fig. 3.23 (b) shows the same using h-parameter equivalent circuit.

Lye >> Tyse o I flows into Tye . Vi = 1. Tye
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B Ty, 1
Bo—AW Wy — < c
Tt T
| o)
Vi § v g, Ve dD % Tee
Eo ‘L oE

(a) Equivalent circuit
Bo———

1
a2 < o C
hie
hrevce hfe'Ib hoe
E o

°FE
(b) Simplified circuit
Fig. 3.23
Short circuit collector current I, =g Vi ~ g, Iy Tye
el g
Ib VCE Bm Toe

Short circuit current gain hg, =

hie _heeVT En

or g g = —
8m |IC I be hfe
I, is directly proportional to temperature and inversely proportional to current.

or Tyve
3.10.5 Feedback Conductance : g,

With the input open circuited, h is defined as the reverse voltage gain. From Fig. 3.24(b), with
I, =0,

h, = Vice _ _ T
Vce Tyre + Tye
or Lye (1— hre) = hre tye
But Tye << 1, fye =h_ 5y
or gy = e 8ue
Identification of leads :

Transistor when held with leads upwards E is on left half side. The upper half semicircle is emitter.
E B¢

+ —
\/ a—___ 1«
A —-»|— K
Diode lead identifiation

Fig. 3.24 BJT and diode devices

Transistor case
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V
h, = Input Z = _I;e_ output shorted
_ . I .
h,, = output admittance v input open
c

h,, = reverse voltage d.c gain= V. V_,

V. =k

h,, = forward current gain = Io
Ip

3.10.6 Base Spreading Resistance r,,

The input resistance with the output shorted is h,. Under these conditions, 1, is in parallel with ;.

But gy =h_ gy Since 1y, >> 1y, Therefore Parallel combination
fye || Tye ~ Tye
b =rfy + oy,  OF Ty =h—ry
T - s s
e Tbb () Hel

3.10.7 Output Conductance g,
With the input open circuited, the conductance is defined as h  for I, = 0,

Vce VCC
I.= + + V.
C Ice rb'c + l'bvc gm be
hre = Vb’e |Vce Vb e hre Voe
B oo L Lo

By substituting the equation gy, = igx—m’ 8y = h, 8ye above,
f

€
By, = 8 + By + e hg, ghb'c
fe

or 8o = Do — (1 + hg) Bre.
If he >> 1, (1 +hg) ~hy,
' 8ee = Noe = Ny B
But 8vc = h,, . 8ve
o g.=h,—hh_. 8pc
But hy, - 8ve =8,

gcezhoe_gm'hre
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3.10.8 Hybrid - = Capacitances

The hybrid - = model consists of two capacitances C_and C..

C. :

c

f’r:

T =20°C

The collector junction capacitance C, = Cy... It is usually specified as C, by the
manufacturers. In the active region, collector junction is reverse biased, C_ is the transition

1
capacitance and varies as (V)™ where n is 5013,
It represents the sum of emitter diffusion capacitance Cp,_ and emitter junction capacitance
Cr.. For a forward biased emitter junction Cy, is usually much larger than Cy,
' Cpe + Cr.=C

for abrupt or graded junction.

De’

LW2
Stored charge in the base Qp = *2“1')*“
B

Dy = Diffusion constant for minority carriers in the base
W = Base width
[ = Diffusion current

dQB

Emitter diffusion capacitance C,, = v - rate of change of Qg with V.

or Coe™ qv 2D av =2DB T
adv Vp .
where re = E = I_— emitter ]unctlon mcrematal resistance.
E
wlig
Coe = 2Dmv.
B-VT
w2
En” 2Dg

Therefore Diffusion capacitance is proportional to emitter bias current I..
Hybrid - = models are valid for frequencies upto ~ f7/3.

It is defined as the frequency at which the common emitter short circuit current gain
becomes 1.
h,, = short circuit current gain

. En . Em
Jr wbee - Jy = 2n(c +C,) 2nC,

The graph of f; vs (versus) I . is as shown. It depends V . = 5V upon operating conditions
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Q@ 400 MHzs
=
(i

200 Hzs
T 100 Hzs

———t
100
—> 1.(mA)

Fig. 3.25 f. Vs graph

3.11  Measurement of f_
J; is very high, to measure by experiments
hy

1A = —=—S—o A= current amplification
2 1

il

for f>> f;, 1 can be neglected
: ]A.l-f:hfeﬁ; or

Al -f=he fy =1
fI‘ = hfe f[i

At some frequency f,, measure gain |A]. Then
St =f 1A

Ex: If f. = 80 MHz, fB = 1.6 MHz,
f, =5 x 1.6 = 8 MHz, which is convinient to measure than 80 MHz,

At f,=8MHz, A =10
fr=H @A) =80
J7 can be used to measure C,
g
C,= 5%
e 27tfT

3.12  Variation of Hybrid-n Parameter with Voltage, Current and Temperature

qllc!
1. = ———-(—:—. As I, increases g various linearly. It is independent of V.. It varies

En~ TKT

inversely with temperature. Incremental transconductance of a transistor.
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-n
VCE

BO = 8m Tye
Independent of I..

Low frequency value of 8

Increases steadily with V¢

Increases with temperature T.

r, = Incrematal resistance in hybrid -n model.

3.12.1 Determination of Hybrid - ® Parameters from Data Sheets

Suppose we want to determine the hybrid - m parameters for a 2N 3564 NPN silicon transistor at the

operating point of I. = 5 mA and V; = 5V. Make reasonable assumptions.

Table 3.1 Characteristics of 2N 3564 NPN silicon transistor at T = 25°C.

Symbol Parameter Min. Max. Units Test conditions
h Low frequency current
gain at f= 1KHz 20 80 - [c=15mA, V=10V
" by, High frequency current
gain f= 100 MHz 4 7.5 - [=15mA, V=10V
I, Real part of h;,
open circuit output - 30 Q [=15mA, V=10V
Covo Capacitance 2.5 pf Ve =10V, ;=0
At the desired operating point of SmA,
Trans Conduct el Hemd 5
rans Conductance g = KT~ 25 25 .2 mhos ().
1 _a_1
Vr KT 25
r_= Incremental resistance in the hybrid - = model =r .
h
fe= —& == =400 Q
Em

From the Table 3.1 C,,, open circuit output capacitance = 2.5 pfat V., = 10V. (C)) = C, will

also be the same at 10V. Therefore to calculate C. at the desired operating point of 5V, we have
C.=C, =~ (Vep)'?

(SR

n=

for junction diode.
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1

5Y73 10)"3
C,=Cc=25x (ﬁ) 3 =2.5x(?) 3 =2532 =3.16pf,

To find C,, (C,), incremantal capacitance in hybrid - © model.
o =27 f; = olhg, (0)]
fr=1hy)
h, =7.5at f=100 MHz
f3=75%x100 =750 MHz at1.= 15 mA

ST
Ce—xW—T—C‘C
Ce= T

_ %m
C"_V—V:F__CC

600 .
= (0.75><2_n] — 2.5 =126 pf at operating point of 10V

gm
= +
C= C,+C, Iy
q q 1
Bn = KT * ™A YT =725

15 3
I. = 15 mA, gm=?5-=—5-=0.6mho((j).
C = C,= 06 2.5
T amasoxio®
=128.5-2.5
=126 pf
To convert this to the desired operating point of I, = SmA, since (C, varies linearly wiu1.).
C, =126 >
= X —
€ 15

=42 pf
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Example : 3.7

Find wherever possible, appropriate values for the hybrid - n parameters at I. = 5 mA,
Vg = 4V for a 2N 1613 transistor (BJT) using the data listed below. Use typical values. Make
reasonable approximations.

Charmacteristics of 2N 1613 at T = 25°C

Symbol Characteristics {Minimum Typical | Maximum | Units Test Conditions
he Low frequency I.= 10 mA
f=1KMHz gain 35 80 - - Vg =10V
Ihg| High frequency 3 4 - - [, =50 mA
and gain /= 20MHz Vg =10V
C output capacitance - 18 25 pf | Ig=0
Vg =10V
r' Real part of h,, at - 30 - Q | [.=10mA
f=350 MHz Ve =10V

Transconductance : g,

_ qllc| !S]: — A0 —
Bn= KT q at T =25°C =25

5
=55 = 0.2 mhos (O).

From low frequency h,, data we know that B, = 80 at I =10 mA. We can assume that at
Io =5 mA, B will be the same.

B 80
r o= —% = =400 ohms ().
gm 02

Incremantal resistance in hybrid - © model.

1
+—
3
Feed back capacitance C,=25 (?J =3.16 pfat Vg =5V~ V..
80 ‘
= 60
40
20~
ettt
10 50 100
—> I.(mA)

Fig. 3.26 Variation of h, with |,
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Jfr - Frequency at which Current Gain = 1
01 = @ |hg ()

or Jfr= SO

At f=20MHz, h, =4
fr =4x20=80 MHz

Capacitance in Hybrid - 1 Model

C, is in pf. If we take g _ in KQ, Cu in pf, and T in nano seconds.

0.2
= - 3.16 x 10712
2xtx80x10
6
_ 10¥ x0.1 3,16 pf
3.14x80
5
= 25100 16
~ 100 — 3.16 pf
= 96.84 pf.

Now we must convert it to the desired operating point of I. = 5 mA, V., = 4V.

C,~C,
C, varies linerly with I ..
C, at I.=5mA, V= 10V,

5
=96.84 x T0° 48.42 pf

To convert C_to V. = 4V, instead of 10, we need to know the relation between @ and V..

As it is not known we assume that C_ remains the same at V. = 4V also.
N * Iy at I = 10 mA, Vg = 10V =30Q
At Ic=4mA ry=30Q
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3.13  Specification of Amplifiers

The Specification parameters and ideal values of an amplifier circuit are given below :

Parameters Ideal Values Typical Values

1. Bandwidth (BW) 0 100KHz

2. Volgate gain (A,) © 600

3. Current gain (A)) ) 10

4. Power gain (Ap) 0 6000

5. Figure of merit (Gain - BW product) o 1000 KHz

6. Input Impedance ob 5.6 KQ

7. Output Impedance 0 900 Q

8. Frequency Roll-off © 2 db/decade; 8 db/octave
Example 3.8

If p= 150, what are the cutoff frequencies of the input and output lead networks of the
given circuit ?

Fig. 3.27 CE amplifier circuit

When B value is given, and not h,, of the transistor, the input impedance of the transistor can
be determined.

Zin ='¥EL
Iy
vm=iere' ie = iC= Blb
Vin = Bib' rc'
Bib.re
in ib =B. e
Rm=Rl “R\QNﬁ 're'

Br,' =150 x 22.7 = 3.14 KQ
R, = 10K || 2.2K || 3.14 K = 1.18KQ
R, =R, = 3.6K
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1
" 2n(Rg+R,)C,

Jn
Cutoff frequences of input network (HPF)
1
Jo= 2n(Ry+R,)C,

1
T 2n(IKQ+1.18KQ)(0.47pF)

=155 Hz.

’,=fH

Jin

1
fo= = 25G3.6K+1.5KQ)(2.2pF)

=142 Hz
14.2 Hz is LPF cutoff frequency of output network.

3.14 Design of High Frequency Amplifiers

Broad band transistor (BJT) amplifiers use shunt feedback and series feedback methods so as to get
large Gain — Band width (BW) product. If number of amplifier stages are cascaded, the output
current is made up from several transistors and the individual device operating point canbe made to
correspond to the optimem Gain - B.W. product of emitter current.

A single section of a multi stage amplifier is shown in Fig. 3.28. The input impedance of the
amplifier circuit is low compared to the impedance of the parallel R-C network.

+Vee

R.F. coil
L2 LR

o—TTO T —o

—

\AAY
~

CHA=< <
L2 T L2
o—F000 73000 —o
Fig. 3.28 One stage of multistage amplifier.

1
5= 2are
where f; is the B cut-off frequency of the transistor.
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Now consider 3 such stages cascaded as shown in Fig. 3.29. R is the series resistor and h,_ is the
transistor low frequency input impedance. h , of the BJT is small and so it can be neglected.

L2 L2 L L2

00000

50Q o =

/I

777 Y 777

Fig. 3.29 Three stage cascaded ampilifier.
e, is the input voltage

- S |

1T (R+h,) R
Since h;, of the BJT is small compared to R.
R, isa 50 Q load for the circuit.

The voltage gain gets multiplied for each stage. So for n-stages,

R R
ey = (n. i) (7“) =n.B, i, (—Z-L-J

_n Bo-&-Ry
2R
where B, is the low frequency current gain () of the BJT.
n = number of cascaded stages.

The Voltage Gain for ‘m’ cascaded stages is, (V.G) m

(V. G), - [———“‘ L B°]

Typically, a single stage will have a 3-db frequency of 200 MHzs in high frequency amplifiers.
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Effect of Emitter Degeneration :

The approximate high frequency equivalent circuit for a BJT operating in C.E. configuration is shown
in Fig. 3.30

CC2
[
- [ Ce,
by I{ o
B
O O]
Base Wy I\ Collector
Y iy
i, Current source
r, (Bo+ 1) NOL®
Emitter E
B+ Rc

Fig. 3.30 High frequency equivalent circuit for a BJT.
r,,+ = Base spread resistance
CCl = Collector emitter capacitance

C, = Collector-base capacitance

J I

] (]

. VT (25
r, = Emitter resistance = =l 7| Qat25°C.

T = Temperature in OK; (273 + 25) = 298 %K for 25 °C.
k = Boltzmans’ constant.
C, = Diffusion capacitance

Let B be the current gain at any frequency f.

Bo

Then B=
1+j[——fj
T

where B, = Low frequency current gain

fB = Beta cutoff frequency
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Typical values of these parameters are, for V. = 10V, I = 10mA

Ly =70 Q
Cer = 1pf
C=2p0f
B, =100
fB =6 MHZs
r,=4Q
Cy.= 130 pf
If f>> fB’ the input circuit can be simplified as, (Fig. 3.31)

Base

+1)R
B+DR, 1+RCeq

777 C_ e

-([3761) Emitter

Fig. 3.31 Simplified input circuit.
The equivalent input impedance of the R-C combination on the input side along with transistor

capacitances is shown in Fig. 3.31.
If the frequency range of consideration is such that X ,, and X ., can be neglected and ‘f” is
greater than fB’
f> fB but Xcél and X, are negligible,
B+1)R
Z1 = Ty + _(_')__e_
(1+joR.C,)

But, B=7"217
7]
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1
Upper cut-off frequency f, = TR.C

e™e

for frequencies below £,

. (rbb' +Re)+Re I‘)’0

= -
1+4%
g

with a parallel R-C network inserted in the base,

R BoR
= | ———|+(r, +R_}+ <
we have, ZT [HijRJ (bb e) | "o
+ j—
®g

1
If the R-C combination has the same 3-dB points as fB’ then fB = m

_ R+B0Re

so that ZT 7y
1+ (J—({)—J
©

[roor + Re ]

], the input impedance of the delay line comprises a

If f> f[s but less than f£,, [ = SRC
ee

resistance (ry,, + R,) in series with a parallel combination of R, q and C, «
Calculation of R, and C_ for a required Gain - B.W value (for uncompensated case)
The voltage gain A of one section at low frequencies is given by,
_ Bo Ry
2[ (R +BoRe) +(rop +Re)]
__BoRy
2(R + BORe)
For uncompensated case, C, = 0.

The Bandwidth B.W is given as,

Ay

1
21 Cy (Re + 1)

B.w=

-

1
where Ceq = 21th (R B, Re)

B.W = f,
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Gain Band width product fp-Po Ry
ain band wi roauct = -, .
P 2(ry +R,)

For compensated case, C, # 0

1

()
"’] 105k (1+jﬂ](1+ijece)
Op

I+j—
Wp

In order to have good compasation, R, C, must be chosen such that the break frequency is same

as in the case of uncompensated Band width.

.. we have, Joy = f, of uncompensated circuit,

1
/= 2m C.R,
The value of £, , the upper cut-off frequency for compensated circuit can be obtained by equating
the real and imaginary parts of Z at £, .

Since R >fﬁ,
. j® [
We have 1+ (L—] ~ 10
©Op,) O
Also, oC,R =1
Zratf=fy.

©g

. [R +{(BoR.(1+ D)) (;;J o ¥ (%jj]

_ Re) BB R )| . |f(BoRe+2R) (R]
2 2f,, 2f,, 2
. Equating real and Imaginary parts,
_ Js (Ro +PBo Re)
fo= T T
The B.W improvement factor ‘k’ is,

k= éﬁ.:].{.(_&i)

Jau Tpp!
L, and C, can be determined, using the transmission line equation,

Zy=,|(Lo/ CO)[I —[fcutf-off ﬂ
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1

U —
cutoff oo m

C is usually chosen as 2 or 3 times C,

R is computed to correspond to R = 2 Gty

R, can be calculated from the equation for £, .
C, is obtained from the equation for £, .

Typical values are :

£ o= 250 MHz
Z,=48Q

L,=0.05 uH
Co=19pf

R +ByR) =25kQ
R,=30Q
C.=50pf

Problem 3.9 : Find Z, Z, and A in the case of an emitter follower given that,

Cpe = 1000 pf Cy. = 10 pF
Tye =100 Q 1, =30Q
h,, =100 R, =100 Q
R!=190 Q
Expression for midband input impedance is,
Z, (midband) =,y +ry, + (1 + hg)R,,
=30+ 100 + (100 + 1) 100
=130 + (101) (100)
Z, (midband) ~ 10kQ
(fye+he R, >R,
Cye

1 = e———
We have C [+g.Ry

1000x 10712
(1+100)

11

10pF
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1
(rb'e + hfeRe ')(Cb'c + C')

@y

1
(100 +10%) (10+10)10712

®, =5 x 106 rad/sec

for emitter follower A, <L

Préblem 3.10 : Design a single stage LF. amplifier to have carrier frequency f, = 455 kHZs, B.W =
10 kHZs, V. = -9V, I, =— ImA. The small signal hybrid = parameters are :

ryg =70 Q Cy, = 1550 pf

gb’ez 800 Hv vae =9 pf

g, = 8.6 pQ g, =38.6 mU
e = 0.25 pQ

Solution : The circuit diagram is shown below

T “Vee

—0

3

To next stage

Fig. 3.32 |.F. amplifier single stage.
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1

Te = gb'e = 125 kQ
1
r,= g =120 kQ
ce
rb'C g b| - 4 MQ
8y = 0.133 mU

o, =2n f, = 2.8 rad/sec
Choose R, and R, such that [, = ImA.
Since Xop <<R,,if R; = 5kQ, than C, = 0.05 pF
If R, = 1kQ, then C, = 0.1pF.
Let R =500 Q and Cj; = 0.05 pF
Substituting in the expression for R and R ,
R, =526 Q R, =324 kQ.
C,=1268 pF C =33 pF
G, =34.6 mA/V.

is calculated as 12.4 kQ. C_ is calculated as 9 pF. R must be matched with the load (R, of the
next stage). So the transformer turns ratio must be,

R, [324x10°
- -2
=78:1
The feedback components, resistor R, and capacitor C_ can be determined as,

Ry 127kQ
R,=| 5 |75 =1640Q

C,=n.C,=78x9x 10712 =702 pf

The equivalent circuit is shown in Fig. 3.33.

C.H= §Ri (Dvai §R0 =<Cp =< C, =< §Ri
C

Fig. 3.33 Equivalent circuit.
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2
P— . R -R,-mR

i~ R’ L So i
I =1

2
G, Vi
P°=I°2.RL=I°2R°=(—';—) .R,

G2 .R,R, J

N
Power gain Ap = P 4

2
(34.8 x 10"3) .32.4x10% x528
4

= 5200
Power gain in dB = 10 log (5200) = 37.16 dB

Q factor = £=M =455
B 10x10° :

with a coil having Q. = 100,
The inductance of the coil is,

_ R, (Qc - Q)
~ 2or QQ,

_32.4x10°(100-45.5)
2x2.86x10° x 45.5% 100
=67 uH

Parallel tuning capacitance

= ~ 1800pF
(8.18x1012)2. (68><10°6) P

The total transformer primary inductance Ly is,
1 1
2 2.
ore (8.18x1012) (206.2>,<10“2)
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Problem 3.11 : Design a JFET Single Tuned Narrow Band amplifier with a centre frequency of 5.0

MHZs, Q = 40, B.W = 100 KHZs midband gain A ,, = 150. Given, for the JFET, Cy; = 20 PF, Cq
=50PF, Vp, = 15V, V,=-2V.

Solution : Given

Jo =5 MHZs L=?
Q=40 C=71
A =150 Ry=7
Cpg =20 pF
Cis = 50 pF
Vpp =15V
V,==2V
g,= 10 my
r,= 1MW
Circuit Diagram :
*Vpp
T
L ——C 3R,
C2
[ |
H

|| R
I V"—* 0.01 uF
C \'4

<
©
AN~
~
Q
=
w
A
VVV
]
@]
[
W
L

Fig. 3.34 Circuit diagram for Problem 3.11.
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{3

o
Expression for A (s) ~ A
2 (moj 2

1

Centre frequency w, = m

Rp

Quantity factor. Q=0, Rp (C+Cqp) = %_L 3 A i = 8 - Rp

where R, is the parallel resistance,
Rp = (15 IRp I Ry)
The maximum value of Rp =1y
fo=5MHZs
®y=2mf,=2x3.14 x 5 x 10° = 31.4 MHZs
1

P
0 JL(C+Cqp)
1
314 x 100 = ———reerees: L 1
\/L(C+20x10‘12)
0 Ko
oL
40 = Rp 2
C314x10%xL 2
A= 8n- Rp ..... 3)
150 =10 x 1073 x R,
R - 150 y
P Tox10° POk

Rp ="15kQ



High Frequency Transistor Circuits 139

40— 15x10°
31.4x10°L

15x10°

- ——————— e —3 -
3 Lax105 a0 _ 0012 10~ H=0.012mH

1

@0~ L(C+Cgp)

1
J0.012x1073(C + 20pf)

314 x 106 =

1
0.012x107*(C +20pf)

(31.4 x 1062 =

1
0.012 x 1073 (C + 20 pF) = ———— =0.001 x 10712 =101
(31.4x106)
-15

+20 pF) = ————
(€ +20pF) = S o12x10

=833 x 10712 =83.3 pF

C =83.3-20=63.3 pF
L =0.012 mH
C =83.3 pF
Let R;=100kQ R =1, Rp[IRy
r, = IMQ
R,=15kQ .. Rp=7?

IMQx100kQ _ 10x10° x10°

ol Rs = iMa 7 100k02) ~ (10x10° +10%)
. 10" 10°
ol R = e T
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Qo100
p_ 11 ”RD

108

1R 10°R,
15 %103 = 108 = 10° + IR

15 x 10% + 165 x 103 R, = 106 R
15 x 10° = 10% R, (1000 — 165)
15 x 10° = 10* x Ry, x 835

15x10°

= ———— =(.012 x 106 = 12kQ
D~ Tooxg3s 012X

R, = 12kQ
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. Typical value of C_, output capacitance is

. Relation between fT, j; and hfe is,

. Classify amplifiers depending on the position of the quiescent point of each amplifier.

Objective Type Questions

Hybrid - ® model is also known as model model.

Hybrid - = circuit is so named because

b’ to denote Base spread resistance r,,, is terminal of the transistor.

Transconductance g in Hybrid - = model is defined as

Typical value of r, , is

Expression for g, =

Expression for h_in terms of h_ and I, is,
e fe C

/1, is the frequency at which Common Emitter short circuit current gain

Relation between f, h, and f[S is

Expression for C_ interms of g_ and f is,

r_in Hybrid -  equivalent circuit is

. Ifh, =100, g_= 0.5 mhos, determine the value of r,, .

Hybrid = capacitance C_ is of the order of

. Draw the hybrid -t model for a transistor in CE configuration.
. Whatis f.?

What is the significance of the gain bandwidth product ?

. What would you neglect while drawing a low frequency model ?

. How does the trans conductance (g_) depend on current ?

. How does the trans conductance (g_) depend on temperature ?

. Write the expression for r,_in terms of g_and h_.

. How does the diffusion capacitance depend on current and temp ?
. Write the expression for C_in terms of g , W, D,.

. When is the hybrid - &= model valid ? (at what frequencies)

. What is an emitter follower ?

. Which time constant is considered for the bandwidth ?

. What is the expression for B cutoff frequency ?

. How are fﬁ and f. related ?
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Fssay Tyvpe Questions
1. Draw the high frequency equivalent circuit of a BJT and explain the same.
2. G ive the typicalvalues of varibusH ybrid -1 parameters.
3. Derive the expressions for Hybrid - n parameters., C_, 1, fye» Cc
4. Derive the expression for the Hybrid - & parameters g_, r_., C, and Ty, g,
5. Explain about Hybrid - 7 capacitances. How do Hybrid - n parameters vary with temperature ?
6. Obtain the expressions for fB and f; of a transistor.
7. Draw the circuit and derive the expression for CE short circuit current gain A, interms of at any
frequency ‘f and fB of the BJT.
8. Explain how f; and £ of a BJT can be determined ? Obtain the expression for the Gain -

Bandwidth product of a transistor.
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Answers (o Objective Type Questions

J—

Giacoletto model

2. The parameters are of different units (Hybrid) Q ,t5, constants etc. The shape of the circuit is
in 7 - shape.

3. Fictitious terminal

4 g -y -k
BT SVBE| T
5. 100 Q
6 gb'e = gm / hfe
7 h _ hfevT
e IIC |

8. becomes unity
9. fl‘ - hfeo-/[;

10. C =g /2= S
11. 2.5 pf.

- 12. Incremental resistance.
13. 1, = h, /g =200Q.
14. Picofarads
15. f,=h, j;

16. ClassA, B,AB,C
17.

rb'e é =FC ree % GD gm Vb‘e

E e E

18. Frequency at which short circuit current gain is unity.
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19. Tradeoff b/w gain and BW.
20. Capacitances.

. e lic|
21. g_directly depends on current. or g_= V_T org = *2-6— mt.
22. g _inversely proportional to temp.
gm hfe
23. g, = =r, = —.
gbe hfe b'e gm
24. C_oacurrenta T
W2
25. C_=
De 'm 2DB
2
w f
26. 2nf 6DB <<l or f<<3f or f= ?
27. CC

28. input time constant.

En

1
29, f=— —=0—
’ h, 2m(C,+C,)

30. fi=h_f,



UNIT -4

Power Amplifiers

In this Unit,

¢ Power amplifiers - Class A, Class B, Class C, Class AB and other types
ol amplifiers are analyzed.

¢ Advantages and Disadvantages of different types are discussed.

¢ Thermal considerations and use of heat sinks is also explained.
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4.1 Introduction

When the output to be delivered is large, much greater than mW range and is of the order of few
watts or more watts, conventional transistor (BJT) amplifiers cannot be used. Such electronic
amplifier circuits, delivering significant output power to the load (in watts range) are termed as
Power Amplifiers. Since the input to this type of amplifier circuits is also large, they are termed as
Large Signal Amplifiers. In order to improve the circuit efficiency, which is the ratio of output
power delivered to the load P, to input power, the device is operated in varying conduction angles of
360°, 180° less than 180° etc. Based on the variation of conduction angle, the amplifier circuits are
classified as Class A, Class B, Class C, Class AB, Class D, and Class S.

4.1.1 Power Amplifier

Large input signals are used to obtain appreciable power output from amplifiers. But if the input signal
is large in magnitude, the operating point is driven over a considerable portion of the output characteristic
of the transistor (BJT). The transfer characteristic of a transistor which is a plot between the output
current - and input voltage Vg is not linear. The transfer characteristic indicates the change in i, when
V, or I is changed. For equal increments of Vg, increase in I will not be uniform since output
characteristics are not linear (for equal increments of Vg, I will not increase by the same current). So
the transfer characteristic is not linear. Hence because of this, when the magnitude of the input signal is
very large, distortion is introduced in the output in large signal power amplifiers. To eliminate distortion
in the output, pushpull connection and negative feedback are employed.

Ic IB3

I =

By

—p VCE
Fig. 4.1 Output characteristics of BJT in CE mode

For simplicity let us assume that the dynamic characteristic of the transistor is linear.

Q : operating point

Fig. 4.2 Transfer characteristics of BJT
4.1.2 Class A Operation

If the Q point is placed near the centre of the linear region of the dynamic curve, class A operation
results. Because the transistor will conduct for the complete 360°, distortion is low for small signals
and conversion efficiency (1) is low.
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4.1.3 Class B Operation

o

-

—V

<l

2n

Fig. 4.3 Transfer curve

For class B operation the Q point is set near cutoff. So output power will be more and conversion
efficiency (n) is more. Conduction is only for 180°, from 7t - 2x. Since the transistor Q point is beyond
cutoff, the output is zero or the transistor will not conduct. Output power is more because the complete
linear region is available for an operating signal excursion, resulting from one half of the input wave.
The other half of input wave gives no output, because it drives the transistor below cutoff.

4.1.4 Class C Operation

Here Q point is set well beyond cutoff and the device conducts for less than 180°. The conversion
efficiency (n) can theoretically reach 100%. Distortion is very high. These are used in radio frequency
circuits where resonant circuit may be used to filter the output waveform. Class A and class B
amplifiers are used in the audio frequency range. Class B and class C are used in Radio Frequency
range where conversion efficiency is important.

i .J\"

‘[__‘a 0o o,
_—> be
a,

Fig. 4.4 Transter curve

4.1.5 Large Signal Amplifiers

With respect to the input signal, the amplifier circuits are classified as
(i) Small signal amplifiers  (ii) Large signal amplifiers

4.1.6 Small Sigual Amplifiers

Here the magnitude of the input signal is very small, slightly deviating from the operating point. But
always the operation is in the active region only. The characteristics of the device can be assumed to
be linear. We can draw the equivalent circuit and analyse the performance. The magnitude of
the signal may be few mV, in single digits. The operating point or Quiescent point Q swings
with the input signal. Because the input signal magnitude is small, the operating point is in the active
region only.
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4.1.7 Large Signal Amplifiers

Here the magnitude of the input signal is very large and deviation from the operating point on both
sides is very wide. So because of this, the device performance cannot be assumed to be linear.
Because of the large swing of the input signal, the non linear portion of the transistor characteristics
are also to be considered. Hence the linear equivalent circuit analysis is not valid. So for large signal
amplifiers only graphical analysis is employed.

Power amplifiers, class A, class B, class C amplifiers, push-pull amplifier are of this type.
Large signal amplifiers are used where the output power requirement is large. If we use small signal
amplifiers, the number of stages to be cascaded will be large, complicating the circuit.

Factors to be considered in large signal amplifiers :
1. Output power
2. Distortion
3. Operating region
4. Thermal considerations
5. Efficiency (n)
Amplifier circuits may be classified in terms of the portion of the cycle for which the active
device conducts.
ClassA It is one, in which the active device conducts for the full 360°. The device is
biased in that way.
Class B : Conduction for 180°
Class C : Conduction for < 180°
Class AB:  Conduction angle is between 180° and 360°

4.2 Class A Power Amplifier

The circuit for class A amplifier considering only load resistance R, is as shown, in Fig. 4.5.

L I.=1
-

!
@
vBB

——e
——wo

o
Fig. 4.5 Class A power amplifier

There are two types of operations :
1. Series fed 2. Transformer coupled

4.2.1 Series fed

There is no transformer in the circuit. R, is in series with V. There is DC power drop across R; .
Therefore efficiency (1) = 25% (maximum).



Power Amplifiers 149

422 Transformer Coupled

The load is coupled through a transformer. DC drop across the primary of the transformer is
negligible. There is no DC drop across R;. Therefore 1 = 50% maximum.

V, and I, are the root mean square (rms) values of voltage and current.

[ =11
c 'y

N
i
y ;2___I~Pvl
> I ;
OI_\Z_‘“E__C_' i\z
1

min

Fig. 4.6 Output characteristics

In class A amplifier, the conduction is for full 360°. Therefore the operating point lies in the
active region only. Let us assume that the static output characteristic of the transistor are ideal and
linear. So if the input is a sinusoidal signal, then the output will also be sinusoidal.

Let us use the subscripts y for output and x for input. Therefore i, =i,. Output is on y-axis.
So subscript y is used. Input is on x-axis. So subscript ‘X’ is used.

The output power P, can be found graphically.
v, = (rms) output voltage
I, = (rms) output current

Subscript ‘y’ for output

Subscript ‘x* for input
P =V 1= Iy2 R;.

| S
I, = Peak value fo the current = (-—'“Lz-—mﬂj
Im\s = Im/.\/—z— = Iy
m _ Imax =!ymin

I, ==
y 2 22
(Inax — Imyn) = Peak to peak value

Iy

pP-p

Wm=L=57

Vimax — Vmin

242

It

Vy

o
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max__ Vmin) (Imax B Imin)

8

Therefore output power P =

4.2.3 Efficiency of Amplifier Circuits

Let V. is the DC voltage being supplied to the circuit and L is the DC current drawn by the circuit.
Therefore the DC power input to the circuit is Vyy- 1. Let Ry be the load resistance. Therefore DC
power absorbed by the load is (Iy2 R+ I V) where I and V, (with small subscripts y) are the rms
current and voltages absorbed by the load and I (capital Y) is the DC current absorbed by the load.
In addition to the DC drop across the load and AC drop across the load there is thermal power
dissipation P, across the device, since it gets heated. According to the law of conservation of
energy, the input power should be equal to AC power, + DC power loss across the load and thermal
dissipation.
=12

Vy, I, =12%R +I V, +Pp

V,y - I, = Total input power

L2. R, = DC power drop in the load

1.V, =AC power in the load

But Vo=V, +L Ry
Vy = DC voltage, I, =DC current
PD=(Vy+1yRL)Iy=Iy2RL+IyVy+PD
P, = Thermal power dissipation.
.~ Po=V, L -v i
If the load is not a pure resistance, v, should be replaced by V, I, Cos 6. The total AC input
power + Input DC power = DC drop across the load + AC output voltage + thermal dissipated power.
Now if there is no AC output power i.e, the device is not conducting, then the rest of the power
should be dissipated as heat. Therefore if AC power output is zero, ie., AC input signal is zero, then
P is maxirum. and has its maximum value v, 1. Therefore the device is cooler when delivering
power to a load than when there is no such AC power transfer. When there is power drop across the

device itself, it gets heated.

4.3 Maximum Value of Efficiency of Class A : Amplifier

Certain assumptions are made in the derivation, which will simplify the estimation of the
efficiency (). Because of this some errors will be there and the expression is approximate.
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The assumption is that the static output characteristic of the transistors are equally spaced, in
the region of the load line for equal increments in the base current. If i is increased by 1 pA, i, will
increase by ImA, and if i, is increased by 3 pA, i, will increase by 3mA. Thus for the load line shown
in the Fig. 4.7 the distance from 1 to Q is the same as that from Q to 2.

min
0

Fig. 4.7 Transfer Curve

In the case of transformer coupled amplifier, supply voltage is only V, and not V.,
since the DC drop across transformer can be neglected. In the case of series fed amplifiers, supply
voltage V. is V..

L=l

I, is the current corresponding to the operating point.

V,, is the voltage corresponding to the operating point.

The general expression for conversion efficiency is

Signal power delivered to load

= x 100
LIS power supplied to output circuit
Ppe=Vm - Iw2  Ppc=V, 1
. . . Vm Im
V., is the peak value or maximum value. Since rms value = —E L,= 5
\
m
Vnns =

o = 5

ms
_ (Valy)
P = 2
L Vi
A Ym-m
n=2 x100% =50 ~mIm o
Vyyly Vyy Iy
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1
V,, = Peak value = 3 (Peak to peak value)

Vi Im /2
Vyy Iy
I, = 1, since transistor will not conduct, if I,,, = 0.
Vee -Ver e
2

n= x 100%

P, =

_ Yoc ~VcE

R R;= Load resistance referred to primary.

IC
L

Po=(Vee — Ve 2R,
Ppc = Ve ¥ Ic
\" -V
=Vcc[ olln CE]
R
L

P

DC

\
=50 {1 -CE }
Vee

If it is a transformer coupled amplifier, Vy is the DC voltage. Since Q point is chosen in the
middle of the load line, graphically,

x 100

Vmax ~ Vinin
v 2
for a transformer coupled amplifier, there is no DC drop across the transformer.
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VeezVee =V,
DC input power = V. I,

v, - Vmax + Viin
2
25(ymax ~ Vinin !x 2
(Vmax + Vmin

>0 (vmax ~ Vinig )
(Vmax + Vmin )

V,, will be the quiescent voltage itself for transformer coupled amplifier. Since there is no DC
voltage drop across the transformer.

If V_;, = 0, maximum efficiency = 50% for class A transformer coupled amplifier.

For series fed amplifier, V,, =V, , =2V,

25V,

ax ~ Vmin ) %,
Vmax

Therefore for a transformer coupled amplifier conversion n is twice. (50% compared to 25%
for series fed amplifier)

n= If V.= 0, maximum n = 25%

4.4 Transformer Coupled Amplifier

In AC amplifier circuits, the input AC signal should be coupled to the amplifier and output of the
amplifier should be coupled to the load resistance. The coupling device should be such that, it allows
only the AC signal to the amplifier circuits and blocks the DC components present in the signal
generator, because we are interested in amplifying only AC signals. For this purpose a capacitor can
be used for coupling.

Amplifier
circuit

Fig. 4.8 Coupling in amplifier circuits

Types of coupling :
1. Capacitor coupled amplifier 2. Transformer coupled amplifier 3. RC coupled amplifier
4. Direct coupled amplifier 5. Inductor or Tuned amplifier

Eg is the AC signal generator and Ry its source resistance. C, and C, are the coupling capacitors.
They are chosen such that, for the lowest frequency signal to be amplified, XCl and XC2 are
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short circuits. But because of these reactive coupling elements, as signal frequency decreases X
increases. Hence there will be large voltage drop across the capacitor and so the actual input to the
amplifier reduces and hence gain decreases. Similarly at high frequencies because of the shunting
capacitance Cg, gain falls. Therefore there is a particular frequency range in which gain is of desirable
value only.

Instead of capacitors, transformer can also be used for coupling.

— M

R

s
v <~> l l Am'phf.ler l l
s circuit

Fig. 4.9 Transformer coupling

Transformer does not respond to DC. Therefore only AC signals froth source to the amplifier
circuit and from the amplifier to the load will be coupled. But what is the advantage of the transformer
coupling ? Suppose, the load resistance R, is very small ~ 4Q, 8Q or 15Q as in the case of a loud
speaker. The output impedance R, of the transistor amplifier is much larger (for common emitter and
common base configuration Ay, A; >>1). Therefore impedance matching will not be there and so
maximum power will not be transferred. Even if capacitive coupling is used, impedance matching
cannot be achieved. But this can be done using a transformer.

N 2
-1 M
o {Nz] e

A%
=

N
{——I—J = Turns ratio of transformer
N2
N, = Number of turns on primary side.
N, = Number of turns on secondary side.

Ny
R, is much larger than R; . Therefore N > 1 or the transformer that should be used should

2

be a Stepdown transformer. Therefore the output voltage at the secondary of the transformer will be
much smaller compared to the input voltage since stepping down action is taking place. [This is the '
case with class A and class B power amplifiers in the case of lab experiment]. But the current
amplification will be there and because of Z matching, maximum power will be transferred to the
load. Similar to resistive capacitor coupled amplifier, we have the frequency response which depends
upon the inductance of the primary and secondary. The transformer on the primary side is chosen
such that the source resistance of the generator matches with the input Z of the amplifier circuit.
Transformer coupled amplifiers are used in low audio frequency range only because at higher
frequencies the X; of the transformer will be large and so the gain falls.

Another advantage with the transformer coupled amplifiers is the AC current passing through
the load resistance R; results in only wastage of power, since we are interested in only AC output
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power. Moreover passing DC current through the loudspeaker coil is not desirable since it produces
hum or noise. Therefore if transformer coupling is done, DC component of current passing through
the transformer can be avoided.

R,
o T
l L]
: |
Fig. 4.10 Transformer coupled amplifier
Vi I N,
o7 o, =T (For a transformer with usual notation.)
2 Ny
N N
V= —L Vas 11*(—2] L
N, 1
1 1Y
V==V, [[=n.], Therefore — = L
n 1 n° 2

R;, R,, R; are chosen depending upon the biasing point. Cp is emitter bypass resistor. Transformer
T, is chosen to match R; of the circuit with Rq and transformer T, is chosen for R, of the circuit to
match with R;.

1
R =—.RL

™
(S

.2

C, is also a bypass capacitor. For AC it is short circuit.

The equivalent circuit, in terms of h-parameters neglecting the biasing resistors and capacitors,
also neglecting the input transformer and considering base and emitter as the input ports.

B r—— =
—? Icl 1\ I
bl é h R 1 RL N2 <1
. h \% FTHTN
E I

Fig. 4.41 Equivalent Circuit
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The transistor is replaced by its h-parameter equivalent circuit. The load resistance R, is

R N
referred to primary and so RI: = —% where n = T\I—z. Since it is a stepdown transformer, n < 1; Lp
n

is the inductance of the primary winding (Since we are considering load referred to primary).

4.4.1 Mid Frequency Range .

In the mid frequency range, the inductive reactance X, is high. fis large and so it can be regarded
as an open circuit (or very large compared to R;). Therefore it will not affect the response. hg, I, is
the current source. When impedance matching is done, the output Z of the circuit and the load
resistance R; will be equal. Therefore the current will get divided between R; and the circuit equally.
The total current is hg, I,. Therefore the current through the primary of the transformer (or in other

he, I
words the current through the collector circuit) is fe2 b Iey
N
But since T, is a step down transformer the current through R; will be stepped up by N,
2
due to transformer action —- > 1.
2
N h I N
I = [_LJ I, = fez b {_1]
N, Ny
I N, h
.. Current gain L= A= Ly fe
4.4.2 Voltage Gain
Vi :
Ay = ———; V, = base voltage input voltage
b
2
_bhelh N
2
Vor o P Ri ( ﬁ]
Vo 2 b (N
Ve _ N
But S
i Ny

V¢ = voltage on primary side of transformer
V_ = voltage on secondary side of transformer
\'% h R N
L__“fe, 7L, 1

Vb 2 he Ny

Ay
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In the low frequency range shunting effect of L, will reduce the effective load resistance.
Lower 3db frequency is reached when,

2nfiL,=R
7 R
or | =
2an
. —_ 1 N,
where R is the parallel combination of P and | L1} . R,
oe Ny
+V
———o0 v,
— C,
C

[
=

Fig. 4.12 Class A power amplifier circuit

The transformer coupled amplifier circuit is similar to a circuit, like this. Instead of having
coupling capacitors C, and C,, we have transformer, coupling. The primary of transformer T, acts as
R.. C, across R, helps in making Emitter of transistor at the ground point for AC. Because of Cp,
emitter is at ground potential for AC. Therefore secondary voltage of transformer is applied between
base and emitter of transistor.

4.5 Transformer Coupled Audio Amplifier

Audio amplifier : 40Hz to 20 KHz

Video : 5-8MHz

R.F : 20KHz
Classification of Radio Waves.

Very low frequency(VLF) 10-30 K Hz

Low frequency (LF) 30-300 K Hz
MeQium frequency (MF) 300-3,000 K Hz
High frequengy (HF) 3-30 MHz

VHF 30-300 MHz

Ultra high frequency (UHF) 300-3000 MHz
Super high frequency (SHF) 3000-30,000 MHz
An amplifying system usually consists of several stages in cascade. The input and intermediate
stages operate in a small signal class-A mode. Their function is to amplify the small excitation
to a large value to drive the final device. This output stage feeds a transducer such as CRT, loud
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speaker, servo motor etc. So the output stage must be capable of delivering a large voltage or current
or large power. Bias stabilization techniques and thermal runaways are very important with power
amplifiers.

If the load resistance is connected directly in the output circuit as shown in Fig.4.13 (a), the
quiescent current passes through R, . This results in waste of power since it won’t contribute to the
AC power signal. In the case of loud speakers it is not desirable to pass DC current through the voice
coil. So an arrangement is to be made using an output transformer.

C

+VCC
-
| h
W 3 ( \%
s N \ c,
L., S35
> -
(a)

(b)

Fig. 4.13 Transformer coupled amplifiers
4.5.1 Impedance Matching

l

To transfer significant power to a load such as loud speaker with a voice-coil resistance of 5-15€2 it
is necessary to use an output matching transformer. The impedance matching properties of an ideal
transformer are :

M N LN

Vo Ny T Ny
N,
Let —N =n turns ratio.
i

If N, <N, the transformer reduces the output voltage, and steps up the current by the
same ratio.

Impedance matching is required because the internal impedance of the device will be
much higher than 5-15Q of voice coil of a speaker. So power will be lost. Hence output matching
transformer is required.

Nl N2
V1='§‘2‘.V2 Il='ﬁ1‘.12
1
V1=;.V2 12=n.12
Now T T -7
L a2 1
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vV
—I—l- = Effective input resistance R}
1
V2
S Effective output resistance R}
2
Rl = — R
LT 2
4.5.2 Maximum Power Output
'[ 204 I,=-25mA
lo
IC (A) 154
Collector Current R =20Q
-0.5 R =10Q
o-1 | -
1 1 I
0 -5 -10 -15

——>  Collector voitage V
Fig. 4.14 (a) Output characteristics

Vie

|
P VAT Q

VBET

1
0 -5V -15 20 -20
Base current —— iB mA

Fig. 4.14 (b) Input characteristics

To find n, for a given R, so that power output is maximum is solved graphically. First

o _ Xec
operating point Q is located I = RG
P_ = collector dissipation
Power
output

f

I Load Resistance RL"
Fig. 4.16 Variation of P, with R’
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V. = quiescent collector voltage. Peak to peak voltage must be limited to a suitable value such
that there is no distortion. From the input characteristic I, to I . can be noted. A series of load
lines are drawn through ‘Q’ point for different values of R{. From these two graphs, power output
versus load resistance R; is drawn from the graph, R; is chosen that power is maximum and distortion
is minimum.

4.5.3 Efficiency

Suppose the amplifier is supplying power to pure resistive load.
Power input from DC supply = V|

¢ °C
Power absorbed by output circuit = [.2 R, +i.2 V.
R, is static load i, and V. are rms output current and voltage. If P}, is average power dissipated
by the active device.

(b)

Fig. 4.16 Power amplifier circuit
Vee Ie= 12 R, +icve + Py
But Vee= Vet Ic Ry
Pp=Veo . I -I2R =12V
Pp=VcIc + Ry I —ic ve

Pp=Vclc—icve

If the load is not pure resistance, i, v must be replaced by i v, Cos 8, where Cos 6 is
power factor of load.

4.5.4 Conversion Efficiency, n

An amplifier is essentially a frequency converter, changing DC power to AC power.

A measure of the ability of an active device to convert DC power of the supply into AC power
delivered to the load is called conversion (1) or theoretical efficiency (n). It is also called collector
circuit (n) for transistor amplifier.

n= Signal power .dellver'ed tolo'ad % 100%
DC power supplied to input circuit

lBZ

I 1, 1009
n genera n= "‘—("—BO) x 100%
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v ¢ - Y

min

Fig. 4.17 Transfer curve
where B, and B, are constants in the expression
ic =1 + By + B, Cos ot + B, Cos 2wt + .....
Expression for instantaneous total current.

If distortion components are negligible,

-V 1
n= 2" 100%
V. 1
Ce C
50V _1
= ~—0 5 100%
VCeIC

Maximum Value of (1)

In the case of series fed amplifiers, the supply voltage V- is equal to V. .

coupled amplifier V. is equal to the quiescent voltage V...

Under ideal conditions,
IC = Im
max__ Vinin
and Vm = —"_""’E—
Vi Im
n =50 Vool
cclc
V -V, .
50 [ Max__“min )xlc
2
_ 25 (Vmax — Vmin) %
cc
For series fed amplifier, V, , =V,

.. m for series fed amplifiers

In the transformer
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25 (Vmax _Vmin) %

\%
max

.. Maximum possible value = 25%

In the case of transformer coupled amplifier.
Vmax + vmin
ce [+ 2

V, -V_.
N = 50 _MaX  min |,
VI'fla>(+vmin

So the Maximum Possible Value of n is 50% for transformer coupled amplifier

Thus transformer coupled amplifier have twice the maximum n compared to series fed amplifiers.
For transformer circuits occurs near saturation, therefore V_, <<V __ and 1 can be 50%.

PNP Transistor Amplifier with AC Signal

Emitter is forward biased. Collector is reverse biased.
AC is superimposed at the input, we get AC output across R, . (Fig. 4.18)
PNP

E/” \C o
>
B output
v, v, AC
— Vg — «— Vw voltage
A= al

Fig. 4.18 Circuit with PNP transistor
4.6 Push Pull Amplifiers

R, and R, are provided to prevent cross over distortion. Because of R, and R, the B-E junctions of the
two transistors are forward biased so that cut in voltage V, will not come into the picture. But because
of R, and R,, the operation will be slightly class AB operation and not pure class B operation. For a
given transistor, the dynamic characteristics are not exactly linear, that is, for some changes in the
values of iy, i, will not change by the same amount that is. If iy is increasing by 5 pA, i, increases
by ImA. For 10 pA increase in iy, i, will not increase by 2 mA but something different. So the graph of

Ry R\ /N
T, b N,

Fig. 4.19 (a) Push Pull amplifier circuit
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i, Vg i, is nonlinear. Therefore for uniform changes in the input, the output will not change
uniformly. Hence-distortion will be introduced in the output waveform. This can be eliminated by
pushpull connection.

The efficiency (1) for class A amplifier is 25% and for transformer coupled class A amplifier is
50%. Therefore class A amplifier because of poor n is used for low output power requirement and
where conductance should be for complete 360°. (eg. for the driver stage of the last power stage).
Suppose for the transistor Q,, the input (base current) is a Cosine wave x; = X cos ot. The
output current at the collector i, = I, + B, + B, Cos ot + B, Cos 20t + B; Cos 3ot where I, is the DC
current due to biasing, B, is the DC component inthe Fourrer series of the AC input, B is fundamental
component C | (Transformer T, provides phase shift to the inputs. T, joins the two outputs. For the
second transistor, the input is given from the centre tapped transformer which introduces a phase
shift of 1809,
X, ==X, = X, {Cos (0t + n)}
The output current of this transistor i, is obtained by replacing ot by (@t + «) in the
expression for i,.
ie., i, (o) =i, (ot + 1)
i, = I + By + B, Cos (ot + m) + B, Cos 2 (ot + 1) .....
=1c+ B, - B, Cos et + B, Cos 20t — B; Cos 3 ot .....

Therefore i, and i, are out of phase by 180°. So they flow in the opposite direction through the
output transformer primary windings. Therefore the total output current i is proportional to (i; — i,).
Since the net output current depends on the turns ratio of the transformer i is the current flowing
through R;.

: i=K(,-i,) =2K (B, Coswt+B;Cos3 ot) ...

This expression shows that all the even harmonic terms B, Cos 2 wt, B, Cos 4 ot are eliminated.
The only harmonic component predominant is B; Cos 3 ot, the III (third) harmonic terms. Higher
harmonics can be neglected. B, Cos ot is the original signal. Therefore Harmonic distortion will be
less for pushpull amplifiers. This is under the assumption that both the transistors have identical
characteristics. If not, some even harmonics may also be present.

Pushpull amplifier is said to possess mirror symmetry.

Mirror symmetry means, mathematically,

i(ot)=-1i(ot+m)
The output current i for pushpull amplifier is,
i=2K (@B, Cosot+B; Cos3 ot +.....)
If ot is replaced by (wt + ), the above equation holds good.
This is also called as halfwave symmetry. It means that the bottom loop of the wave when

shifted by 180° along the axis will be the mirror image of the top. This is so because only odd
harmonic terms are there in the output. r

The maximum instantaneous reverse voltage across each transistor occurs when it is not
conducting and is equal to 2 V,. Because when Q, is conducting, maximum V; = 0 and so voltage
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across the upper half winding of output transformer primary is V.. Due to induction some voltage
will appear across the lower half also. Q, is not conducting. Therefore the transistor voltage across
Q, collector and emitter is Voo + Vi, = 2 V.

It is called as push pull amplifier since, the input to the two transistors are out of phase by
180°. (Since centre tapped transformer is used). Therefore when one transistor is conducting the
other is not or when the output current of one transistor is increasing, for the other it is decreasing.
This is known as push pull action. When one transformer current is being pushed up, the other is
being pulled down.

4.6.1 Class B Amplifiers

A transistor circuit is in class B operati‘on, if the emitter is shorted to base (for DC). The transistor
will be at cut off. Therefore in the circuit for class B pushpull amplifier, R, should be zero. The
conduction angle is 180°.

4.6.2 Advantages of Class B Push Pull Circuit AMPLIFIER

1. More output power ; n = 78.5%. Max.

2. 7 is higher. Since the transistor conducts only for 180°, when it is not conducting, it will
not draw DC current.

3. Negligible power loss at no signal.

4.6.3 Disadvantages of Class B Push Pull Circuit AMPLIFIER

1. Supply voltage V. should have good regulation. Since if V. changes, the operating point
changes (Since I, changes). Therefore transistor may not be at cut off.
2. Harmonic distortion is higher. (This can be minimized by pushpull connection).
Therefore Class B amplifiers are used in a system where the power supply is limited, and is to

be conserved such as circuits operating from Solar cells or battery, Battery Cells, air borne, space
and telemetry applications.

4.6.4 Conversion n

Im Vm _ImVm _ Im
Py = R R 2 —2—(Vcc _Vmin)
V., = Vee— Vo (Since operating point is chosen to be at cut off Vo=V ..)

Because in pushpull circuit, there are two transistors conducting, each for 180°.

IV
Therefore total conduction is for 3609, ( Py, = “‘2 o )Corresponding to Q point,

the voltage is V. Neglecting the dissipation across emitter, Ve ~ V.

Ppe = Ipe . Ve DC current is drawn by the transistor only when it is conducting.
Vc is always present. One transistor conducts for 0-m only. I, drawn by each transistor is the
average value of half wave rectified DC (equal to I, /). But there are two transistors.

21

‘. Total Ipc = -
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— 21
Ppe = Ve 2
n
P
"ZPO x 100
DC
_Im (VCC_Vmin)’t
T2 T Va2l x 100
CC~'m
V -V_.
=100xj‘_(CC mm)
4 VCC
V..
n=25Xn@—j%m}%
cc
Vinax
If v . =1, Max n = 78.5%
min

4.6.5 Dissipation of Transistors in Class B Operation

The DC input power to the transistors in class B configuration is

~ 2Im.VCC

- s
[Since the transistor is conducting for 180° only. So it draws DC current only during that

PDC

period. Therefore average value of i, is - There are two transistors each conducting for 1809,
T
from 0 - © and = - 2w respectively).

0 i
—p Ot

Fig. 4.19 (b) Current cycle
- Total DC current =2 I /=

ZIm

P =
DC T

Vee

\
Butl = —1

where RL' is the effective load resistance of the circuit, without considering the
R
secondary of the transformer.

2Vm. V,
p = m- YCC

i

TCRL
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primary Secondary
side R, side

Fig. 4.20 Transformer on load side

The collector dissipation P (in both transistors) is the difference between the power input
(P, or P to the collector circuit, and the power delivered to the load. (Both are in watts). Though
DC and AC powers.

Output power delivered to load P,

2 (v 2
P :..Y....: _\/_m R'
0 R \/5 L

2 VCC Vm VI%I
i—Yo ™ | ' - '

T RL 2 RL
(V,, is the peak value of the AC input).

The above equations shows that at no AC signal, (i.e., V,, = 0) the collector dissipation is zero,
and as the signal magnitude increases, P increases. As V_ increases P also increases, P is maximum

2V,
when V = %

|

|

Ve /4 ™

Fig. 4.21 Power output

A graph can be plotted between P and V|
The maximum dissipation

2vZ
P = v
C max 71:2 RL
2V,
P is maximum, when V= __nQ_Q

. . ;=
P, is maximum, when V_ = V.
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2 2
Vi \Y
CC .
Py max) = R Since P,= -
L L

P, is maximum  V_ =V..
4
PC (max) = —Tt_z (PO max)

IPC (max) =04 PO (max)]

- If we want to deliver 10-W of output by a class B pushpull amplifier, the collector of the
transistor or the collector dissipation should be 0.4 x 10 =4W. This is for the entire circuit. Therefore
each transistor (Since there are two transistors in class B pushpull) should be capable of dissipating
2W of power as heat.

4.6.6  Graphical Construction for Class B Amplifier

T I —-T ¢l for class B, Q point is chosen as shown
|
| Q
tO tl |Va: - Vcel

) (0

|

+

l M

L\ !
| |Ice2

Fig. 4.22 Class B operation

4.6.7 Distortion

Letiy , V¢, Vy, bethe input characteristic of the first transistor and iy, , Vi, Vi, is the input characteristic
of the second transistor. Vy is the cut jin voltage. These are tﬁe two transistors of the class B
pushpull amplifier. Now the base input voltage being given to the transistor is sinusoidal, i.e., base
drive is sinusoidal. So because of the cut in voltage, eventhough input voltage is present, output will
not be transmitted or there is distortion in the output current of the transistor. This is known as
crossover distortion. But this will not occur if the base current drive is sinusoidal. Since in the
graphical analysis the input current is taken in the | quadrant. No distortion if the operating point is
in the active region. Cross-over distortion can also be eliminated in class AB operation. A small stand
by current flows at zero excitation. The input signal is shifted by constant DC bias so that the input
signal is shifted by an amount V.
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Fig. 4.23 Cross Over Distortion

Table 4.1 Comparison of amplifiers based on the type of Coupling.

Direct coupled R.C. coupled Transformer coupled
Frequency range : D.C to medium range |High A.F. range
f; (Lower cutoff
frequency 0 Hz (D.C) 50-100 Hz and above| 100 Hz and above
f, (Upper cutoff
frequency) Limited Can be more Limited to A.F range
Cost Less Medium High
NoRand C (Due to R and C) (Due to transformer)
No transformer
Size Less Medium High
L I P
Frequency response T — T — — T
(due to L of tansformer
spike occurs)
|Z] matching Not good Not good Excellent

4.7 Complimentary Symmetry Circuits (Transformer Less Class B Power Amplifier)

The standard class B push-pull amplifier requires a centre tapped transformer, since only one transistor
conducts for 1809, so that if two transistors were to conduct for complete 360°, there should be a
centre tapped transformer. Otherwise there should be a phase inverter. Complementary symmetry
circuits need only one phase. They don’t require a centre tapped transformer. But their requirement is
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a pair of closely matched. Oppositely doped (pnp and npn) transistors. Till recently it was different
to get such transistors. But now the technology has improved and pnp and npn transistors with
identical circuits, can be manufactured.

v h
C

Fig. 4.24 Complimentary Symmetry

The circuit shows a basic complimentary circuits in class B. It is class B operation since the
operating point is at cutoff. Emitter and base are shorted or Vg = 0. The input is capacitance
coupled. The output is direct coupled since output is taken directly across R;. One end of R, is
grounded with no input signal present. Both transistors won’t conduct. Therefore current through
R, = 0. When the signal (input) is positive going, the transistor Q, is cutoff (since it is pnp), base is
n type. Therefore. Emitter-Base junction is reverse biased). Q, conducts, since it is NPN transistor,
base input is positive. So it conducts.

The resulting current flows through R, and develops a negative going voltage at point relative
to ground. When the signal is negative going Q, goes off and Q, turns on. Current flows through R,
in such a direction as to make point positive with respect to ground. There is no DC current through
R,. Hence an electromagnetic load such a loud speaker can be connected directly without introducing
saturation problems.

The difficulty with the above circuit is, the transistor will not conduct till the input signal
magnitude exceeds the cut in voltage V,. So cross over distortion will be present output of the

t

A
o N\
| Vi
Fig. 4.25 Output with crossover Distortion

So DC bias should be provided to overcome the threshold voltage for each base-emitter
junction. Therefore the circuit is as shown in Fig. 4.26(a). The voltage developed across R, forward
biases both the transistors, E-B junctions. R, is normally so small as not to produce any significant
loss in drive to Q,.

This circuit needs only one V. Q, is NPN transistor. Therefore its collector is reverse biased,
since Vg is positive.
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Q, is PNP, its collector is negative with respect to V- since grounded. Therefore its collector
is also reverse biased. The drop across R, reverse biases the common base junction of Q, and the
drop across R, reverse biases the Common Base junction of Q,. This circuit requires only one DC
supply and is commonly referred to as the “Totem pole” configuration. When the input is positive, Q,
is turned on and Q, is turned off. When the input goes negative, Q, turns off while Q, conducts.

4.8 Phase Inverters

These circuits are used to drive push pull amplifiers since a pushpull amplifier requires two equal
inputs with 180° phase difference. The centre tapped transformers are bulky and costly. Therefore
Phase inverter circuits with transistors are used.

Phase inverter circuits are also known as Paraphase amplifiers. The criterion is, from a single
input, we must get two equal outputs with a phase shift of 180°.
Vo == Vg
The circuit is as shown in Fig. 4.26(b), emitter followers with a collector load R, is used.

R; and R, are bias resistors. R is the collector load. R, is the emitter load. Output is taken
after the capacitor ‘C’ to block DC. V;is AC input. The outputs at points 2 and 1 will be out of phase

(a) (b)
Fig. 4.26 Phase Inverter Circuits

by 180°. With R, =R, output voltages will be the same. The output impedance of the circuit from
point 1 is that of a common collector configuration (Since output is taken across R,. So it is common
collector configuration).

The output impedance at terminal 2 is that of common emitter configuration. So both will not
be the same since Rz # R, since output voltages at points 1 and 2. will not be the same. So for
that, another transistor is used to match the gains and source impedances for common emitter
collector. There is phase shift of 180°. Therefore V, will be with phase shift for common capacitor
configuration there is no phase shift. Therefore V,, is in phase. Therefore V, and V,, are out of
phase by 180°.

Example : 4.1

The amplifier shown is made up of an NPN and PNP transistors. The h-parameters of the two
transistors are identical and are given as h;, = 1 KQ, he, =100, h . =0 h, = 0.

Find overall voltage gain A\, = V/V;
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Both the transistors are in common emitter configuration. For Q, the output is taken across
5 KQ the collector resistor RC2 which is actually the load resistor.

Re, =Ry, =2kQ
Re, = 1k
1 hel
C _ fe"C _
AI=I—_—_ I - hfe
b C
R0= hie+(1+hfe)Re (1+hfe)Re>>hie
Vi
Ri=E=hie+(l+hfe)Re
[(1 +hg) R, >> hy]
R, =(1+hR,

Fig. 4.27 Circuit for Ex : 4.1

AR
1Ry
Ay = R; ; Ar=hg
Ay = “hee R [1+h, ~hg]
v h+hfe)Re e = Ufe
A= Ry
M Re RC
R
A = L2_—5KQ 5
V2 C 1KQ
_2xke Ry _
Vi IKQ Rc
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Example : 4.2

Design a class B power amplifier to deliver 30W to a load resistor R; = 4Q using a transformer

coupling. V. =30V = V... Assume reasonable data wherever necessary.

Solution :

The power to be delivered is 30W. Assume 10% losses in the transformer windings, and design the
circuit for 20% over load i.e., even by mistake, if excess current is being drawn or even voltage

applied, the transistor must with stand this.

.. Py is taken as 40W. 30 + 7W (overload) + 3W (transformer losses)

. The collector dissipation of the transistor
P (max) = 0.4 P, (max)

. The transistor to be chosen must be capable of dissipating P (max) = 0.4 x 40 =16 W

Prima'ary RL1

R,
Fig. 4.28 Circuit for Ex : 4.2
o Va
0~ 2R!
40 = (0
2xRy
.
L = 2x40
R, =1125Q

Secondary

R, is the resistance of transformer secondary referred to primary.

2
Ri (M

Vplp =Vl
Vp _Ig Ny
Vg Ip N,

". The turns ratio of the output transformer is,

172
N . [RL _(u-zs)‘/z
N2 RL 4

1.7
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Peak collector current swing

-~ Vm _VYcc _ 30

Im
R, Ry 1125

= 2.666 Amperes
L

Example : 4.3

Design a class A transformer coupled amplifier, using the transistor, to deliver 75 mW of audio power
into a 4Q load. At the operating point, I; = 250 pA, V- = 16V. The collector dissipation should not
exceed 250 mW. R;' =900 Q. Make reasonable approximations wherever necessary.

V,
Ve = (2:C for biasing in normal amplifier. If it is transformer coupled, Vg ~ Vi,
Collection dissipation = I.. Vo (I is the collector current at operating point).
VCE . IC == PD max
or Vee - Ie = Pp max
PD min

= Ve -1V)

Because, the DC. drop across the transformer V- ~ Vg can be neglected. The drop across
Rg is small ~ IV. Therefore Vg ~ Ve - V=15V,

Vo N.:N
1 %Hg I TN
R, w1

E:E}E-—jT-CE

Fig. 4.29 Circuit for Ex : 4.3

Vg = 16V. There will be some voltage drop across R and the primary winding of the
transformer. Therefore Vi can be approximately taken as 15V.

_ PDmin 250

le = Veg 15
=16.66 mA
Assuming that transformer primary resistance negligible,
Ve=Vee— Ve
=16 ~15 =1V (DC)
Iz ~I.=16.66 mA (DC)
Vg _ IV(DC)

RB= =

Tp  1666mA %0
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At f=50Hz, Xg=——=— =6Q

1 1
Cp = = ~ 53 pf
2nfXg  2x3.14x50x6

R/ =900Q R =4Q
. Transformer turns ratio

&

N

o g

il
]

N, 4
"+ It is Germanium transistor, Vg, =0.25V

= 1+025 =125V
Assuming that the current through R, is 10 I,
IRl =250 pA x 10
=2.5mA
Neglecting the loading effect due to base of the transistor and assuming that Iy, flows
through R, also

Ro~VB _ 125
)~ =
IRI 2.5mA
=0.5 KQ
Vee =V 16-1.25
CC~'B
R, = = =59KQ
! Ig 2.5 mA

4.9 Class D : Operation

These are used in transmitters because their efficiency (n) is high ~ 100%.

2 Ik

Fig. 4.30 Class D ampilifier circuit
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A pushpull connection of two transistors in common emitter configuration of complementary
transistors (one pnp the other npn) is employed. When the input is positive, T, is cut off and T,
saturates. During the negative half cycle of the input, T, saturates and T, is cutoff. Therefore the
output voltage is a square wave with voltage changing between 0 and V.

The dot convention for transformer is, when input is positive, the dotted end of the primary is
positive. At the same time, the dotted end of upper secondary winding is positive and dotted end of
lower secondary winding is positive. So when the input is positive, T, base which is n type (pnp) gets
positive voltage. So T, is cutoff. Therefore V = V... When input is negative, T, base which is p
type (npn) will get negative voltage. So T, is cutoff T, saturates.

In this circuit, each transistor is saturated for almost 180° of the cycle. So each transistor acts
like a switch rather than like a current source. When the transistor saturates, the power dissipation.

Pp = Veg any Ie (san
It is very small, since Vg (sat) is near zero. When the transistor is cutoff, P, ~ 0. Therefore
average power dissipation over the cycle is very small. Therefore n ~ 100%. _ﬂ_ﬂ_})/cc

The output of the collectors of transistors, is a square wave with 0 - V. voltages. This is
given to a series resonant circuit. So the output will be a sine wave (like oscillator circuits).

4.10 Class S : Operation

Switching regulators are based on class ‘S’ operation.
In class S operation, a string of pulses are used as the input signal. The pulses have a width

¥-p
T .

L. ‘
— v cT ?RL V,=DC

Fig. 4.31 Class S amplifier

‘W’, and a period ‘T’. Therefore duty cycle =

4.10.1 Circuit

The transistor is an emitter follower driven by a train of pulses. Because of the V. drop, the voltage
driving the LC filter is a train of pulses with an amplitude of

Ve — Vi If X, > X

where D=
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The higher, the duty cycle, the larger, the DC output. By varying the duty cycle, we can
control the a.c. output. So this is class ‘S’ operation. Because the transistor is cutoff or in saturation
its power dissipation is much lower than that in a series regulator. So heat sinks can be small.

Diode rectifies and L, C combination filters the output. So the output is rectified
and filtered.

Class A : Conduction of plate current is for complete 360°, it depends upon operating point.

Class B : Conduction of plate for only 180° because the grid is more negative during negative
cycle of the signal.

" Class C :Conduction is for less than 1809,

Class AB : Conduction is between 360 and 180°

Fig. 4.32 Input output waveforms

Class A Class B

Less power More power

Lesser i More m upto 78.5%

Less Harmonic distortion Harmonic distortion is more

Example : 4.4

Design a class A power amplifier to deliver 5V rms to a load of 8 Ohms using a transformer coupling.
Assume that a supply of 12V is available. The resistance of the primary winding of the transformer
also should be considered.

Solution :

1. First select a suitable transistor
The power output required is

_ (Vorms)2 _5x5 _ 25
- R, 8 8

=3.125W

Assuming a transformer efficiency, n, of 90%, we have, the power required of the amplifier
=Py/m
=3.125/0.9 =3.47TW
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Fig. 4.33 Class A Power Amplifier

Therefore, we shall have to design the amplifier for 3.47W. Since the maximum efficiency of
the transformer-coupled power amplifier is 50%, the power dissipation capability of the transistor
should be at least 3 to 4 times the power required to be developed.

For the transistor, therefore, the ,Pd(max) should be
=347W x 3
= about 10.41W
Let us select a transistor, EC3054, for the purpose.
This transistor has
P yimax) = 30W at 25°C
Limaxy =4A
Vg = 1V-
2. Choosing Q-point
For transformer coupled amplifier, ideally, Vcgq = V. We shall assume the voltage across
the resistance R, as about 20% of the supply voltage, i.e.,
Vp=02x12=24V
Since Vg o, = 1V, and also to avoid the distortion near the saturation region, we shall take the

quiescent point voltage.
= Vcgq = @bout 2/3rd V., giving us

Vepo =8V
The maximum swing available will be about 1V less (Vg (g = 1V) than the supply voltage of
12 volts.
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Hence for a power of 3.47W, we have,

V, I
347 = _LX_P_.

V2 W2
giving I, = 1.21 Amps.
Therefore, the Q-point is at 8V, 1.21A.

3. Choosing Ry

We have assumed voltage across the resistance R as equal to 2.4V, being about 20% of the
supply voltage V.

V,
Therefore, Rp = —RE =ﬁy-
ICQ 1.12A
=2.2Q.

which is the nearest available standard value of the resistance. Let us recalculate the voltage
across the resistance Rp.

The voltage Vee = 1.21A x 2.2Q = 2.662 Volts
The power dissipation of the resistance
Ry = (121 A) x 2.2Q
= 3.22 Watts.
Hence, we select the resistance
Ry = 2.2 Ohms, 10 Watts.

4. Turns Ratio of Transformer
Secondary voltage = 6V (rms).

Let us calculate the primary voltage and, hence, the turns ratio. At Q-point, the DC voltage
across the primary is

= Vee = Vero — (o * Re)
=12-8-(1.21 x2.2)
=1.4V.
Giving DC resistance of the transformer
Romay =1.4V/1.21A
= 1.16 ohms.
The equivalent resistance on the primary of the transformer is equal to R, — R0

=(11/1.21)~-1.16
= 7.93 Ohms
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5
7.93
=0.76 ~ 0.8.
5. Choosing Resistance R, and R,
Assuming Ry = 10 times R, for good stability, we have,

The turns ratio =

RIXRZ

=10R, (1)
R1+R2

Also, since V =2.4V, V=3V

we have 3= ——-—Rz x 12
R;{+R,

or Ry==3R . (i)
From equations (i) and (ii) above, we have

R, =88 Q.

R, =28.6 Q.
We select the nearest available values, as

R, =100 Q.

R,=33 Q.

The power rating of these resistances are as under,

(VR1)2 _ (18-3)
Ry

For R, = =225W

100

3 2
For Ry=—""""—=—">==02TW
Hence, we select, R; = 100 Ohms, 5 Watts.
R, = 33 Ohms, 1 Watts.
Let us calculate the maximum undistorted power available, which is equal to (Vp N2 ) X (Ip N2 )

= (11/42)x (121/42)

= 6.66 Watts, which is more than the required values.
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The circuit efficiency :
Useful power output = 6.66 Watts.

Mxy

Power input = Vo x I+ W
= 14.52 + 1.082 = 15.60 Watts.
The circuit efficiency, is, therefore,
= (6.66 / 15.6) x 100
=42.7%
Likewise, let us calculate the transistor power dissipation when no signal is applied, which is
= Ve * Ieq
=8V x 1.21A
= 10W ~ Watts.
The power dissipation when the rated power is delivered
= 10W - 6.66W
=4W

4.11 Heat Sinks

The purpose of heat sinks is to keep the operating temperature of the transistor low, to prevent
thermal breakdown. Due to increase in temperature, I, increases. Due to increase in Inq, I
increases and hence power dissipation increases. Due to this, temperature increases and thus it is a
cummulative process. Due to this, the transistor will fail or breakdown occurs. To prevent this, heat
sinks are used to dissipate power to the surroundings and keep the temperature low.

The heat is transferred from the die to the surface of the package or casing of the ambient by
convention, from the surface to the ambient by convention and radiation. If heat sink is used, the
heat is transferred from the package to heat sink and from heat sink to the ambient. Heat sink
expedites the power dissipation and prevents breakdown of the device.

The rise in temperature due to power dissipation is expressed as Thermal Resistance expressed
in °C/w, and is symbolically represented as 0. It is the rise in temperature in °C due to 1W of power
dissipation. The equations governing this are,

eja = ejc + ef:,n + ena
0, = (T,~TY/P
0,=(T,-Ty)/P
0, =(T,-T)/P
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0., = Junction to ambient thermal resistance
6.. = Junction to casing thermal resistance

0., = Casing to heat sink thermal resistance
0., = Heat sink to ambient thermal resistance
T, = Average junction temperature

T,= Average case temperature

T,, = Average heat sink temperature

T, = Ambient temperature

P = Power dissipated in Watts,

Example : 4.5

What is the junction to ambient thermal resistance for a device dissipating 600 mW into an ambient of
60°C and operating at a junction temperature of 120°C.

Solution :
Here heat sink is not considered.

ja = 9jc + eca

T, -Tg ~
J + Tc-Ta

%= "3 P
CTeTerT T, T,
or Gja— P = P
120-60 60
e = —

2°706 06
=100 °C/W
For Transistor devices, the heat sinks are broadly classified as :
1. Low Power Transistor Type.
2. High Power Transistor Type.

Low Power Transistors can be mounted directly on the metal chassis to increase the heat
dissipation capability. The casing of the transistor must be insulated from the metal chassis to
prevent shorting.

Beryllium oxide insulating washers are used for insulating casing from the chassis. They have
good thermal conduetivity.
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Zinc oxide film silicon compound between washer and chassis, improves the heat transfer
from the semiconductor device to case to the chassis.

High Power Transistor heat sinks.

re TO-3 and TO-66 types. These are diamond shaped. For power transistors, usually, the ease itself
in the collector convention and radiation is shown in Fig. 4.34. The thermal resistance of the heat
sinks will be typically 30C/W.

A
>
Y

Fig. 4.34 Fin-type heat sink

P ”?(B%%%

) 0
Y
Q
BEE

N/

N

P~

/\,\ ~

Fig. 4.35 Power transistor heat sink




Power Amplifiers 183

10.
11.
12.
13.
14.
15.

16.

17.
18.
19.

20.

Objective Type Questions

Amplifiers are classified based on
(a) (b) () (d)

If the magnitude of signal is small and operating point swing is within the active region, that
amplifier is classified as .

Different types of coupling employed in amplifier circuits are
(@ (b) (c) (d)

Due to the input signal swing, if the operating point shifts into cut off and saturation regions,
that amplifier is classified as .

Conduction angles of large signal amplifiers are

(a)Class A (b) Class B
(c) Class AB (d) Class C
In class A power amplifiers the operating point Q is in of dynamic transfer

curve of the active device.

In class B amplifiers, the Q point is set

In class C amplifiers the operating point is set

Maximum theoretical efficiency of series fed amplifiers is

Maximum efficiency of transformer coupled amplifiers is

The frequency range in which transformer coupled amplifiers are used is

The maximum theoretical efficiency of class B push pull amplifier is

For mirror symmetry or half wave symmetry, the mathematical equation is

In push pull configuration, type of harmonics eliminated are

In class B amplifiers, relation between maximum collector power dissipation P (Max) and )
maximum output power dissipation Py (Max) is .

Cross over distortion occurs because of characteristic of E - B junction of
the transistors.

Transformerless class B power amplifier circuit is

Complimentary symmetry circuit is so named because

The complimentary symmetry circuit with single d.c. bias supply circuit is also
called .

Phase Inverter circuits are also called
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21.
22.
23.

24,
25,
26.

27.
28.
29.
30.
31.
32.
33.
34.

What is the mode of operation of a last stage in a cascade ?

I .1

Derive an expression for second harmonic distortion interms of N

max?’

What is the expression for total harmonic distortion interms of second, third harmomic

What is impedance matching ?
Why do we go for transformer coupled power amplifier ?

What is the equivalent load resistance of a transformer coupled amplifier interms of turms
ratio ?

Is the equivalent load resistance increasing or decreasing if n greaterthan 1 ?
What is conversion efficiency ?

What is the maximum value of efficiency for the series fed load ?

What is the maximum value of efficiency for a transformer coupled load ?
How will the input signals be in a push pull amplifier ?

What are the advantages of a push pull configuration ?

Draw the waveforms to explain the class B operation.

What is the maximum efficiency of a class B amplifier ?
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10.
i1.
12.
13.

14.

15.

Essay Tyvpe Questions
What are the different methods of clarifying electronic amplifiers ? How arethey classified,
based on the type of coupling ? Explain.

Compare the characteristic features of Direct coupled, resistive capacitor coupled, and
Transformer coupled amplifiers.

Distinguish between small signal and large signal amplifiers. How are the power amplifiers
classified ? Describe their characteristics.

Derive the general expression for the ouput power in the case of a class A power amplifier.
Draw the circuit and explain the movement of operating point on the load line for a given
input signal.

Derive the expressions for maximum. Theoretical efficiency -for maximum.
(i) Transformer coupled
(ii) Serves fed amplifier what are thier advantages and disadvantages.

Show that in the case of a class A transforms coupled amplifier, with inpedence matching,

the expression for voltage gain AV is given as

h Ry N
Ay =~ fe . ——L. —L with usual notation
2 h,, "N,
ie
What are the advantages and disadvantages of transformer coupling ?
Show that class B push pull amplifiers exhibit halfwave symmetry.

Derive the expression for Max. Theoretical efficiency in the case of class B push pull
amplifier. Why is it named so ? What are its advantages and disadvantages ?

Draw the circuit for composite tune amplifiers and explain its operation.
What are phase inverter circuits ? Draw a typical circuit and explain its working.
Draw the pentode pushpull amplifier and explain its operation.

Explain about Class D and Class S power amplifiers. Mention their salient features and
applications.

How are the tuned amplifiers classified ? Explain the salient features of each one
of them.

Draw the circuit for single tuned capacitance coupled amplifier explain its operation.
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Answers of Objective Type Questions

1. (a) Frequency range (b) Type of coupling
(c) Output - power/conduction angle (d) Magnitude of signal.
2. Smallsignal amplifier
3. (a) Direct coupling (b) R - C coupling
(c) Transformer coupling (d) L - C tuned coupling (e) series fed
4. Largesignal amplifier
5. (a) Class A 360° (b) Class B 180°
(c) Class AB 180 to 360° (d) Class C < 180°
6. The centre of linear region of the
7. Near cut off of the active device.
8. Beyond cut off
9. 25%
10. 50 %
11. Audio frequency range 20 Hzs to 20 KHzs.
12. 785 %

13. iw)=—i(wt+m)

14. Even Harmonics

15. P, (Max) = 0.4 P, (Max)

16. Cut in voltage or threshold voltage.

17. Complimentary symmetry circuit.

18. Both PNP and NPN transistors are used.
19. Totempole circuit

20. Paraphase amplifiers.

21. Since for the last stage, the input signal has a high amplitude, the mode of operation will be
other than class A. : :

22. Refer to the derivation.
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23. Tp= D} +D2+DZ+....

24. For maximum power transfer to the load, the load impedance should be conjugate of the
effective impedance.

25. For impedance matching and hence higher efficiency.

26. R/ = o R, where n is the turns ratio.

27. R/ decreases

_ Signal power delivered to the load

28.m dc power absorbed.
29. M =25%
30. n=50%

31. The input signals are both 180° out of phase.

32. Less harmonic distortion, More efficiency, Ripples in power supply are reduced, Magnetic
effects are reduced.

33.

>
s
=)

1
v
<

2]

34. 78.5%
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UNIT -5

Tuned Amplifiers - |

In this Unit,
¢ Different types of Tuned amplifier circuits are analyzed.
¢ Equivalent circuits of the output stages are given.

¢ FET Tuned R.F. amplifier circuits, wideband amplifier circuits, shunt
compensation aspects are also explained.
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5.1 Introduction

A tuned amplifier is one, which uses a parallel tuned circuit, as its load impedance. A parallel tuned
circuit, is also known as anti resonant circuit. The characteristics of such an anti resonant circuit is
that its |Z| is high, at the resonant frequency, and falls off sharply as the frequency departs from the
resonant frequency. So the gain versus frequency characteristics of a tuned amplifier will also be
similar to the |Z| characteristics of the resonant circuit. When |Z| is maximum, V, will also be
maximum. This is for AC. |Z| is considered.

1Z| A,
(load) T l
; T

> —>f
Fig. 5.1 Tuned amplifier characteristics
5.1.1 Applications
Tuned amplifiers are used to amplify a single radio frequency or narrow band of frequencies.

So basically they are used in 1. RF amplifiers 2. Communication receivers

Tuned amplifiers use variable Inductance (L) or variable Capacitance (C) to vary the resonant
frequency.

In tuned amplifiers, harmonic distortion is very small, because the gain of the amplifiers is
negligibly small for frequencies other than f, (the resonant frequency). So Harmonics which are
of higher frequencies will have very low gain and hence harmonic distortion will be less for
tuned amplifiers.

5.1.2 Classification

Tuned Amplifiers
[
[ T
Small Signal Large Signal

* To amplify low RF signals * To amplify large RF signals

* Power output is low * Power output is more

* Operated in class A * Operated in class B, class C or

| L T l class AB modes.
Single tuned Double tuned  Staggered tuned * Pushpull configuration used to

further reduce harmonic
distortion.

This classification is similar to the classification of power amplifiers.
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Small Signal Tuned Amplifiers
-

| I I
Single Tuned Amplifiers Double Tuned Amplifiers Staggered Tuned Amplifiers

5.1.3 Single Tuned Amplifier

Uses one parallel tuned circuit as the load |Z|] in each stage and all these tuned circuits in different
stages are tuned to the same frequency. To get large Ay, or Ap, multistage amplifiers are used. But
each stage is tuned to the same frequency, one tuned circuit in one stage.

5.1.4 Double Tuned Amplifier

It uses two inductively coupled tuned circuits, for each stage of the amplifier. Both the tuned circuits
are tuned to the same frequency, two tuned circuits in one stage, to get sharp response.

5.1.5 Stagger Tuned Amplifier

This circuit uses number of single tuned stages in cascade. The successive tuned circuits are tuned
to slightly different frequencies.

Single tuned amplifiers are further classified as :

| 1
Capacitive coupled Transformer coupled or inductive coupled

5.2 Single Tuned Capacitive Coupled Amplifier

L, C tuned circuit is not connected between collector and ground because, the transistor will be short
circuited at some frequency other than resonant frequency.

I
I
I
I
!

Fig. 5.2 Single tuned capacitive coupled amplifier

The output of the tuned circuit is coupled to the next stage or output device, through capacitor
Cy- So this circuit is called single tuned capacitive coupled amplifier.

R}, Ry, Rg, Cp are biasing resistors and capacitors. The tuned circuit formed by Inductance
(L) and capacitor (C) resonates at the frequency of operation.

Transistor hybrid © equivalent circuit must be used since the transistor is operated at high
frequencies. Tuned circuits are high frequency circuits.

R; = input resistance of the next stage.
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To'e
) (RN
Ry B ’Vb\‘/)\, | | ' !
. | e 1 e
\/ Tyte & Vy, | $Rr
s 'm "b'e ’ .
- TC £ _]—C R|
E Next'stage
Fig. 5.3 Equivalent circuit
Modified equivalent circuit using Miller’s Theorem
According to Miller’s theorem, the feedback capacitance C is C. (1 - A) on the input side
and C. (A — )on the output side. But where as resistance is (lrb';‘) on the input side :’"’1
)
on the output side.
L T
\"/

Ry B v’
A A
~ljz:c2 = ’f’bT)%R Ry lo

§ (ch) é)::; ggw ::CE(T

I

1

Q
g3

c

C (1-A)

Fig. 5.4 Equivalent circuit (applying Miller's Theorem)
r \

)

¢
Tho , 1 i L T
Tbe C v, (P&Vse TR = P C R
LA
Fig. 5.5 Simplified equivalent circuit

R - joL _ R _ oL
2L2 R2+c02 L2 R2+0)2 L2

is shown in Fig. 5.5.

The equivalent circuit after simplification, neglecting

<

m

1
Y, = =
' R+joL  RZ24q

Input admittance as seen by II stage
Instead of L and R being in series, they are being represented as equivalent shunt element:

1
ijB

Rp and L, for parallel

1
= —
Rp
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h R.= R2+(o2L2
where P —————-———R
_ R2+m2L2
LP———Z—————

o“L

Inductor is represented by R; in series with inductance Lp.

o, L
Q at resonance, Qy= —1—{—
oL >>R -+ Resistance of the inductor R is small,
2:2
o~ L o R2 212
Rp = R neglecting R compared to ®° L
Lp=L neglecting R compared to o? L2.

Therefore output circuit is simplified to,

—gmvb'e ’ - C L §

Fig. 5.6 Simplified circuit

!
]

R; is the input resistance of the next stage

Suspectance of L or capacitance of C
Conductance of shunt resistance R,

Q. is defined as, o =

R, = resistance of tuned circuit

Qe T 0 CRt

_ Ry (1/m0L)= 0y C
ogL YR | VYR;
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Let o, be the resonant angular frequency in rad/sec.

1
()] = —a
0~ JLc
Output voltage V=-g. V,..Z (g, Vy, is the current source).
where Z is the impedance of C, L and R, in parallel.
11 1

i = = ——} .
Admittance Y 7 Rt oL +joC
Multiplying by R, throughout and dividing,

v Ry
or Y =_——|l+=—+joCR
Rt i joL t
1 _1 Cooﬁ)c Rt RtQ)O
= =11+ + s e -
R, 1= 0 jog oL (Multiplying and dividing by o,)
o
1+jQe| — - -0
0)0 @ Rt
v R (v Q= o= = CRY
' 0
where Q,=w, CR, .
R
oy ©pL = —15
(DO ('00
7 = R¢
o
1+jQ [ﬂ_._O}
elo, ©

Susceptance of L or C
Conductance of shunt resistance R ¢

Q. is defined as

Let & = Fractional frequency variation
i.e., variation in frequency expressed as a fraction of the resonant frequency

(D"(OO 0
6 = = — -1
o ®o
2 o1+8

i)
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Rewriting the expression for Z, as

R
zZ = ! 1
1+_]Qe|:(1+6)—(]:~8—)}
)
2811+ —
 X+6%425-X ( +2)
1+ 148
Ry
Z =
. 1+8/2
1+§2Qe 6
*12Qe [ 1+8 ]

If the frequency o is close to resonant frequency g, & << 1.
Therefore Simplified expression for Z is

Ry
Z ="z
1+_]2Qe6
At resonance, 0 =0, =0

At resonance, R, may also be put as,

L
R,= Q?R=0Q)= ‘ﬁé = 0oL Q

T
Expression for Vie = V; . bre potential divider network
rbb. + rbue
Expression for Vo= -E8mVpe - Z
: _ Tbe
Expression for Vo=—gnVi- — — Z
I'b|e + rb.e
V, Ty
Voltage gain A = VO— == m-——he—~ o/
i b'e T Tbbr
be R¢

ATty 14120Q,

voltage gain at resonance. Since at resonance & = 0
T
O Ty FTpy
A | .
T 1+j28Q,

A
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Magnitud A 1
agnitude =
A
reso \ﬁ + (2 6Q e )2
A —~1
Phase angle =~tan™ (28 Q,)
reso

At a frequency ®,, below the resonant frequency 6 has the value,

2Qe
A 1. 0.707
Areso V2

o, is the lower 3db frequency.
Similarly w,, the upper 3db frequency is
1 A 1

o =+ ——; =— =0.707
2Q, Areso V2

The 3 db band width Ao = (0, — ©,)
_ oy —0g )+ log -0 - @
®0
[6+8low, =200,
1
2Q,

But 6 =

Ao =0__% __1 4
(] Qe Rt(l)oc RtC rad/sec.

5.3 Tapped Single Tuned Capacitance Coupled Amplifier
+V
oC

11 Stage

Fig. 5.7 Tapped single tuned capacitive coupled ampilifier circuit
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5.3.1 Equivalent Circuit on the Output Side of the I Stage
R, is the input resistance of the Il stage.
R, is the output resistance of the I stage amplifier.

>
—t
gm vb’e ? R0 —C Vl

Fig. 5.8 Equivalent circuit
The input |Z| of the common emitter amplifier circuits will be less. So the output impedance of
the circuit being coupled to one common emitter amplifier, should also have low |Z| for impedance
matching and to get maximum power transfer. So in order to reduce the impedance of the LC
resonant circuit, to match the low |Z| of the common emitter circuit, tapping is made in the LC tuned
circuit. Tapped single tuned circuits are used in such applications.
5.3.2 Expression for ‘Inductance’ for Maximum Power Transfer
Let the tapping point divide the impedance into two parts L; and L,.
LetL; = nL so that L, = (1 — n)
Writing Kirchoff’s Voltage Law (KVL)
Vi,=joL. I, -joL,+M, . m
0 = _‘j(D (Ll + M) Il + (R1 + j(DLz) 12 ..... (2)
Where M is the mutual inductance between L, and L,. Solving equations 1 and 2,

v (Ri +joL,)

L =35 . 3)
' joL(R; +joLy Jro? Ly +MP
Hence the |Z| offered by the coil along with input resistance R, of the next stage is
. . 2
7 = ﬁ _ JcoL(Ri +JmL2)+(o (L2 +M)2 @
1 P U PN
Iy R; +jol,)
o2, +Mp
=joL + Ri Yjol, &)

But oL, much less than R;.
As R, the input resistance of transistor circuit II stage is KQ and much greater than oL,

m2 (L2 + M)2

Z, =joL+ —2—" (6)
R;



198 Electronic Circuit Analysis

M =K,LL, M = Mutual Inductance
Where K is the coefficient of coupling. Since L, =nL, L, = (1-n)L

KJoL(-n)L = KL (n—n2) ..... )

1l

Putting K = 1, we get
M~Lyg-n2 L 8)

Substituting thus value of M in (6),

mz[(l—n)L+L\/n——_n_2]2

Z~joL4 — 4 9)
R;

12

_ cosz[(l -n)+vVn- n? ]2

~ i + .
~joL kR (10)

(oL +R)
The resistance effectively reflected in series with the coil due to the resistance R, is given by,

-
. 2 Lz{(l—n)+\/;:2—:]

18 — R
1

This is the resistance component; $ : series, i : input
This resistance Ry in series with the coil L may be equated to a resistance R, in shunt with the
coil where Ry, is given by,
= 2 /R
Rjp= (@L)* / Ry
So the equivalent circuit is

500

<

)
AV~
=

11

|
1
|
- ng L:%z
|

{-—-—-—_————-— Source ———————> load

Fig. 5.9 Equivalent circuit
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Simplifying,

v 1 L

gm b'e —_C Rn T
V0
)

Fig. 5.10 Equivalent circuit after simplification

1 1 1 1
_— = — 4 ——
R
Qe = oy L
0

tt : tuned tapped circuit.

(D =
" Jic
Under the conditions of maximum power transfer theorem, the total resistance appearing in
shunt with the coil is = R,
Since it is a resonant circuit, at resonance, the |Z| in purely resistive. For maximum power
transfer {Z| = R/2.

R /2
op
Q= g L+ Ru™ Ryl
Ryp =2 Q.. oy L
But R, RO Rp
U S —
op R0+Rp
2 Qe (DO L= _RR 0—(0‘0 Q“'O LL
0+2Q
Solving for L, we get
_ Rg(Qg-2Qe)

Expression for L for maximum power transfer.

This is the value of L for maximum power transfer.
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Expression for voltage gain and Bandwidth are determined in the same way as done for a single
tuned circuit. In this circuit we have,

1. R, instead of R, (as in single tuned) tapped tuned circuit.
2. Output voltage equals (1 — n) times the voltage developed across the complete coil.
IZ| at any frequency close to wj is given by,

R
—tt . .
Zz = 1+ 26 Qg R,; = resistance of Tapped Tuned Circuit
~8m Vi Ty
output voltage Vo=—T————.Z({1-n)
rbve + rbb.
V, 1
voltage gain A = 70 =—2m (1 -~ n) be .
i To'e * Tob'
T R
b tt
=g (1-n.—=

rb.e + I'bb' ) 1+J 28Qe
At resonance, voltage gain is
e

A ., =—g,(1—-n). .
reso m I'bue + rbbv

A 1
Areso 1-j28Qe
54 Single Tuned Transformer Coupled or Inductively Coupled Amplifier

+V

cC

L5 L

2
(b) Equivalent output circuit

Fig. 5.11 Inductive coupled ampilifier circuit (a) and its equivalent (b)
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In this circuit, the voltage developed across the tuned circuit is inductively coupled to the next
stage. Coil L, of the tuned circuit, and the inductor coupling the voltage to the II stage, L, form'a
transformer with mutual coupling M. This type of circuit is also used, where the input |Z| of the 11
stage is smaller or different from the tuned circuit. So |Z| matching is done by the transformer
depending on its turn ratio. In such requirements, this type of circuit is used.

The resistors R;, R, and R| and R, are the biasing resistors. The parallel tuned circuit,
L and C resonates at the frequency of operation. Fig. (b) shows output equivalent circuit. Input
equivalent circuit will be the same as that of the capacitive coupled circuit.

In the output equivalent circuit, C is the total capacitance, including the stray

capacitance, Miller equivalent capacitance C (T) . L, and R, are the inductance and resistance of

the secondary winding.

S.4.1 Expression for L, for Maximum Power Transformer

Writing KVL to the primary and secbndary windings,

V=4LZy+L2Z, 1

0=14 2y +hL2 .. 2
where Z,R+joL . 3)

Zp,=Zy =joM @)

Z,=R,+R. +joL, . )
Solving egs. (1) and (2) for I,

1, = ———\ﬁz—z— ..... (6)

2112227 %12

The impedance seen looking into the primary is,

2
V Zj129-2

zZ,=
"oh Zy
zf
=Zy - T e M
22
Substituting the values of Z,,, Z,, and Z,, in equation (7) we get,
22
oM
- =R+jol)+ —mm"mm™—™mm 8
Zin= R +jol) R, +R; +joL, ®)

R; generally much greater than R, and oL,.
2,42
oM
Z,~R+joL)+ R e ¢)]
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e T

'm Vb'e 0 C 0)2M2
R.

L

a[
L

Fig. 5.12 Equivalent circuit

co2 M2

is the impedance of the secondary side reflected to the primary.

2042
If M is reasonably large, then R << oM
i
2,42
M
Zy, ~ joL+ = = e (10)

i
.. The equivalent circuit may be written as,

o2 M?2

Inductance L with series resistance may be represented as L in shunt with R, as

shown below, where

R, = L (—15-)2. R, (11)

Ry

gme'e § RO :F C % L § Rlp

Fig. 5.13 Simplified circuit

For maximum transfer of power at resonance,

Rip=R0

Equation 12. gives the value of M for maximum power transfer.
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gm vb'e § R

I
1l
0
Q009
o
<

Fig. 5.14 Equivalent circuit
L and L, are the primary and secondary windings of inductances.
M=K LL2 ..... (13)

Combining egs. (12) and (13) we get

L
= R, . 14
Ro= | Nk (14)

Therefore from equation 14, for a given value of R, and coefficient of coupling K and R;, we
can determine L, for maximum transformer of power.

Shunt resistance R,, and R;; may be combined to yield the total shunt resistance R.
1 1 1

_—— ——
Ry Ry Rip
R,;= Resistance of tapped tuned circuit ... (15)
Effective Q of the entire circuit is,
R
.
Q. @, L eas(16)

where w is the resonant frequency of L and C.
1
0y = —\/L——'-E ..... a”n
Under conditions of maximum transfer of power, total resistance appearing in shunt with the
coil equals R,/2. Since it is resonant circuit, at resonance, |Z| = resistance only. For
maximum power, R = R/2. .
equation 16 becomes

or Ry=2Qow,L L. (19)
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Solving equations 1 and 2

Zy1-Z1p=2)1 Zyy
Vo=-L,.R,
: 2
2112y -1,

|Z| of the output circuit at any frequency ‘o’ close to w,, is given by,

R
S _ it
Impedance of output circuit Z 1+)25 Qe
V.= VoTve RiZy
0__gm'r. +r',. Z 7 _Z2
be " bb 11422 7412

_ Thre Ri-Zy1 Ry
==8mVi-

Tye +Tpp 21125y - 2122 l+j28Qe

. Voltage gain A at any frequency o is,

A - Xg,=_g fye RiZy1 Ryt
] m : "1+ 26
i e ot Z)Zyy—Zi, T
Voltage at resonance,
A = e RiZy
reso gm ‘ I +T, * 2
ble " bb' Zy1Zyp —Zi,
A 1
A 1+j28Q,

55  CE Double Tuned Amplifier

In this circuit, voltage developed across the tuned circuit in the collector circuit is inductively coupled
to another tuned circuit. Both circuits are tuned to the same frequency, the desired frequency of the

input signal.
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5.5.1 Advantages

1. It provides larger 3-db band width than the single tuned amplifier. Therefore
Gain x Bandwidth product is more. (eventhough gain is same, Bandwidth is more.
So gain x Bandwidth product is more).

2. Tt provides gain - frequency curve having steeper sides and flatter top.

In double tuned amplifier, as Bandwidth is increased the overshoot of gain also increases.
So a compromise must be made. The value of the coefficient ‘b’ ranges from 1.0 to 1.7.

5.5.2 Circuit

+V
o« Vo
T t o
Rlcigéiél é_L—o
Ry Q,
Wy Q,

Fig. 5.15 Double tuned amplifier circuit

5.5.3 Equivalent Circuit

gV @ RrE

Fig. 5.16 Equivalent circuit
Voltage developed across the tuned circuit in the LCR combination is inductively coupled to another
tuned circuit of the same resonant frequency.

R is the resistance associated with L. R; is the output |Z| of the second circuit. The equivalent
circuit can be further simplified as, R, and R, are combined to form R;. Ry, in parallel with L-R may
be brought in series with inductance and combined with R to from R;.

The current source g,V in shunt with ‘C’ is modified to a voltage source V, in series
with ‘C’.
. The modified circuit is as shown in Fig. 5.17.
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C
Vl 9 l._\ L Ri!= Ri + Rz
" RIRR,
Fig. 5.17 Modified circuit
2312
o°“M
Zy T 1)
le + (mLz - m"L_ “—]
2
At - 2
resonance, Wy og C e 2)
and oLy=—>~— .. 3)
@ C
.. At resonance, Z,; is reduced to
mg M2
Zin = R% ..... (4)

Hence at resonance for maximum transfer of power R, must equal Z. i.e., M is adjusted to
critical value M, such that
3 5
Ry = R, (5)

or ,/R;) R, =ooMg (6)
= Mg KC\’LLZ ..... (7)

where K- is the critical value of the coefficient of coupling corresponding to the critical value

M, of mutual inductance.
From 7 K¢ ——"—Ror—' il @®)
rom 7, =" e

. 1/2
_ [ Ro' Jl/z Ri / - 1
|wL) 1%y " 0 ©)
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In a general case, K = K.

So let K =b. K¢
Now, Vi=Z, 1, +Z,] 10
..... 1
0=2,5,+Zy ] an
Solving equation 10 and 11, for I,, we get
v,z
p=—2= (12)
211202
where Z, =R, *jel-=) (13)
. 1 .
Zy=R; +j [mLz-— ..... (14)
oCy
and Z,=Z, =jooM L (15)

At resonance, Z,; = R; and Zy= R'i
For maximum transfer of power at resonance,
Z,=Ry, Z;,= Ry,
Zp=jogMe L. (16)

Substituting these values of Z,,, Z,,, and Z,, in equation 12, we get the following conditions
for maximum transfer of power at resonance.

-iVieoMc

..... an
T ol 20,2
Ry Ri+oZ MG

I2 Max

M_ is the critical value of Mutual Inductance.
Substituting the value of M in equation 17, we get

-j VH/RO R;

I Max = !
x R},R}+R0Ri

_..'V
L (18)

2‘,R0 Ri



208 Electronic Circuit Analysis

Vi
Magnitude Iy Maxl = ——
Ry R,
i
®
20y \/(bz—l + 2b)/Q
® ®
0
b = (KKp)
where K = Coefficient of coupling
Kc = Critical value of coefficient of coupling corresponding to

the critical value of Mutual Inductance Mc.

Tuned amplifiers are used where it is desired to amplify a relatively narrow band of frequencies,
centered about some designated mean carrier frequency.

5.6 Applications of Tuned Amplifiers

1. Radar

2. Television

3. Communication receivers
4, L.F amplifiers

There are mainly three types tuned voltage amplifiers.

1. Single tuned amplifier
2. Double tuned amplifier
3. Stagger tuned amplifier
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Objective Type Questions

® N R WD

10.

11.

12.

13.

14.

Radio Frequency Range is

VHF Frequency Range is

Parallel Tuned Circuit is also known as

Generally Tuned Amplifiers are used in

In Tuned Amplifiers, Harmonic Distortion is

Small signal Tuned Amplifiers are operated in mode.

Large signal Tuned Amplifiers are operated in modes.

Small signal Tuned Amplifiers are classified as

(a) (b) (c)

Single Tuned Amplifiers are classified as

In Tuned Amplifiers equivalent circuits, the model used for Transistors (BJT) is

Expression for for tapped single tuned capacitance coupled amplifier with usual notation
1eso

is

Double Tuned Amplifier provides Bandwidth than single tuned ampli-
fier.

Common Emitter (C.E) Double Tuned amplifier provides Gain - Frequency curve with
sides top.

In Radars and Television type of amplifiers are used.
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(a) What are the different types of Tuned Amplifiers ?
(b) How are Tuned amplifiers classified ?
(c)  What are the applications of Tuned amplifiers ?

Draw the circuit for single tuned capacitive coupled amplifier and explain its working. Draw its

equivalent circuit and derive the expression for (A/A )
Draw the circuit for tapped single tuned capacitance coupled amplifier and explain its working.
Draw the frequency response. Derive the expression for L for maximum power transfer.

Draw the circuit for single tuned inductively coupled amplifier. Draw its equivalent circuit and

A
derive the expression for ( A ]
reso

Draw the circuit for Double Tuned Amplifier. Explain its working. What are the advantages of
this amplifier ? Derive the expression for I, Max.
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Answers to Objective Type Questions

A U R o e

._.
e

1.

12.
13.
14.

>20 KHzs
30 MHzs - 300 MHzs
Anti Resonant Circuit

R. F amplifiers, communication Receivers

Less

ClassA

Class B, class C or class AB

(a) Single Tunded (b) Double Tuned (c) Staggered Tuned

(a) Capacitive coupled  (b) Transformer coupled or Inductive coupled

Hybrid - 7 equivalent circuit

A —
Areso  1+]j28Qe

®-®g Rt
where 8 = Qe=woCRt=_I—;'
@9 @9
Larger
Steaper sides and flatter top
Tuned amplifiers
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UNIT -6

Tuned Amplifiers - Il

In this Unit,

Single stage amplifiers in the three configurations of C.E, C.B, C.C,
with design aspects are given.

Using the design formulae for A, A, R, R_etc, the design of single
stage amplifier circuits is to be studied.

Single stage JFET amplifiers in C.D, C.S and C.G configurations are
also given.

The Hybrid - ® equivalent circuit of BJT, expressions for Transistor
conductances and capacitances are derived.

¢ Miller’s theorem, definitions for fﬂ and f, are also given.

¢ Numerical examples, with design emphasis are given.
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6.1 Stagger Tuning

Tuned amplifiers have large gain, since at resonance, Z is maximum. So Ay, is maximum. To get this
large Ay, over a wide range of frequencies, stagger tuned amplifiers are employed. This is done by
taking two single tuned circuits of a certain Bandwidth, and displacing or staggering their resonance
peaks by an amount equal to their Bandwidth. The resultant staggered pair will have a Bandwidth,

V2 times as great as that of each of individual pairs.

—> >

—>f
Fig. 6.1 Variation of A with

6.2 Single Tuned Transistor Amplifier

Vs("b %Rz R

I
r
Fig. 6.2 Single tuned ampiifier

6.3 Stability Considerations

An electronic amplifier circuit or oscillator circuit becomes unstable, i.e., will not perform the desired
function, due to various reasons associated with circuit design aspects like Thermal stability, Bias
considerations, output circuit, feedback, circuit etc. Let us consider these aspects.

Thermal Effects : Any electronic circuit, when used continously, various components will get heated,
due to power dissipation in each of the components. When the active.device in the circuit (BJT) also
gets heated, due to the dependance of its characteristics on temperature, the operating point changes.
So the device will not function as desired and the output from the electronic circuit will not be obtained
as per specifications. Heat sinks are to be used, to dissipate the excess thermal energy and to keep the
operating temperature of the active device within the limits. Heat sinks are good themal conductors
designed suitably, to keep the temperature of the device within limits.
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Let
P, = Power dissipated in watts at the junction of the device
T,= Ambient Temperature
T, = Temperature of the junction
6., = Themel resistance in °C/W
T,=T,+6,.P
Range of value of 8, is 0.2 to 2.0 °C/W.

A thin mica spacer is often used to electrically insulate the BJT or semiconductor device from the
heat sink. The thermal path for heat dissipation is from semiconductor p-n junction to casing of the
device, from the case to heat sink and from heat sink to the ambient.

BC = Thermal resistance in °C/W associated with the Casing of the device
OH = Thermal resistance in °C/W associated with the Heat sink.
GR = Radiation Thermal Resistance
So,
TH = TJ - PJ (9J + BC)
. . Oc O
Total Heat sink resistance =0 + —— —
H GC + GR

If P,, the power dissipated at the junction is independent of T,
then,

At th ting t t ﬂ’;_ > ‘1‘“
e opera mg empera ure, dTJ eT

Bias Considerations : Distortion in Audio amplifiers and other types of circuits depends on :
(i) Input signal level (in mv)
(ii) Source Resistance
(iii) Bias Conditions
(iv) Type of output load and its impedance
(v) Loading effect.

For audio frequency amplifiers, distortion of 1 or 2% is considered maximum for higher fiedility
equipment.

A maximum of 5% distorion is set sometimes for radio receivers and public address systems.
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Consider the circuit shown in Fig.

6.3.

“O

Ry

l hie
—0.

Expression for input power Py is,

b
Fig. 6.3

P, = Ib? (Rsl + hie)

Expression for output power P_ is,

P, = I>R,
P IR,
.Power Gain Ap= -0 = ¢ - L
PS Ib2 (RS +h1e)
2 '
hfe RL
RS' + hle
Considering only the BJT, expression for power gain
hfezRL ,
Apan™ T P Bn Ry

Maximum power is transferred to the base-emitter circuit of BJT, when impedance matching is

done as,

. Matched input Power Gain

A, (Matched

_ gnRL
Ap = hfe =2mt L

2 ’
he"Rp
2h

input) =

ie

2
To maintain output voltage and power levels stable, the circuit must be designed accordingly.

6.4 Tuned Class B and Class C Amplifiers

The efficiency of the output circuit of an amplifier increases as the operation is shifted from class A

to B and then to C.

In class C amplifiers, efficiency approaches 100%.
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But the difficulty with class ‘C” operations is harmonic distortion is more. So the conventional
untuned amplifiers use class B pushpull configuration. But, if it is a tuned amplifier, and only one
frequency f, is to be amplified and power to be handled Py is large, then class C operation is
preferable, since efficiency is high and harmonic distortion will not be a problem since, only one
frequency is to be amplified and the tuned circuit will reject the other frequencies.

Fig. 6.4 Frequency response

In radio transmitters, the output power often exceeds 50 KW and efficiency is the important
criteria. Hence usually class C operation is done. The operation of such amplifier circuits is non
linear, since the variation of output current i; with the input current i, is non linear, as the signal
magnitudes are large. So these amplifiers are also called as Large signal amplifiers.

Since they have a tuned circuit and usually operate in the R.F range, they are also called as
R.F power amplifiers.

Usually these circuits use common emitter configuration, but sometimes common base
configuration is also used. A simplified circuit (without emitter stabilization) uses transformer and
FET as shown below. Since the circuit is class B and class C configurations, the input signal itself
drives the transistor or FET into conduction. So there are no separate biasing resistors.

The circuit may be class B or class C, depending upon the actual conduction angle (180° or less).

6.4.1 Bipolar Junction Transistor (BJT) Tuned Class B/C amplifier

The capacitors Cg, Cy and C are considered to be short circuits at the operating signal frequencies.
€.

. Ty J—
s g Ce
i€ > PNP

4/ 1, T 3R

3

CI fLI

Vg Ve

‘I,— cc

\Y

T A4
Fig. 6.5 Tuned class B/C amplifier

The transformer circuit L, C, and Ry, C, provide high input impedance |Z] to the input signai
and so iy, passes to the base of the transformer only and will not get divided across L; C, or Ry C,.
So the power output will be more.
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6.4.2 FET Tuned R.F Amplifier

'
I

O
;
P!

~

Ay}

71
220

s — b
-‘_—"v _IV
T+ % v

Fig. 6.6 FET tuned RF amplifier

6.4.3 Waveforms

Fig. 6.7 Frequency response

6.4.4 Resonant circuit

In a tuned amplifier, the functions of the resonant circuit are :

1. To provide correct load impedance to the amplifier.
2. To reject unwanted harmonics
3. To couple the power to the load

The resonant circuits in tuned power amplifiers are sometimes called tank circuits, because the
L and C elements store energy like water stored in a tank. Such a circuit is as shown in Fig. 6.8.

Its equivalent is (R + joL) in parallel with R;.

1t

Fig. 6.8 Resonant circuit
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R R+X) RR o (XpRy)

R +R+jX; Rp+R+jXp T R+R+jXp

Neglecting the losses in the capacitor C, the n of the above circuit is,

Efficiency = 7 = output power across R, /Input power

I; = current through load resistance R
I, = current through inductor inductance with its internal resistance R in series.

At resonance, the |Z| is only, resistive.
R = Series resistance of ‘L’. RLI is internal resistance
o, L
Let Qo= R
= Q of the coil at resonance
A L

Let Qo =
' R+R

L
= Q of the coil shunted by RL. (Taking Ry into consideration)

_ R
n

R+RL

This equation can be written as,

1 1

n- et % _,_ Retr
YQesr Q

I

Efficiency

Qg = Q factor at resonance frequency f,.

Q. = Effective value of Q

Qg >> Qg 1 = 1 or 100% (or it is very high). If R; can be varied, Q. can be made as small
as desired. The value of Qy is usually large.
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The purpose of resonant circuits in tuned circuits is,
1. To provide correct load |Z]
2. To reject unwanted harmonics
3. To couple power to load

These tuned circuits are sometimes called Tank circuits because, like water tank, energy can
be stored in inductance and capacitance energy storage elements, if they are ideal.

6.4.5 Tank Circuits

-1 -1
—_——
I 1 1 L

i [ &
R
R'

Fig. 6.9 Tank circuits

R; = equivalent circuits Ry in series with inductance, resistance
Neglecting losses in capacitors,

2
_ IR
2 2
IL RL+Ia R

For the equivalent circuit,

cog L2
R != R ®Re>>ol)
L
For the equivalent circuit
252
" - HRL _ R
2 R+R
Iy (R + RL) L
coOL
Let Q= =R - Q of the coil at resonance.
mOL
Qs = = Q of the coil shunted by R; .

|
R +;RL
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1/Qegr - 1/Qp)

" El/ Qeff)

Qeff

= ] - —

Qp

6.4.6 Mutual Inductance Coupled Qutput Resonant Circuit

M
7
QQQ}Lr——\

Tl

Fig. 6.10 Mutual inductance coupled resonant circuit

6.4.7 Equivalent Circuit

Power dissipated in R, and R|

Rl
(Wo M)
R2 + RL

Fig. 6.11 Equivalent circuit

co2 M2
P=1 2 _O._._.__
a
R2+RL
RL
Power dissipated in R; can be obtained by multiplying the above equation by R +R. -
2 L

6.5 Wideband Amplifiers

The frequency response of a given amplifier can be extended by adding few passive circuit elements
to the basic amplifier.
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6.5.1 Shunt Compensation

One simple method of shortening the rise time in the response of an amplifier circuit and thus enhancing
the high frequency response of the amplifier. (pulse having, sudden change in the input is considered
as high frequency variation) is to add an inductor in series with.- V- and collector.

+V
cc
L
R,
11
1]
C

Fig. 6.12 Shunt compensation circuit

In the a.c equivalent circuit, this ‘Inductance’ will be in parallel with capacitor. Thus ‘Inductance
Capacitor’ combinations changes the output response. Since in shunt in the output stage, this is
called shunt compensated amplifier. The collector circuit Z = R + jwL.

This increases with frequency. So V increases and gain increases. So if ‘Inductance’ is not
present, the gain will be less. When ‘capacitor’ is present in the output circuit, X decreases as f
increases. Thus L will compensate for capacitor.

So for compensated amplifier, when L is introduced, the damping factor K is defined as,
C
K=Rg.. |=
o
1

h= 21tRcC

Where f, is the upper 3 db point of the uncompensated amplifier.

Fig. 6.13 Frequency response

So the frequency response changes, when ‘L’ is added :
The bandwidth of an amplifier circuit can be increased by decreasing f; and increasing f,.
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C= C.+ Cc(l —A) Where A is the gain of the angle (I stage)

Fig. 6.15 Equivalent circuit

6.5.2 Extension of Low Frequency Range

Low frequency range can be extended by decreasing f, (Since the region as seen from the mid
frequency range becomes more if f; is decreased). For resistance capacitance coupled amplifier,

I
/= 2ac_Ro+R,)

Where C. is the coupling capacitor, f; can be decreased by increasing C. If the value of C,
were to be large, its cost and size will be more. So there is a limit to which C, can be increased.
Hence, to get lesser value of f}, R should be increased. This is known as Compensation. Instead of
changing the value of C, to get decrease in f; we are changing the value of R. Thus R is compensating
for the effect of C.

Now if R were to be fixed and load Z were to change with frequency, another capacitor C; is
connected in parallel with load resistance R so that the net load Z, is Z; so that Z; increases as f
decrease. So f; can be increased. This is known as Compensation.

But the value of f is very small (few hundreds MHz) compared to f,. Therefore jo is
increased effectively by increasing f,.
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6.5.3 Circuit for Extending Low Frequency Range (Fig. 6.16)

{a) Kinks in frequency response

6.5.4 Low Frequency Equivalent Circuit with Transistor Replaced by a Current Source

11
11

NG RL 3r,

(b) Equivalent circuit with current source
Fig. 6.16

6.5.5 Extension of High Frequency Range

Bandwidth of a given amplifiers can be effectively increased by increasing f,. (since f, >> f}) f, can
be increased by decreasing Cg. But there is a limit to which Cg value can be reduced f, can also be
increased by decreasing R; !. But if R, ! is reduced the mid band gain will reduce: Therefore without
changing the value of Cg and R; ! and without decreasing the mid band gain, f, can be increased by
compensating techniques.

There are two different methods :
(i) Series compensation
(if) Shunt compensation

This classification is depending upon character ‘Inductance’ is in series or in shunt with the
oad resistance in the a.c equivalent circuit.

2
2 l+m2[ﬂJ
|Ag| _ )

A 2 4
Al 1+m2[_°°_] +m2[_@-]
2] ©)

where  m = w,L/R; (R, is the resistance in series or the resistance of the coil itself)

®, is the upper cutoff frequency of the uncompensated amplifier.
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For a shunt peaked amplifier, for different values of m, the response will be as shown.

A, 1.0
T 0.6
x
m=0 m = 0.41
— f

Fig. 6.17 Kinks in frequency response

If m =0.414, m},_ = 1.72 ©, where ®,! is the upper cutoff frequency with compensation.
For this value of ‘m’, there will not be peaking of the mid band gain. For higher value of m, there will
be peaking. So m = 0.414 value is often used. Because of res.nance, the voltage across Cq or the

output voltage will be maximum. So overshoot occurs.

6.5.6 Series Peaked Circuit

Fig. 6.18 Series peaked circuit

C
Series peaked circuit is used if —L a=0.25.

Ci+Cy

If any other type of capacitances and shunt capacitances are present, this is not used. Shunt
compensated circuit is preferred over series peaked since, for shunt compensated value circuits, the
gain falls smoothly beyond f,. For series compensated circuits, there will be sudden drop in gain
beyond f,.

Because of the presence of both Inductance and Capacitance, in the circuit the £, point will be
near about the resonant frequency of the circuit. Overshoot or peaking in gain will occur near
about the resonant frequency. This will depend upon the Q factor of the circuit. As Q increase peak
gain increases.

6.6 Tuned Amplifiers

6.6.1 Impedance Transformation

When a signal generator is to supply power to a load or amplifier is to supply output power to a load
(driving a load), for maximum power transfer the output impedance of the signal generator or amplifier
Z, must be complex conjugate of load impedance Z; according to maximum power transfer theorem.
In other words, their magnitudes must be the same.

i.e., 1Zy | =12
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This is konwn as Impedance Matching.

In the case of audio amplifiers, the load is usually a loudspeaker. Its impedance is of the order
of 4Q, 8Q or 16Q2. But the audio amplifier circuit may not have output impedance equal to these
values. So impedance matching condition is not satisfied.

Similarly a radio transmitter will have typically output impedance of 4000€. It is required to
supply power to an antenna. Antenna will hae usually impedance of 70Q. So impedance matching
condition is not satisfied for maximum power transfer, impedance transformation must be used in
such coupled circuits.

Some of the methods by which impedance transformation is done in coupoled circuits are :
I. Transformation of impedances with tapped resonant circuits
(a) by tapping inductors
(b) by tapping capacitors
2. Reactance section for impedance transformation
3. Image impedances - Reactance matching
4. Reactance T Networks for impedance transformation

6.6.2 Transformation of impedances with tapped resonant circuits

Consider a parallel LC tuned circuit connected to a generator. At antiresonant frequency, the net
impedance of the tuned circuit is only resistive and say it is R,, (resistance at anti resonance). The
generator sees a load of R, at anti resonance. R, is independent of L and C values of the tuned
circuit. This value of R, may be greater than or less than the generator output resistance for
maximum power transfer. The resistive impedance into which the generator supplied power can be
reduced by tapping the external generator connections across only a portion of the impedance is
shown in Fig. 6.19.

\|
—I
>O
W00
-

®)
Fig. 6.19 (a) Equivalent circuit with current source

Let the mutual inductance between L, and Ly is such that the total iinductance is,
L=Ly+Lg+2M (19)

Anti resonance will occur between points P and Y if,
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m(LA+LB+2M)=-a-}E ..... (20)

Consider the terminals P and Y of Fig. 4.35(a) :
Anti resonance will occur if

m(LB+M)=;1C——m(LA+M) ..... Q1)

Because tapping is done in the inductor, part of the inductor is in series with capacitor C. But
still, the net reactance must be capacitive for this branch.

The circuit equations in matrix force for the Fig. 6.18 (a) are :

VG RB+jXLB —(RB+jXLB +jXM) Il
0 1T1-®Rp +iX1p +iXy) (RA+RB+jXLA+jXLB+j2xM_ij) | - 22)
Since Zyy=Zpy = NAy,

(R +iX p)R4 +Rp +iXp A TiX g +i2Xy -iX¢)

If R, +Rg =R
_ Rg +iX; g +iXp )
ZP, Y = RB + JXLB - B . LB M ..... (24)
R+jiXp, -Xc)

If the Q factor of the circuit is high, and the circuit is in anti resonance, then X; = X.

X;p >> Rg. So Ry can be neglected.

(X +X )2
Zpy =X+ —2—ML (25)
’ R
If Q value is reasonable, X,  is small compared to (X; 5 + Xy,)? / R. So the term X; 5 can be
neglected. Comparing the value of impedance Z, ; with resonant impedance across the terminals X

and Y, where

2,22 2 2
R L R +X
Zy v = T ——t . (26)
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Zp y _ (XLB +XMF

Then @ 55— =— . @n
ZX,Y R2 + Xi
Again if Q is high (Q = %) , R must be small, or R << X,. Then simplifying,
Zp vy B (XLB+XM)2 B (LB+M)2 2
VA - 2 = s (28)
X, Y XL L

Considering Fig. 6.19 (b), if the circuit capacitance is split into two capacitors in series,
equivalent in capacitance to the single capacitor C, and if the external generator is tapped between the
two capacitors,

since oL = oC’
X
Z = 02)2 ..... (29)
R
X ., +X
and Zy = : cl = 2. (30)

The effect of tapping down in the capacitive side of the circuit is :

Zi,k - (Xcz)z -
Zn.k (Xc1+xc2)2 (c1+c272

This shows that impedance is reduced.

2
Cl

These methods become very convinient at high frequencies.

6.6.3 Reactance L Section for impedance transformation :

R is the load resistance R, ‘is the net input resistance for the generator. R <R;,. R is to be matched
with R, through impedance transformation. So two reactances of opposite sign i.e., X; and X are
to be connected as shown in Fig. 6.20. L and C elements are connected in the shape of L. So it is
called as L-section circuit. At a particular frequency, the oppposite reactances X; and X and R can
be transformed to match R, .
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Q S
Fig. 6.20 Reactive L section forimpedance transformation (R <R )
The RLC section of the circuit is a parallel resonant circuit. At anti resonance, it appears as a

resistance load for the generator. The value of the resistance load depends upon L/C ratio such that
R;, is matching with R, for the parailel RLC resonant circuit,

_ |l r? 32
® T L2 ..... (32)

Resistance at anti resonance, R, = R;, = __L_
CR
L=R;, RC
Substituing this value of L in eqn. (ii),
o? = — L (33)

2 52 2
R, RC® R* C

in
R. -R

oC = _1211___
RinR

Value of capacitance C needed for the L-section is,

Similarly from eqn. (ii),
= L
R. R
in

Substituting this value in eqn. (32) for @?,
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2 _ RinR R2

2 12

_ / 52
oL = RinR R
R /R- '
L=— %—1 ..... (34)

So L is the value of inductance needed for the L section to ensure the desired value of load R;,
where R < R;,.
6.6.4 Image Impedances : Reactance Matching :

The impedances Z,, Z, and Z, are arranged in the form of T-Network V, is the generator having
internal impedance Z,;. The load impedance is Z,;. The circuit is shown in Fig. 6.21.

A AAA w’ B

[—V Z3 4—-, Z2i
VG Zh Zzi

A B

Fig. 6.21 T-Network - Image Impedances

The generator supplies power into the terminals AA. So the impedance betweeen terminals AA
must be equal to the generator impedance. The impedance looking into terminals BB must be equal to
load Z,;. The impedance at AA looking into one direction is the image impedance of the impedance
looking in the other direction. Z,; is called the impedance of the network.

Similarly at B, B terminals the impedance looking is one direction is the same as that looking in
the other so that Z,; is also an image impedance at B, B terminals. The network is then said to be
matched on an image basis.

The value of image impedance of the T-section is computed as shown below.
The impedance Z; ;, between A, A terminals is,

23(29 +25)
Zyn=2yi=2,+ 4232, (35)
The impedance looking into B, B terminals is required to be Z,;.
Z3\Z+Z;
Zy = Zyei+z) en(36)

+
2 ZI+Z3 +Z]i
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Solving for Z,; and Z,,
, ‘/(zl+z3)zlzz+z2z3+z3 z,) o7
l' -----
! 22 +Z3
Z,+2,)\2,2,+2,2,+ 24 zl)
Z, = z+z, (38)

If impedance is measured between terminals AA of the T-section, and terminals B, B are open
circuited,

Zyoc=2,+2Zy (39)
Similarly if impedance is measured at A, A terminals with B, B terminals short circuited,

1 72" 7273 ° 73
22+Z3

So the image impedance Z, ; = 1/ Z10C leC

Similarly for the measurements made at B, B terminals gives

Z. +Z +ZZ+ZZ1

Zye = %20 Z2sc

So a porperly designed T network will have the property of transformation of an impedance to
produce matching of a load and a source.

6.6.5 Reactance T Networks for impedance transformation :

In the T-network shown in Fig. 6.22 the T Network elements are reactances only, either capacitive or
inductive. V, is a generator with internal resistance R,. It is connected to a lod R, through
T-Network.

N

Q s__|

Fig. 6.22 Reactance T-Network




232 Electronic Circuit Analysis

If the generator is to transfer maximum power to the laod, it is necessary only that the image
impedance Z,; at terminals P,Q must be equal to R;. In other words, the load impedance R, is
transformed by the T-network to a value at the P,Q terminals equal to R,.

When R, is connected, the image impedance Z,; must be
_]X3 (Rz +jX 2)

R2+JX2+JX

Z,; =R, =jX, +
3

X may have either positive sign or negative sign, i.e., it may be either inductive or capacitive in
nature. Then, R; R, +j R, (X, + X3)
=X X+ X, X5+ X3 X)) + R, (X + X5)
By equating real terms,
RiIR=-XX+XXX+X) . 42)

In the above equation, R, R, term on the LHS is positive. So the term on RHS must also be
positive. Since it is negative sign, one or more of the three terms on RHS must be positive. X can be

+JjWL or ‘;,—é . In order that the product term X, X, is positive, X, can be +jX, and X, can be —jX

—iX,) = +X, X,. This requires that one reactive arm of the T-Network be opposite in sign to the sign
of the other two arms. So the T-Network must consist of one capacitance and two inductances or
Vice-versa.

By equating imaginary terms,
R; (X; + X3) =R, (X; + X3)

R,
XrX= 22 XXy (43)

The above equation may be written as,
RiR=-[X;+X) X, +X-X21 (44)

R, R2=——[(X1+X3)2%—X§]

Rl 2
X, + X, =t i{--(x:{ R, sz ..... (45)
2
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So the value of one of the reactance arms is,

Rl 2
)(1 = ,._X3 + E——(X:; _Rl RZ) ..... (46)
2

Substituting eqn. (46) in (44),

Rl 2
or X2 + X3 = i —Ii-—(x3 —Rl R2) ..... (47)
2

The above equations are the design equations for the T-Network, in terms of the values of X;.
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g Ohicctne Tspe Quostion o

1. The purpose of resonant circuits in tuned circuits is

2. Give the classification of tuned amplifiers.

3. What are the applications of tuned amplifiers ?

4. Give the frequency response of a tuned amplifier.

5. What is the expression for Rp in terms of o, L, R ? What is Rp ?

6. What is 8 called ? What is the expression in terms of ®, ®, ?

7. WhatisA/Ao?

8. Why do we go for tapped single tuned amplifier ?

9: What is maxium powet transfer theorem ?

10. What is a double tuned amplifier ?

11. What is staggered tuning ?

12. At what frequencies are the tuned amplifiers operate ?

13. What is a tank circuit ?

14. What is the expression for harmonic distortion in tuned amplifiers ?

15. How do you build a class B tuned amplifier ?
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Essay Type Questions

1. Draw the circuit for BJT tuned class B/C amplifier. Explain its working.
2. Draw the circuit for JFET tuned R.F. amplifier and explain its working.

3. Explain the principle and working of wide band amplifiers.
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Answers to Objective Type Questions

10.
11.
12.
13.
14.

15.

(a) To provide properly matching load impedance
(b) To reset unwanted harmonics

(¢) To couple power to load.

Single tuned, double tuned, stagger tuned amplifiers.
RF amplifiers, communication receivers.

__.><3>

O e ———

o

R, = , R, is the series internal resistance of inductor represented as a shunt

R

element.

0—0

[+]

8 - fractional frequency variation. § =
(]

A 1

A, 1+j28Q,
For impedance matching.

For a linear circuit, for the maximum power to he delivered to the load the output or load
impedance should be the complex conjugate of the effective or equivalent input impedance
of the circuit.

It has two resonant circuits both tuned to the same frequency.
Two resonant circuits tuned to different frequencies.

High or radio frequencies.

Parallel LC circuit is called a tank circuit.

There is very negligible harmonic distortion in tuned amplifiers as they are narrow band
amplifiers.

By removing the bias resistors from class A amplifier, we can build a class B amplifier.



UNIT -7

Voltage Regulators

In this Unit,

¢ Different types of Voltage Regulator Circuits are explained.
¢ Terminology associated with Voltage Regulator Circuits is given.
¢ I.C. Voltage Regulator Circuits, 3 terminal Voltage Regulator Circuits

are explained.

¢ Voltage Multiplier Circuits, Voltage Doubler Circuits are also given.
¢ Volitage Tripler, quadrupler circuits are explained. Numerical examples

are also given.
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7.1 Introduction

Voltage Regulator Circuits are electronic circuits which give constant DC output voltage, irrespective
of variations in Input Voltage Vl., current drawn by the load 1 f from output terminals, and
Temperature T. Voltage Regulator circuits are available in discrete form using BJTs, Diodes etc and in
IC (Integrated Circuit) form. The term voltage regulator is used when the output delivered is DC
voltage. The input can be DC which is not constant and fluctuating. If the input is AC, it is converted
to DC by Rectifier and Filter Circuits and given to I.C. Voltage Regulator circuit, to get constant DC
output voltage. If the input is A.C 230 V from mains, and the output desired is constant DC, a
stepdown transformer is used and then Rectifier and filter circuits are used, before the electronic
regulator circuit. The block diagrams are shown in Fig. 7.1 and 7.2.

+
. . Regulated
Electronic
Unregulated t, Step Down Rectifier Filter Regulator |R D.C.
AC.Input V.| Transformer Circuit Circuit Circuit L Output
_L_ —— Voltage

Fig. 7.1 Block Diagram of Voltage Regulator with A.C Input

_T_— Electronic 0 *
Un regulated V. Regulator R <V,
D.C.Input | Circuit o

Fig. 7.2 Block Diagram of Voltage Regulator with D.C Input

The term Voltage Stabilizer is used, if the output voltage is AC and not DC. The circuits used
for voltage stabilizers are different. The voltage regulator circuits are available in IC form also. Some
of the commonly used ICs are, pA 723, LM 309, LM 105, CA 3085 A.

7805, 7806, 7808, 7812, 7815 : Three terminal positive Voltage Regulators.
7905, 7906, 7908, 7912, 7915 : Three terminal negative Voltage Regulators.

The Voltage Regulator Circuits are used for electronic systems, electronic circuits, IC
circuits, etc. '

The specifications and Ideal Values of Voltage Regulators are :

Specifications Ideal Values

1. Regulation (SV) 0%

2. Input Resistance (Ri) : o0 ohms
3. Output Resistance (RO) : 0 ohms

4. Temperature Coefficient (ST) 0 mv/oc.
5. Output Voltage Vo : -

6. Output current range (IL) -

7. Ripple Rejection : 0%
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7.1.1 Different types of Voltage Regulators are

Zener regulator

Shunt regulator

Series regulator

Negative voltage regulator

Voltage regulator with foldback current limiting

Switching regulators

A o e

High Current regulator

7.1.2  Zener Voltage Regulator Circuit

A simple circuit without using any transistor is with a zener diode Voltage Regulator Circuit.
In the reverse characteristic voltage remains constant irrespective of the current that is flowing
through Zener diode. The voltage in the break down region remains constant. (Fig. 7.3)

L,

v
Fig. 7.3 Zener diode reverse characteristic

Therefore in this region the zener diode can be used as a voltage regulator. If the output voltage
is taken across the zener, even if the input voltage increases, the output voltage remains constant. The
circuit as shown in Fig. 7.4.

The input V; is DC. Zener diode is reverse biased.

.
+A W A+

/1
IZ+ IL RS IZ L

R
v Zener k7 % L A
Diode ?

Fig. 7.4 Zener regulator circuit

If the input voltage V; increases, the current through R, increases. This extra current flows,
through the zener diode and not through R . Therefore zener diode resistance is much smaller than
R, when it is conducting. Therefore I; remains constant and so V, remains constant.
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The limitations of this circuits are

1. The output voltage remains constant only when the input voltage is sufficiently large so that
the voltage across the zener is V.

2. There is limit to the maximum current that we can pass through the zener. If V, is increased
enormously, I, increases and hence breakdown will occur.

3. Voltage regulation is maintained only between these limits, the minimum current and the
maximum permissible current through the zener diode. Typical values are from 10m A
to 1 ampere.

7.1.3 Shunt Regulator

The shunt regulator uses a transistor to amplify the zener diode current and thus extending the

Zener’s

current range by a factor equal to transistor hgp. (Fig. 7.5)

MV

Ry
R,

1 %
IS

+A
EB

+
I, T
E
IIA>B@>QR7’ \
1 IB\BC L J/O

Unregulated

D.C. Y

i

1

1 Z

Fig. 7.5 Shunt Regulator Circuit

Zener current, passes through R,

Nominal output voltage

=V, + Vpg

The current that gets branched as Iy is amplified by the transistor. Therefore the total current
Iy = (B + 1) Iy, flows through the load resistance R;. Therefore for a small current through the
zener, large current flows through R, and voltage remains constant. In otherwords, for large current

through

Example :

R}, V, remains constant. Voltage V, does not change with current.

7.1

For the shunt regulator shown, determine

Dok W

The nominal voltage

Value of R,

Load current range

Maximum transistor power dissipation.
The value of Rg and its power dissipation.

V; = Constant. Zener diode 6.3V, 200mW, requires SmA minimum current.

Transistor Specifications :

Vg = 02V, hy = 49, I.p = 0.
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1. The nominal output voltage is the sum of the transistor V., and zener voltage.
Vg=02+63=6.5V=V +V,
2. R, must supply SmA to the zener diode :
_ 8V-63 1.7

T 5x1073 5x10
3. The maximum allowable zener current is

| — =340 Q

P i 2
ower rat1.ng =0_ =318 mA
Voitagerating 6.3

The load current range is the difference between minimum and maximum current through the
shunt path provided by the transistor. At junction A, we can write,
Iy =1, -1
I, is constant at 5 mA
Iy =I;-1
[, is constant at 5 mA
[ =5%x103-5%x103=0
Iy = IZ Max ~ I2
=31.8 x 103 -5 x 1073 =26.8 mA
The transistor emitter current I = Iy + I
Ic =Blg=hglp
[e=B+DIg =g+ DIy
I ranges from a minimum of 0 to maximum of 26.8 mA

B

Total load current range is (hp; + 1) Iy
=50(26.8 x 1073) =1.34 A
4. The maximum transistor power dissipation occurs when the current is maximum I ~ 1,
Po=V I =65(134)=8TW
5. Rg must pass 1.4 A to supply current to the transistor and R, .
R, = Vi-Vo _ 8-65
1.34 1.34

=1.12Q

The power dissipated by Rg,
=12 Ry
=(1.34)2.(1.12) =24 W

Regulated Power Supply

An unregulated power supply consists of a transformer, a rectifier, and a filter. For such a circuit
regulation will be very poor i.e. as the load varies (load means load current) [No load means no load
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current or 0 current. Full load means full load current or short circuit], we want the output voltage
to remain constant. But this will not be so for unregulated power supply. The short comings of the
circuits are :

1. Poor regulation

2. DC output voltage varies directly as the a.c. input voltage varies

3. In simple rectifiers and filter circuits, the d.c. output voltage varies with temperature also,
if semiconductors devices are used.

An electronic feedback control circuit is used in conjuction with an unregulated power supply
to overcome the above three short comings. Such a system is called a “regulated

power supply”.
Stabilization

The output voltage depends upon the following factors in a power supply.
1. Input voltage V;
2. Load current I},
3. Temperature
. Change in the output voltage AV, can be expressed as

AV, =8, AV, + Ry Al + S AT
Where the three coefficients are defined as,
(i)  Stability factors.

AV,
Sy = Av; [AlL=0, Ap=0

This should be as small as possible. Ideally 0 since V, should not change even if V; changes.

(ii) Output Resistance

-
0= I, |AVi=0, A7=0

(i) Temperature Coefficient
AV,
So=—7—
T AT AV, =0, AIL=0

The smaller the values of the three coefficients, the better the circuit.
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7.1.4 Series Voitage Regulator

The voltage regulation (i.e., change in the output voltage as load voltage varies (or input voltage
varies) can be improved, if a large part of the increase in input voltage appears across the
control transistor, so that output voltage tries to remain constant, i.e., increase in V, results in increased
Vg so that output almost remains constant. But when the input increases, there may be some
increase in the output but to a very smaller extent. This increase in output acts to bias the control
transistor. This additional bias causes an increase in collector to emitter voltage which will compensate
for the increased input.

If the change in output were amplified before being applied to the control transistor, better
stabilization would result.

Series Voltage Regulator Circuit is as shown in Fig, 7.6.

= Series Voltage Regulator Circuit

C1 mries pass transistor
+
L E] “D %lll i _')IL
Rl

%R Sampling
3 resistor AV =V

Control

AV.=V transistor
1 1

T
- Lo T :

Fig. 7.6 Series Regulator Circuit

R

Q, is the series pass element of the series regulator. Q, acts as the difference amplifier. D is the
reference zener diode. A fraction of the output voltage bV, (b is a fraction, which is taken across R,
. and the potentiometer) is compared with the reference voltage Vy. The difference (bV, — V) is
amplified by the transistor Q,. Because the emitter of Q, is not at ground potential, there is constant
voltage Vy. Therefore the net voltage to the Base - Emitter of the transistor Q, is (bV,, - V¢). As 'V
increases, (bV, — V) increases. When input voltage increases by AV, the base-emitter voltage of Q,
increases. So Collector current of Q, increases and hence there will be large current change in R,.
Thus all the change in V; will appear across R; itself. V5. of the transistor Q, is small. Therefore the
drop across Ry = Vp of Q; ~ V. 0f Q, since Vi is small. Hence the increase in the voltage appears
essentially across Q, only. This type of circuit takes care of the increase in input voltages only. If the
input decreases, output will also decrease. (If the output were to remain constant at a specified value,
even when V, decreases, buck and boost should be there. The tapping of a transformer should be
changed by a relay when V, changes). 1, is the output resistance of the unregulated power supply
which proceeds the regulator circuit. r, is the output resistance of the rectifier, filter circuit or it can
be taken as the resistance of the DC supply in the lab experiment.
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AV,

The expression for S, (Stability factor) = KV_O
i

{ 1 +R, } (Rlin parallel with R2)+ h; +(1 +heos )Rz
Ry heea R3
R, = Zener diode resistance (typical value)
R, +h;
43 el
I+hg Alep
= —; G = —=
1+G . (R3+1) m~ AV,

Ry

The preset pot or trim pot R, in the circuit is called as sampling resistor since it controls or
samples the amount of feedback.

Preregulator

It provides constant current to the collector of the DC amplifier and the base of control element.

R +hie1

also increases, but then T is very small, since it is
1+ hfe

If R, is increased, the quantity

being divided by h,.
7.1.5 Negative Voltagé regulator

Sometimes it is required to have negative voltage viz., -6V, —18V, 21V etc with positive terminal
grounded. This type of circuit supplies regulated negative voltages. The input should also be
negative DC voltage.

7.1.6  Voltage regulator with foldback current limiting

In high current voltage regulator circuits, constant load current limiting is employed. i.e. The load
current will not increase beyond the set value. But this will not ensure good protection. So foldback
current limiting is employed. When the output is shared, the current will be varying. The series pass
transistors will not be able to dissipate this much power, with the result that it may be damaged. So
when the output is shorted or when the load current exceeds the set value, the current through the
series transistors decrease or folds back.

7.1.7  Switching regulators

In the voltage regulator circuit, suppose the output voltage should remain constants at +6V, the input
can be upto +12V or +15V maximum. If the input voltage is much higher, the power dissipation
across the transistor will be large and so it may be damaged. So to prevent this, the input is limited to
around twice that of the input. But if, higher input fluctuations were to be tolerated, the voltage
regulators IC is used as a switch between the input and the output. The input voltage is not connected
permanently to the regulator circuit but ON/OFF will occur at a high frequency (50 KHz) so that
output is constantly present.

A simple voltage regulator circuit using CA30854 is as shown in Fig. 7.7. It gives 6 V constant
output upto 100 mA.
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+13Ve e 16V
10k T
Un regulated Regulated
input output
R
2
oY g‘( e

Fig. 7.7 CA 3085A IC Voltage Regulator

V = ‘(——‘)BAV

0— 1+BAV

p— 2
R1+R2

RCA (Radio Corporation of America) uses for the ICs, alphabets CA. CA3085A is voltage
regulator. LM309 K — is another Voltage Regulator IC.

nA716C is head phone amplifier, delivers S0 mW to, 500-600%2 load

CA3007 is low power class AB amplifier, and delivers 30 mW of output power.

MC1554 is 20W class B power amplifier.

Preregulator
The value of the stability factor S, of a voltage regulator should be very small. S, can be improved

. V. -V, .
if Ry is increased (from the general expression) since Ry ~ (_1_1—_0_) We can increase R, by

decreasing I, through R;. The current I through R, can be decreased by using a Darlington pair for
Q,. To get even better values of Sy, R, is replaced by a constant current source circuit, so that
R, tends to infinity (Ry —> ). This constant current source circuit is often called a transistor
preregulator. V, is the maximum value of input that can be given.

Short Circuit Overload Protection

Overload means overload current (or short circuit). A power supply must be protected further from
damage through overload. In a simple circuit, protection is provided by using a fuse, so that when
current excess of the rated values flows, the fuse wire will blow off, thus protecting the components.
This fuse wire is provided before ry,. Another method of protecting the circuit is by using diodes.

_ 1 I
" S N
WV Q g '\/ly\/ >
S
+J_ 3 D, Dz RL
>
VRS
From amplifier 02 of series voltage regulator

Fig. 7.8 Circuit for short circuit protection
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Zener diodes can also be employed, but such a circuit is relatively costly.

The diodes D, and D, will start conducting only when the voltage drop across Rq exceeds the
current in voltage of both the diodes D, and D,. In the case of a short circuit the current Iy will
increase upto a limiting point determined by

- Vi +Vy, ~ VBE]
s Rg

When the output is short circuited, the collector current of Q, will be very high Ig . Rg will

also be large.
The two diodes D, and D, start conducting.
The large collector current of Q, passes through the diodes D, and D, and not through
the transistor Q.
Transistor Q, will be safe, D, and D, will be generally si diodes, since cut in voltage is
0.6V. So Ig Rg drop can be large.

Example 7.2

Design a series regulated power supply to provide a nominal output voltage of 25V and supply load
current I; < 1A. The unregulated power supply has the following specifications V; = 50 £ 5V,
and r, = 10 Q.

Given: R,=12Qatl, =10 mA. At I, = 10 mA, B = 220, h;, = 800 Q, hg, = 200, I, = 10 mA.

V,
The reference diodes are chosen such that Vi ~ TO
V,
-0 _
> 125V

. Two Zener diodes with breakdown voltages of 7.5 V in series may be connected.
R; =12 Qat], =20 mA

Choose Iy =1, =10 mA

At Ic2 = 10 mA, the h-parameters for the transistor are measured as,
B =220, h;,=800C, hg, =200

Choose I =10 mA, so that L, =15, +Ip, =20 mA
Vo=V 25-15
Ry = OI R _ o - ke
D
I, = Ic; _1oma = 451A
B2° g 220 H

Choose I; as 10 mA for si transistors, Vg = 06V
V,= Vg + VR‘= 156V
_Vo-Vo  25-156

= =940 O
I 10x10~3

R,
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V, 15.6
Ry~ =% =—""—3 =1,560 Q
I;  10x10
For the transistor Q,, choose I, as 1A and hgg, = 125 (d.c. current gain f3)
Iy +1; +1
L™1"'D
Ig = I. ~I;. =L +1, +1
Bl hgy (B) Ci;='Ep L "D
(DC Current gain)
_ 1000+10+10 8 mA
T 125 =°m

The current through resistor Ry is [ = Ig; + I, = 8 + 10 = 18 mA

The value of R; corresponding to V, = 45 V and I; = 1A is (since these are given in the
problem V,; =50 + 5, 45 V)

Vi'(VBEl+\bj 50-256

I 18x1073
Voltage regulator is a circuit which maintains constant output voltage, irrespective of the changes
of the input voltage or the current.

Stabilizer - If the input is a.c, and output is also a.c, it is a stabilizer circuit.

R, = = 1,360 Q.

7.2 Terminology

Load Regulation : 1t is defined as the % change in regulated output voltage for a change in load
current from minimum to the maximum value.

E, = Output voltage when I; is minimum (rated value)
E, = Output voltage when [; is maximum (rated value)
E|-Ep

% load regulation = E x 100 % ; E, > E,. This value should be small.
1

Line Regulation : It is the % change in V,, for a change in V..

AV,
AV

]
In the Ideal case AV, =0 when V, remains constant.

x 100 %

This value should be minimum.
Load regulation is with respect to change in I
Line regulation is with respect to change in V.

Ripple Rejection : It is the ratio of peak to peak output ripple voltage to the peak to peak input
ripple voltage.

Vo (p-p) VO' = output ripple voltage

V; (p- p) V, = input ripple voltage
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Stand by Current Drain :

It is the current drawn by the regulator circuit, when I; =0

(current drawn by the circuit components only and not by the load)
Short Circuit Current Limit :

The output current of the regulator (I;) when the output terminals are shorted.
Sense Voltage :

It is the voltage between current sense and current limit terminals.
Temperature Stability or Average Temperature Co¢fficient :

Change in V, per unit change in temperature mV/o,..

7.3 Basic Regulator Circuit
A monolothic voltage regulator circuit mainly consists of 3 parts.

1. Reference voltage circuit
2. Error Amplifier
3. Series pass element

BA
V= ——
1+BAy
p— T
R2+R2
V. Series Pass element >
’ I
R
1 Vo
P~

~" Error R 5‘5
Amplifier 2

Voltage
Reference

7

Voltage reference circuit generates a constant voltage level. A fraction of the output voltage is
derived by the potential divider network R,, R, and this voltage is compared with the reference
voltage. The difference in these two voltages is converted into an error signal, which will control the
voltage drop across the series pass element, to keep V, constant..

Fig. 7.9 Basic|.C. voltage regulator circuit

If V, is less, the drop across series pass element is reduced, so that V, increases. If V,,
is more, the drop across series pass element increases so that V, decreases and comes to the
normal value.
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The error amplifiers controls the base current to the series pass element, which is a transistor
and the drop across it, V¢ varies, as its I, changes, in proportion to I;. The characteristics of a
good regulator circuit are :

1. It should have low line regulation
2. It should have low load regulation
3. It must have a high degree of ripple rejection

Voltage regulator ICs are provided with 3 kinds of protection

1. Short circuit protection

(a) Active current limiting :

(b) Passive current limiting : This is foldback current limiting
2. Over voltage protection
3. Thermal overload protection

7.4 Short Circuit Protection

@
! %N_ .

Current Current
limit terminal sense terminal

Fig. 7.10 Short circuit protection circuit

7.4.1 Active Current Limiting

Normally T, is off. A resistor Rg is connected between current limit and current sense terminals.
When V,, is shorted, the drop across Rq is such that T, turns ON. When T, turns ON, it draws
current (I~ flows) and reduces the base drive I to the power device T,.

vl is reduced to zero.

If the short circuit current limit is 65 mA, and cut in voltage Vg for T is 0.65 V, Rg must
be such that when 65 mA is reached T, should turn ON.

SC= GsmA 10Q

Current sense will detect the short circuit. Short circuit current will flow through this terminal.

7.4.2 Foldback Limiting

If the short circuit is not detected, and short circuit condition exists for a long time, due to large
current flow, excessive heating will take place, damaging the I-C. In such cases, foldback limiting is
employed. When short circuit occurs, I; decreases and becomes a minimum value.
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The circuit is as shown :

Regulated O/P SC

D o
Unregulated QQ ) ITLl\/V\, VO

input R,

CL current limit

CS current sense

Fig. 7.11 Foldback limiting circuit

T, and T, are normally off. When I increases to a high value, the voltage drop across
Rg increases and turns on T,. T, inturn, turns on T,. Since I of T| = I of T,, when T, turns ON,
the base drive for T is reduced. Therefore I of Ty i.e., I; reduces.

7.4.3 Over Voltage Protection

Here Zener diode is connected between output and ground terminals. When V,; decreases, the diode
starts conducting, maintaining V,, constant at the breakdown voltage of the zener.
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Objective Type Questions

1. The stability factor Sy, in Voltage Regulator Circuits is defined as

Output Resistance Ro of Voltage Regulator Circuit is defined as

Temperature coefficient of Voltage Regulator Circuits is defined as

Ll A

The present pot or trimpot element in the series Voltage Regulator Circuit is called as

The purpose of Pre regulator circuit is the series Voltage Regulator Circuit is

Fold back limiting circuit is also known as

In a voltage stabilizer circuit, the input and outputs are

Load Regulation is defined as

Y ® =N o,

Line Regulation is defined as

10. Ripple Rejection is defined as

11. The three important sections of Voltage Regulator 1.C.s are

12. The elements used in Active Current limiting circuit of Voltage Regulators are
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Essay Type Questions

1. Draw the circuit for shunt type Voltage Regulator and explain its working.

2. Explain the terms
(i)  Stabilization
(i)  Stability factor Sy,
(i) Output Resistance R
(iv) Temperature Coefficient, pertaining to Voltage Regulators.

3. Draw the circuit for series type voltage regulator and explain its working.

4. What is the function of pre regulator circuit ? Explain.

5. Draw the circuit and explain how short circuit over load protection is provided in Voltage
Regulator circuits.

6. Define the terms

(i) Load Regulation

(i) Line Regulation

@iii)  Ripple Rejection

(iv) Sense Voltage

(v) Temperature stability pertaining to Voltage Regulator ICs.
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Answers of Objective Type Questions

AV, —o B
. Sy = AV, Al; =0,AT=0
2. R, = Ao AV.=0,AT=0
SRRV B
_ AV v _
3. §;= AT, AV, =0, Al =0 -
Sampling Resistor

It provides constant current to the collector of the d.c. amplifier and base of control element.
Crow - bar limiting circuit

a.c.

(V,~V,/V)) x 100 %

AV,
9. x 100 %

® N0~

AV,

o, Vs(p—p)
V!(p-p)

11. (a) Reference Voltage Circuit
(b) Error Amplifier
(c) Series Pass Element

12. Transistors, Resistors, Zener Diodes.
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8.1 IC 723 Voltage Regulators and 3 Terminal IC Regulators

\O\IM'L')-—A

Current sense 2. Inverse input
Non Inverse input 4. V¢
_VCC 6. Vout
Ve 8. +Vcc

. Frequency compensation 10. Current limit
V-~ (pin 5) can be grounded 8 and 7 are shorted and DC V; is given.
= 10 Q (Ohms) I, ~05A

"=
Frequency !
compensation

Fig. 8.11C 723 Voltage Regulator

8.1.1 IC 723 Pin Configuration
The pin configuration of the 723 I.C. voltage regulator is shown in Fig. 8.3

Pin I:

Current sense. The drop across Ry connected between this pin and pin 10 acts as Vg of

the current limit transistor.

Pin 2 :

Inv. input. It is the inverting input terminal of the error amplifier of the I1.C., in the

schematric circuit.

Pin 3 :
Pin 4 :
Pin5:
Pin6 :
Pin 7 :
Pin 8 :
Pin9:

Non-Inv. input : it is the non-inverting terminal of the error amplifier.
Vref
—V : Negative Voltage is applied at this terminal.

It is the reference voltage terminal of the reference source provided in the I.C.

Regulated output voltage V, is obtained at this terminal.
Control Voltage Terminal.
Positive Voltage is applied to this terminal.

Frequency Compensating Capacitor is Connected at this pin.

Pin 10 : Short circuit current limiting resistor Ry is connected between pin nos 10 and 1.
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723 1.C. Voltage Regulator can give a load current of 150 mA on its own. By using external pass
transistor the I; can be enhanced to several amperes.

The internal reference voltage is approximately 7.15v. Resistors R, and R, are used to set the gain
of the internal amplifier,

Resistors R, acts as DC bias compensation provider for R, and R,.

If the output voltage desired is less than the reference voltage V . (R, - R,) network acts as
potential divider, and the desired V,, (<V ) can be obtained.

The current limit is set by,

VSCI]SG

I limit =
RSC

Vgense 1S @pproximately 0.65V at room temperature. Ry resistor is placed in series with load and

so the current through it is the load current.
The current limit transistor is used such that the drop across Ry is applied as V. for the transistor.

The collector of the current limit transistor is conected to the base of the output pass transistor. If
the output current rises to the point where the voltage across Ry exceeds 0.65V, the current limit
transistor wil turn ON; so the output current is shunted away from the output pass transistor.

723 1.C. is available in (1) Metal can package and (2) Duel-in-line packages (DIP). The pin
configurations are shown in Fig. 8.2 and 8.3.

1. Current sense

2. Inverting input

3. Non-Inveéting input
4. Vier

5.V~

6.V,

7.V, = Control Voltage

Top view 8. v*t
9. Frequency Compensation

10. Current limit.

Fig. 8.2 723 IC Metal can Package
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No Connection (NC)| 1 ~ 14| NC
Current Limit| 2 13| Frequency compesation

Current Sense| 3 12) v-
Inverting Input| 4 723 11f Vo
Non-Inverting Input| 5 10 V,
Vit 6 91V,

V|7 8 | N¢

Top view

Fig. 8.3 723 IC DIP Package

The internal schemetric of the 723 IC is shown in Fig. 8.4

V+
Frequency
compensation
8 7 v
Temperature c
Compesated
Zener RN
Vol
Refeiﬁie 4 Errlof{ Series Pass
Amplifier :
Amplifier f P Transistor

Vo
1 | “

_ Current

v Limiting

Transistor
Current
Limit 1
Current
10 Sense

Fig. 8.4 Internal schematic of 723 voltage regulator 1.C.
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Problem 8.1 : Design a + 12 V voltage regulator circuit using 723 IC to give current limit of 50 mA.

R, *R,
Vo= Vet R,
LetR,=12KQ .V _,(=7.15v. V,=12v,R| =7
Vo
R,= —.R, -
1 vref 2 R2
12 i
7.15
=20.14 - 12 = 8.14 ~ 8KQ
R, =R|R —-12(—8-=2§—48KQ
3 TRIR = 20 T4
The circuit diagram is shown in Fig. 8.5
Vm
V+Q Ve

[ 1

6 12 11
VO
RSC
CL AM— o
R = 4m§ 723
cs
R, = 8kQ
14 4 1
13
7 —— 100 pF
7,-};- —— RQ = 4.8kQ

Fig. 8.5 Circuit diagram for a +12V voltage regulator circuit.

8.1.2 3 - Pin Voltage Regulator ICs

7800 1.C series is of 3- pin positive voltage regulator ICs 7900 IC series is of 3 - Pin Negative Voltage
regulator ICs.

3 - Terminal Voltage Regulators

7800 Series Voltages Regulators :
1 2

o —=C,
0.33 pF| 0.1 uF

Fig. 8.6 Three terminal |.C. Regulator Circuit
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These are 3 terminal, positive voltage regulators. V,, is positive. General circuit is :
XX : indicates the numbers that will follow like 00, 01, 02 etc.,
These are available in 70 - 3 type Metal package.

Pin1 : Input
2 : Output Pins 1 and 2 can be
Case : Ground known from the base diagram
TO 220 type Plastic package
Pin 1  Input
2  Ground
3 Output
T 5
< -
I Tl
1 2 3
I 2 1 2
Fig. 8.7 Pin diagram

Device type Output voltage V, Maximum input voltage (V)
7805 5.0
7806 . 6.0
7808 8.0 35V
78012 12.0 >
7815 15.0
7818 18.0
7824 240/ 40V

7805 can be used as a 0.5 A current source. The current supplied to the load is,

Ve
IL = ? + IQ
IQ = Quiescent current, I, = Load current = 4.3 mA for 7805

7800 series positive voltage regulator ICs.

IC No. Vo
7802 +2V
7805 +5V
7808 +8V
7818 +18V
7824 +24V
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7900 series is negative voltage regulator ICs.

IC No. Vo Max V,
7902 -2V
7905 -5 ,
7906 -6 -35
7908 -8
7918 - 18
7924 - 24 -40
output
(D 0
GND Case - input
Bottom view

Fig. 8.8 Pin configuration base diagram

V. 1

in 7805 | 3 I T R T T Output v,
C,033uF ]2 RSR 10Q v,
I ! oW |
>— v
—_ IQ IL - VL 0
f 100 Jr
10w
Fig. 8.9 IC 7805 Voltage Regulator
Vo=Vr+Vy
Vo=1 R,
R, =10 Q (Ohms)
VL,=5V; I, =05A
Vo=Vp+ VL

=5V+5V =10V
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The voltage drop across 7805 is 2V

- The minimum input voltage required is V,, = V,, + Dropout voltage
VvV, =12V
So a current source circuit using a voltage regulator can be designed for a desired value of I,
by choosing an appropriate value of R.

Example : 8.2

Using 7805C, voltage regulator, design a current source that will deliver 0.25 A current to the
48Q 10W load.

VR
Neglecting I I = —R——+IQ
v 5V
_R 5 =
R= I, 025A 200
Vo =Vr VL

=5V + (48 Q) (0.25) =17V
Vi, =V, + drop across I
Vi, =17+ 2 =19V Ans.

8.2 Current Limiting

This means short circuit protection i.e. Even if the output terminals of the voltage regulator are
shorted, the current should be limited and should not exceed a particular value. This can be done
in two ways.

1. Simple limiting circuit

2. Foldback limiting circuit

8.2.1 Simple Limiting Circuit
As the drop across R;, V-, », increases, Vg, gy decreases.

'Q, goes off.

R, is called current sensing resistor.

If I; < 600 mA, voltage drop across R, is < 0.6V (v R;=1Q, 1 x 600 mA = 0.6 V).
The drop across R, is Vg for transistor Q.

- Qy is cut off. So the regulator circuit works as a normal circuit, without any
limiting provision. When [; is between 600 and 700 mA, the voltage across R, is between 0.6 V and
0.7 V. Therefore Q, will turn on. So the collector current of Q, will flow through R;. So the base
voltage Vi, to Q, will decrease. Therefore output voltage V, will decrease and hence load current
will decrease.
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Current sense resistor
C m AAA

sle
21€
w

| l
h 4 —

Fig. 8.10 Current limiting circuit.

If, I = Short circuit current when output terminals are shorted
Voltage across Ry is Vg =15 . Ry
Iy =Vge /Ry
By choosing the value of R, we can change the level of current limiting.
The disadvantage with this circuit is power dissipation across transistor Q, will be very large.
8.2.2 Fold Back Limiting

+
'] &

AA A
VVV
=

Py
>

[
77T
Fig. 8.11 Foldback limiting circuit.

As Iy of a transistor decreases, I decreases. Therefore I, also decreases, instead of fully being cut
off. This is the principle of foldback limiting.

Using this circuit, we can reduce the power dissipation in the pass transistor. The load current
flows through R, producing a voltage drop ~ I, . R,. So the voltage fed to the potential divider circuit
Rs and R¢ is, I;. R, + V.. This voltage controls Q;. The feedback fraction is,

Ko —26
- RS +R6
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M=

I

I

I
R (Minimum) —>R,
Fig. 8.12 | - RL Characteristic

The maximum load current will be higher than short circuit current.

8.3 Specifications of Voltage Regulator Circuits
1. Regulation %

Input Z

Output Z

Ripple rejection

Current rating

Voltage rating

AN

8.4 DC To DC Converter

These are used when large DC voltage is required from small DC voltage i.e. If DC 5V is available,
we can make it 15V. The DC 5V is used to drive an oscillator circuit. The AC output is amplified with
transformer. Then it is converted to DC, to get large DC output voltage.

+ ‘ Rectifier | 71“ +
Vm Oscillator l l &_ V0
Filter circuit I _

Transformer

Fig. 8.13 DC to DC Converter

8.5 Switching Regulators

In the series regulators, the excess voltage is dropped across the series pass element. So power
dissipation is more. In order to reduce this, switching regulators are used. Here a switch connects the
input to the regulator intermittently, so that average current is passed to the load. When the switch is
closed, energy is stored in an inductor. This energy is transferred to the load. When the load voltage
decreases, this is sensed by the comparator and when the energy in the storage element is dissipated,
the switch is closed by the comparator and input is connected to the regulator circuit. So the storage
device gets charged again.

Switch is a transistor which is turned ON and OFF by the voltage of the threshold detector.

When switch is open, Diode D conducts. The energy stored in ‘L’ forward biases the
diode. This maintain current flow through. When S’ is closed, Diode D is Reverse Biased. Capacitor
C charges. It supplies energy to the load. When V|, decreases, detector changes state, and closes
the switch.,



Switching and IC Voltage Regulators 265

L
V. o— OO0 oV
I S | 0
D
| ]
1 T
Tp | Threshold
detector
Fig. 8.14 Regulator switch.
Switching Regulators
Voltage Regulators
Dissipative Non Dissipative
ex : Series - voltage regulator. ex : Switching regulator.

Shunt - voltage regulator.

Dissipative - Excess voltage when V,, increases is dissipated across a series pass element.
Efficiency (n) is less.

Non-dissipative - Switching type. Input is not permanently connected. (Efficiency) n is more.

Block Schematic of Switching Regulator

v Switching High Regulator
1 ———>{ Rectifier >| Filter controller frequency | bC
(AC) I to 100 KV filter &
rectifier Voltage

Fig. 8.15 Switching Reguiator

The voltage regulating transistor is operated in cut off or saturation. So current flowing
through this is small. Hence power dissipation in the circuit is less. Efficiency n is more.

The chopped AC voltage is filtered by high frequency filter and rectified to get DC.
Switching regulator is (advantages) :

1. Lighter

2. Smaller

3. More efficient than a series-pass type.
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8.5.1 Step - Down (Buck) Switching Regulator
Control voltage (to turn ON/OFF the transistor Q)

Fig. 8.16 Bucking type regulator

_ ton
Vo= "2V,

ton = Time period for which Q, is ON

Circuit when S closed
closed (e«— open —>

"__________F_______.______VL _J_Closed * —[—

Circuit when S , open

T f T

Fig. 8.17 Circuits and waveforms

T = Total time period Q, of input square wave.
D = Duty cycle

__'on __'on_ _‘on
toN * toff Total time T

D, is catch diode in the circuit

It provides continuous path for the inductor current when Q, turns off. When S, is closed,

inductor current I, passes from the input voltage V,_ to the load (V;, — V,)) appears across inductor.
So I; increases.

When S, is open, stored energy in the inductor forces I; to continue to pass in the load, and
return through diode. The inductor voltage is now reversed and is ~ Vo So I decrease.
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8.6 Voltage Multipliers

8.6.1 Half Wave Voltage Doubler Circuit

During the first negative half cycle, D, is forward biased. So C, will get charged, to the peak of the
input voltage Vy,, with the polarity as shown in Fig. 8.18. During the positive half cycle, D, is forward
biased. Therefore, C, will get charged to V, + V, = 2V,,. Capacitor C; will charge C2' to Vp and from
the source, through D,, C, will get charged to a further value of Vp. So after several cycles, the
voltage across C, will be 2V,. Here R; should be large. Other wise, C, will be discharging quickly
and the voltage may not be maintained constant at 2V}, This is half wave doubler circuit, since the
output capacitor C, is charged only once during the full cycle.

Such circuits are used where large output voltage is required. Large V,, can be obtained by
using a bigger transformer. But its cost will be more.

\ | | j
vl > o
@ x Dl C2 :-\ RL 2VP 0

VA

Fig. 8.18 Half wave voltage double circuit
8.6.2 Full Wave Voltage Regulator

During the positive half cycle, D, is forward biased C, gets charged to Vp. During the negative
half cycle, D, is forward biaged. So C, gets charged to Vp. In the steady state, the voltage across Ry
in 2 Vp. Here center tapped transformer is not used. It is called full wave, since one of the diodes is
conducting in each half cycle (similar to a full wave rectifier circuit). But the problem is, since no
centre tapped transformer is used, there is ho common ground between the input and the output. If the
bottom of R; is grounded, input is floating. This is not desirable in electronic circuits. So in FWR
circuits, centre tapped transformer is used. In this circuit ripple will be less as shown in Fig. 8.19.

P

!
Dy

(S— L

©

g

Fig. 8.19 Voltage Doubler Circuit
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8.6.3 Voltage Tripler

The circuit is as shown in Fig. 8.20. Working is similar to the previous circuit.

\ l AY l
=) [+ Rk
C, C,

D, I D,x D,t v,

e

o L
—3 |
Fig. 8.20 Voltage tripler circuit

8.6.4 Voltage Quadrupler

The circuit is shown in Fig. 8.21. Is there any limit to the number of sections that can be added to get
large voltage ? Theoretically it is possible. But the ripple voltage will get worse as additional sections
are added. (A diode is being put across or in series. So ripple will increase). So these circuits are used
only where very high voltage doubling is to be done. The input voltage itself will be higher.

=1 {+ = I+
C, C|

g v % ¥

C c,
2l o [+
) )

©

Fig. 8.21 Voltage quadrupler circuit
8.6.5 Peak To Peak Detector
The circuit is as shown in Fig. 8.22.

- <

Fig. 8.22 Peak to peak detector
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The input sine wave is positively clamped. C, — D, is a positive clamped circuit. D, ~C, is
a peak detector circuit. When D, is forward biased, C, gets charged to V,. When D, is forward
biased, C, gets charged to 2V},. So output will measure peak to peak value. R; should be21arge. If the
input is not symmetrical, positive peak and negative peak are not same, the average value or rms value
measured will not be correct. In such cases, first peak to peak detector is connected and then the DC
meter or AC meter are connected. In certain measurements, peak to peak value is to be determined.
In such cases this type of circuits are used.

Ripple Factors

Ripple Factor for ‘C’ filter = —5=——"——
¥ Ripple Factor for ilter 4J§fCRL

R
. L
Ripple Factor for ‘L’ filter =
T RIPP 4\/50)L

Ripple factor L. filt ——@x : ><1
¥ Ripple factor L filter = —=x—="m x>

R

Critical Inductance L > —L
3m

33X,

Bleeder Resistor RB = -

=

R (Xu1

y fro = - filter

Example : 8.3

Design a power supply using a = - filter to give DC output of 25V at 100 mA with a ripple factor not
to exceed 0.01 %. Design of the circuit means, we have to determine L, C, diodes and transformers.

Solution :
Design of the circuit means, we have to determine L, C, diodes and transformer
Vpc . 25V
R'=——t=—— =250Q
L IDC 100mA
X
Ripple factor y=.2. Xe °G
R X,
vV

T--

—>®t

Fig. 8.23 Ripple voltage waveform
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X can be chosen to be = X1

This gives a relation between C and L.
ClL=y
~There is no unique solution to this.

. Assume a reasonaole value of L which is commercially available and determine the corresponding
value of capacitor. Suppose L is chosen as 20 H at 100 mA with a DC Resistance of 370 Q

(of Inductor).
2 — _y = _)
C or C "

_ VY
— IDC
VY= 2fc

Now the transformer voltage ratings are to be chosen.

The voltage drop across the choke = choke resistance x Ip..
=375 x 100 x 1073 = 37.5V.
Vpc =25 V.

Therefore, voltage across the first capacitor C in the & - filter is
V,=25+375=625V.

The peak transformer voltage, to centre tap is

V=V + YE"— (for C filter)

Inc

‘ 2fc

- 0.1
-Vm =62.5v + m

Vrms Vi 60
= —=. = 60v
2

Therefore, a transformer with 60 — 0 — 60V is chosen. The ratings of the diode should be,
current of 125 mA, and voltage =PIV =2V =2 x 84.6 V=169.2 V.
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Example : 8.4

A full wave rectifier with LC filter is to supply 250 v at 100 m.a. DC. Determine the ratings of the
needed diodes and transformer, the value of the bleeder resistor and the ripple, if R, of the choke
=400Q. L= 10 H and C =20 pF.

Solution :
R - IDC
L=
I
DC
= —239— = 2,500Q
L™ o1 ~ '
For the choke input resistor,
2Em
Ene= 70—
DC R
n(1+—cj
R
and Ims = Ipe
nE R
o
2 RL

11:><250( 400
1+

2 2500) =455V

455

Ems = 75 =322V

Therefore, the transformer should supply 322V rms on each side of the centre tap. This
includes no allowance for transformer impedance, so that the transformer should be rated at about
340 volts 100 mA, DC.

The Bleeder Resistance
Ry 2
L=10H
's = 32159L - 31:2)3(;75210 02564
Ripple factor y = 047  _ 0.47

40%LC-1  4x377%x20x107°
The current ratings of each diode = 0.00413, should be 50 mA.
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Example : 8.5
Design a full wave rectifier to supply current in the range 50 mA to 100 mA at 300V with a ripple less
than 5V, using,

1. L section filter 2. = - section filter 3. C filter

L
l R
‘lﬂc Load
100mA/300V
230V TRb (75+25)
50 Hz

AT

Fig. 8.24 Circuit for Ex. 8.5

IL(mm) = 50 mA and
IL(min) = 100 mA
SV 1,
r= 5-@—-1;:
Ve 1.1931
v, LC

. LC = 35.8, where L is in henrys and C in pF.

ﬁ(.z minimum value of I, = 50 mA, we use R, for 50 mA only)

Lcritlcal 2
Dg
A4 300
Ry= — = ——— =6KQ
B™ 1, 50x107?
6K
L = 6.4H

critical 3x 27 x 50

Taking 25% more, because for formula of L we use fundamental frequency value,

Lcritical =8H
.. We choose L =10H/100 mA
C = 3.58 pF from the equation,

We choose 4uF/450 V

critical®

2Vp

Now, Vi = — 1, R, where
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&( = Rdiodes + Rsecondary + Rchoko
=0+ 250 + 200 = 450Q

Vm = g[Vdc +[ch]

= §[300+0.1x450]
345m
= = 54192 V
2
542
Vrms = —;/-?' =383V

*. Transformer used will have 390 - 0 — 390 V/100 mA.
Diode current rating
=1;/2 = 100/2 = 50 + 15% due to variation
= 57.5 mA.
Nearest current rating of diode = 100 mA
. 100 mA current rating diodes are used.
PIV = 2V, .:.PIV rating
= 1084 + 15%
=1400V

Using n - section filter :

Ry is not required because there is already a path for discharge current, of capacitor, as 50 mA is
minimum /;.

2= —
30
5700 1
1 2= - L
awse C.C,LR, 30
230V
50 Hz

ﬁ

Fig. 8.25 With = - section filter
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274
LetC,=C,=C
5700
P=—
C“LR|
300V 300
Rimm = Tooma ~ 3K Rumw = 5~ =6 KO

Calculating for worst case of supply, or the Jowest value of R, = 3 KQ, we have

5700 1
—S—— =2~ LC?=57.02
C“Lx3K 30
Select L=1H/100mA .. C?2=57.02
.. C=17.55yF
Using C = 8uF/400 V.
— n R
Vm - Vdc+1dc 2(DSC * L
= 300+100 { " ¢ +450} x 1073
2x2xtx50x8x10
=300 + 107.5
= 407.5 = 408V
_ Vp 408

VvV, =-—==—f =2885V
rms ﬁ \/5

Select transformer as 290 — 0 — 290 V/100 mA
Voltage across C2 =300 V. If load goes down to 50 mA the voltage increase, is giv¢ -

— n R
Vin - Vdc + Idc 20)SC +
o Vi + 354, 1,,= 50
- voltage across C, in worst case is 354 V.
We select 354 + 15% =408 V
= Using C, of 8 pF/450,
Voltage across C = 408 + I, (200 Q), where I; = 50 mA.
=408+ 10=418V

V. == {300+0.1 xR} g {300 + 0.1 x 450}

L
=541.9=542V
T
V,= 5 {Vdc + (0.05 x 450)}
V4 = 336 V/50 mA + 15% increase

=386V
450 V is needed for C
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Example : 8.6

Design a FW circuit using bridge rectifier configuration with two sections of L-C filter; to give ripple
better than 0.02 %. Inductances available are 100 mH, 100 mA, (r = 100 ohms).

230V
50 Hz

Fig. 8.26 Circuit for Ex. 8.6

For two L - section filter,

2o

ripple factor r= —E—m
, . Ry
(i) L critical > £
Since L =100 mH, f=50 Hz.
R=3o0L
< 942478 Q

(i) The actual value of R; will depend on the load itself, and the output voltage required, which
is not specified. We assume that R; =1 K, and the current required is 30 mA.

(iii) Find the value of C.

_Y2 1
T3 (40*LC)?
0.02 42 1
00 3 "4xm2 x.1xC? ’
For f=50Hz, L =.1H
We get, C = 10 uF with a voltage rating depending upon the peak - voltage of the secondary.
(iv) Transformer :
The dc resistance of the choke given is 100 ohms.
. voltage across the capacitor of the first section
=30V + L Repoke
=30V + 30 mA x 100 ohms
=33V
.. The voltage at the input of the first section
=33 V +40 mA x 100 ohms
=33V+4V=37V.

Since r
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Note that the current flowing is assumed as 40 mA instead of 30 mA to take care of the
capacitor current as well. (Value assumed is slightly on the higher side)

Both capacitors C; and C, can have voltage ratings of 50 V.
Transformer secondary voltage (RMS)

=37/J2 =262V
Allowing for two diode voltage drops, we may require the voltage on the secondary
=262+2x.,6=274V.

This does not take into account the drop due to transformer secondary, which will depend on
the rating of the transformer, but we may assume the same to be about 3 ohms for the transformer
(which will create a drop of 3 ohms x 40 mA = 120 mV).

We may select transformer with turns ratio 220 : 27.5, 100 mA.

(v)  The diodes should have rating of minimum 100 mA, PIV =60 V.
(vi)  The bleeder resistance should be around 10 times R, giving

Ry=10K
R
} e
1
A Vin=vin R, AIO_Vb R
R
——d

R+RZ
R, <:R -
« R+RZ

Fig. 8.27 For Ex. 8.6

Example : 8.7

Design a zener voltage regulator to supply a load current which varies between 10mA and 25mA at
10V. Input supply voltage available is 20 V + 10 %.

Solution :

R
1
200 Q
-
Vin 10V
20V + 20% 1 400
RL to
| 1000Q

Fig. 8.28 Circuit for Ex. 8.7
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1. Since the output voltage = 10V, the load resistance, R,, varies from
V,/10mA = 1000 Ohms to
V /25mA = 400 Ohms.

2. Given that v =20+0.01 x20=22V
\Y =20-0.01x20=18V

in{max)

in{min)

Vin(min) - Vz

Hence, R= I I
L(max) + z(min)
=(22-18)V/(25-5)mA
= 200 Ohms,
assuming L (min) t0 be slightly greater than L,.

3. The zener is called upon to absorb maximum current when ¥, is maximum and at the same
time /; is minimum.

Iz (max) + IL(min) = (Vin(max)) /' R.

Hence, L maxy = {(24 — 10)/200} — 10mA
= 60 mA.
The zener diode rating, therefore, should be
P, may = Y * Iy (may = 10 V x 60mA
=600 mW.

We will have to select a zener diode of rating of 1 W. This higher rating will also take care of the
inadvertent opening of the load resistance circuit, in which case, the zener current will be equal to
70mA and the zener power dissipation will be equal to

P,= 10V x 70mA =700 mW.

In the above analysis, the dynamic resistar.ce of the zener diode is assumed to be equal to zero
(and, therefore, S = 0, as per equation ). However, even if we assume R, = 4 Ohms (say), then
V, will change with the change in the zener current. The zener current changes from its minimum
value of SmA to a maximum of 60mA. Therefore, v, = the change in the output voltage,

= (60 — 5)mA x 5 Ohms = 0.275V.
Consequently, the stabilisation factor will be
S =R/ (R, + R) = 5/205 = 0.024.
Example : 8.8
Design a power supply to give 1A at 12 volts.
Solution :

We shall assume an input voltage supply to be available having twice the output voltage, i.e., say,
25V, with a variation of + 20%.

The input voltage available, therefore, will be between 20 and 30 volts.
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The circuit, rearranged, will be as shown the Fig, 8.29.

}
\Y szi V =12V

" 25V =+ 20%

Fig. 8.29 Circuit for Problem 8.8

1. Let us select, first, the transistor T,.
Vg across the transistor
= Vinmax) ~ Vo
=30-12=18V.

Hence, the power dissipation for the transistor T, = 18V x I,

18V x 1A= 18W.

We will select ECN 149 as our transistor T,. This transistor has a gain of about 35.

2. The base current of the transistor 7, for full variation of the load current, is = 1A/35 =
about 30 mA.

The transistor T, will be supplying the base current of transistor 7,. With the voltage across
the transistor T, being practically the same as that of the transistor T,, the power dissipation of the
transistor 7, will be, neglecting Vg,

=(30-12) V x 30mA
=18 x 30mA
= 540mW.

We will, therefore have to select a transistor which has this capacity, and also can withstand

30mA. We select transistor SL 100 for the purpose, which has a current gain of about 50.

This gives Ig; = 30mA/50 = 0.6mA.
3. This I, is the load current for the zener diode, which is operated slightly above L, of,
say, SmA.

Vinmin) “ Yz 20-12
Iz(min) + Ib(max) 5.6mA

= 8V/5.6mA = 1.42 K - Ohms.
We shall select a standard value of the resistance for R.

R:
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The values available near about the calculated values are, 1.2 k and 1.5 k. We shall select 1.2 k,
the lower of the two normally available values, as the higher value will force reduction in I, (minY
We will recalculate the current I

|

z (miny USing this value of the resistance.
+ Ip(max) = 8V/1.2k
= 6.67 mA.

Hence, Iz(min) =6.67TmA — 0.6mA = 6.07mA.
The power rating of the resistor

=12 xR

= (6.07mA)? x 1.2k

= 45mW.

We shall select a resistance of 1/4 W capacity.

z(min)

4. To obtain 12 volts at the output, the zener diode will have to be of
12V + Vge + Vg, =12+ 0.6 + 0.6 = 13.2 V.

We can adopt the strategy shown in Fig. 8.36.

1

C
1

Fig. 8.30 For Ex. 8.8

5. The power rating of the zener diode :
VvV, =12V
and [, =6.07 mA

Hence, Pz = 12V x 6.07TmA = 80mW. We can select 150m zener. In case there is an open -
circuit on the load side, the zener current will increase to 6.07 mA + 0.6 mA = 6.67 mA, needing the
zener diode to dissipate power,

=12V x 6.67 mA = 80mW.
The zener diode selected can take care of the increased dissipation.
We need the following components to build the circuit.
Transistor T, = SL 100 or ECN 100.
Transistor T, = ECN 149
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Example : 8.9

Design 5V, 500ma regulated voltage supply. AC supply is obtained from a 230V : 20V transformer.
Solution :

230v Full wave

50 Hz S ||, Rectifier | ¢ Nl | Refleetive)

il

Fig. 8.31 Circuit for Ex. 8.9

1. The transformer secondary will have a voltage
=20V rms
=20 x 2
=28.28 V peak.

2.

We will select a capacitor filter even though the load current is large.
V., = Vp=28.28V
Actually this voltage should be equal to
(4/R C)
™ A R con “ Ve
¢ (4fR C+])

(4x50xRy xC)
= x2828 L. 6]
(4x50xRy xC+1)
Since this supply will have to feed, I; + I,
= 1A, neglecting I,
giving I;. = 0.5A, and hence R; =V, /I, =

=5V/0.5A = 10 — Ohms
Substituting this value in the equation (i) we have,

(2000x 5000x 10~0)

(2000x 500010~ +1)

C

x 28.28V.

10
= T x 28.28 = 25.78V. -

3. Selection of the transistors.
Let us select the transistor T,.
Vce for the transistor T, =V, -V,

=25.78 - 5=20.78V
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Since the load current will have to flow through the transistor T,, the power dissipation capacity
of transistor T, is
Vce X IL
= 20.78V x 500mA
= 10.39W.

We select a transistor ECN 149 having Ic(max) = 4A., and maximum power dissipation of
30w. This transistor has minimum hgg of 30.

This will mean that a base current of 500mA/30 = 16.67mA will be required to support the
required load current through the transistor.

Selection of the transistor T :

The above base current will be supplied by the transistor T;. This is the collector current of
the transistor T,. Voltage across this transistor is practically the same as that of the transistor T,.
Actuallyitis

=Vip * Vo= Vgp,
=2578-5.0-0.6
=19.58V

Since the current flowing through the transistor is = 16.67mA, the power dissipation for this
transistor
= 19.58 x 16.67TmA
=326 mW.

This will necessitate the use of a transistor like SL 100 as transistor T,. This transistor has
hFE ) = 50.
4. Selection of zener diode
Transistor T, base is at a voltage
= Vo + Vbe
=5+0.6=5.6V.
Likewise, T, base should have a voltage of V, ) + 0.6 =6.2V.

We can take a zener of 6.2V, or a zener of 5.6V in series with a diode to provide about 6.2V at
the base of 7).

(v, -V
Resistance R=(V,-V,)R= ——@T—b—)
_ 25.78-62 _19.58
1 I
where current I= IbI +1z

Iy, = L/(hpgy % heg))
= 500mA/(50 x 30) = 0.33 mA.
Hence, R = 19.58V/0.33mA = 1.958 KQ.
"We can select a nominal value of 1.8 KQ.
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Recalculating the value of the current passing through it,
We have = I, (approx.) = (25.78 — 6.2)V/1.8k = 10.88mA.

The value of the resistance R is thus 1.8k, and since the current passing through it = 10.88mA,
the power rating of R

= (10.88)% x 1.8k -Ohms = 213mW.
We can select R as 1.8k -Ohms/ 1/2W rating.

Example : 8.10

Determine the component values for a voltage regulator circuit for 12V at 100mA. The circuit is to
operate from a dc supply of 20 + 5V.

Solution :
1. Selection of tramsistor T,
Voltage across the transistor
= Vln(max) - Vo
=25-12=13.
The current through the transistor T, = [ (max) = 100mA.
Therefore, the power dissipation required of the transistor
=13V x 10mA = 1.3 Watts
We select a transistor ECN100 for the purpose, which has
P jmax) = SW at 25 °C.
= 0.7A at 25 °C.
= 50.
90.

Ic(max)
hFE(min)
Bfe(typy =
h, = 1.3k
The base current required
IBl(max) = 1C(max)/hfe(mm)
= 100mA/50
= 2mA.

2. Selection of the zener diode

Since the output voltage V = 12 Volts, we may select a zener diode of a voltage of 6.8V
(between about 50 and 80% of the output voltage). The power dissipation capacity of the zener
should be around 150mW giving,

Vo5 -V
g -0 V2

4 IZ

12-6.
= 68 = 1.04 KQ.
SmA
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We select Rz = the nearest available standard value of 1k -Ohms, which should have power
dissipation capability of (5.2mA)? x 1k = 27mW.

We, therefore select R, = 1k and of 1/8 watts.

3. Selection of transistor T,
As a thumb - rule, we select I, as about, between 10 and 50% of the I, depending upon the
load current. Let I, = 1ma., in our case. The voltage across the transistor T,
=Vegs = Vot Vo= V2
=12+0.6-6.8
=5.8V.
This means that the P, of the transistor 7,
=58V x ImA = 5.8 mW.
We select BC147B, which has,
P jmax) = 0-25W
Iomax) = O-1A.
hpp(miny = 200
Py = 240.
h,, = 4.5KQ
4. Selection of the resistance R;
The maximum base current required for the transistor for the maximum collector current of-
100mA (which in reality is the load current and hence the emitter current). We neglect the

additional current required for zener and the base current, making load current = emitter current
= collector current.

I I/hFE(min) = 100mA/50 = 2.0mA.
Also the value of 1., = 1mA, giving the value of the current
passing through the resistance R; = /
= Iy * Iy
=2mA + ImA = 3mA.
Minimum voltage across the resistance R,
= Vinminy = Vo ™ Vaes
=15-12+0.6
= 3.6 Volts.
Hence, R,=3.6V/3mA
=12KQ
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Selecting the nearest standard value available, R; = 470 Ohms, which will make the total
current to 13.6 / 470 = 2.9mA.

Since Iy, is dependant upon the load current and hence, will be 2mA, I, will reduce from
1.0mA to 0.9mA.

The power dissipation will be (3mA)? x 4.7K = 39mW.

We select R, = 4.7K and of 1/8W.

Likewise, when the input voltage is maximum, i.e., 25V, the current through the resistance R,

will be equal to
(25 - 12~ 0.6)V / 470 Ohms = 12.4/470

= about 27mA

Since this current of 27mA (less 2mA for the I,) becomes the collector current for the

transistor 7,, we have Pd(max) for transistor T, = 5.8V x 25mA = 145mW. |

This is well within the capacity of the transistor selected, which otherwise would have to be
changed to a higher power transistor.

5. Selection of R, and R
Voltage Vg, =V, + Vag,
=6.8+0.6
= 7.4 Volts.

Therefore, — = === — =062,

provided that the value of Rb finally selected be sufficiently small as compared to
{hgy+ R, (1 + hyp,y)}, so that the shunting effect of the transistor 7, is negligible, i.e., it is assumed
that the current drawn by the R and R, combination is very farge as compared to the base current of
transistor 7',, which is
=1, =0.9/200=4.5 pA.
If we select, I, as about 1mA, (alternatively, I should be chosen, as a thumb - rule, to be about
10% of the load current), we get,

R, +R, =V, /1,

=12/1mA
= 12k - Ohms.
R
_b _
and R, 0.62
Hence, R, +0.62 R, = 12K - Ohms.

R, = 7.4k -ths
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and R, = 4.6k
We can select R, = 6.8k, R, = 3.9k and connect a potentiometer of 1k in-between giving total
resistance =6.8+39k+ IK
=11.7K

Adjusting the potentiometer, we will be able to adjust the output voltage finely to the
required value.

The power dissipation for
R,= (Ir)2 x 6.8 K

= 6.8mW.
Similarly, for R, Power dissipation = 4.7 mW.
and for the potentiometer

= 1mW
We may select all these components of 1/8 W capacity.
Let us calculate S, and R, for the above example.

We have;
s - Rp +hie2 +Ri(1+hfe2)
v R3 X hfe2 xk
where Rp = 7.4 K in parallel with 4.6 K
=2.8K.

R, may be assumed as about 10 ohms, at the point of operation, and
K=Ry /R, +Ryp)

~ 0383
Hence o - 28K+45K +10(1+240)/1000
’ v 0.47x 240 % 0.383
= 0.225
We have,
Ry = 5.1 ohms.

These are fairly large values.

We can improve upon these, if sp desired, by using a darlington pair of transistors in place of
a single transistor T,. This will help in increasing the value of the resistance R; since the base current
requirements will be reduced, resulting in smaller value of the voltage - stabilisation ratio. Since the
total gain increases the product of the individual current - gains of the transistors used in the pair, the
value of the R, will reduce to a considerable extent.
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8.7  Uninterrupted Power Supply (UPS)

When the egular AC main line supply fails, the uninterrupted power supply (UPS) unit delivers the
poweRto the load. The load may be computer or any electronic system etc. The desirable characteristics
of UPS are :

l. Voltage and frequency of the UPS output must be stable with close tolerances.
2. The output must be of high quality with minimum distortion
3. Must deliver output power without interruption
UPS units are used in :
. Computer centres/computer systems
2. lnstrumentation systems
3. Process-control units
4. Communication systems etc.

The block schematic of UPS system is shown in Fig. 8.32.

Static switch unit (I}

Battery LOAD

A 4
|

Inverter

|

synch. MWV

transformer /\/\/\, SSM

Mains - |

Fig. 8.32 Block schematic of UPS.

UPS consists of a bank of batteries, depending on the output voltage required, static switch unit
for the invertor (SSI), and static switch unit for the mains (SSM), and synchronizing transformer.

8.7.1 Operation

When the mains are functioning, the battery unit is charged. The inverter suppliers power to the load,
through SSI. After the battery unit is fully charged, it floats. When the mains fail, the Invertor
supplies the load current without interruption, by converting the DC voltage it obtains from the
battery into a pulse width modulated AC voltage. It is filtered converted to Sinusoidal wave form and
supplied to load. The inverter output is always synchronized with the mains. If the inverter fails,
power is supplied to load by the mains, by automatically switching on the SSM and switching off the
SSIL.
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8.7.2 Inverter Circuit

The circuit diagram is shown in Fig. 8.33. It is a pulse width modulated Inverter circuit. The circuit
functions on complementary communication method. Whenever SCR T, is turned ON T, gets turned
OFF automatically. Similarly when T, is tuned ON, T, immediately gets turned OFF and Vice-versa.
Output is taken between the terminal C and D. The output waveform is shown in Fig. 8.34.

Mains ¢ L
] >
"W ot ok TN & o,
Load
C
— c—— || °
E D
s 2 R S e

t t ts
T,ON T,ON| T,ON|T,ON  T,ON
T,ON T,ON| T,ON|T,ON  T,ON

Fig. 8.34 Waveforms.

During the period t, — t, : SCRs T, and T, are conducting. Output voltage follows input DC
voltage.

At t, : SCR T, gets triggered, turning OFF T,. Load current passes through T, and T, and Diodes
D, and D, depending on the direction of load current.

At t; : SCR T, gets triggered and turns OFF T,. So point D becomes +ve with respect to C.

Att,: SCR T, gets triggered. The output voltage becomes zero and remains at this level til tg. This
cycle repeats.

Control Circuit : The block schematic of control circuit is shown in Fig. 8.35 The function of the
circuit is to obtain proper firing signals.
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Control voltage

L
50 Hz square i 100 Hz square {100 Hz triangular s pPwM
wave generator | wave genrator ”| wave genrator
a b c d
—Q e&f
Tog:t(e:Rt-— Pulse amplifier J) Steering circuit Phase shifter [€
g-J T
Fig. 8.35 Block diagram of control circuit.
Wave forms
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Fig. 8.36 Output waveform of Dual d Flip Flop (e) & (f).
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The 50 Hzs square wave output is converted into a 100 Hzs signal, which in turn is converted
into a 100 Hzs triangular waveform. This waveform output is compared with the control voltage, by
the comparator to produce a 100 Hzs output pulse. The width of this pulse is proportional to the input
control voltage. This pulse and the basic 50 Hz square wave are fed as clock input and D input to the
Dual D Flop-Flop. The phase shift between the two output wave forms of the Dual D Flop Flop can
be varied by the control voltage. These outputs are amplified and applied through the steering circuit,
as gating signals to the SCR.

8.7.3 Filter Circuit
The output of the inverter circuit is not a pure sinusoidal wave.
The former equation governing the output is,
e = v Sin (PP‘) . Cos n(wt)
" onn 2
wheren =1, 3, 5...
B = Pulse width in radians
V = Amplitude
® = Mains radian frequency

The filter circuits are chosen such that the distortion of the sine wave is within the permissable
limits. The desirable characteristics of filter circuits are :

(i)  High output impedance (ii)  Low output impedance
(iii) Highefficiency (iv) Low cast
The different types of filter circuits used are :

1. Low pass filter =~ 2. Low- Pass-with third harmonic filter 3. Series-parallel filter.

L

|
L, c
(VD L, —_—c,

(c) Series-parallel filter

Fig. 8.37 Different types of filter circuits
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8.7.4 Static Switch

The block diagrams used for static switch for inverter (SSI) and static switch for mains (SSM) are
shown in Fig. 8.38.

T T, F
SSI SSM
T, T s
Inverter G) LOAD <~ Mains
output

Fig. 8.38 Static switch-circuit diagram.

When the inverter circuit is functioning it supplies the load current through T, and T,. During
positive half cycle, Ty conducts and during negative half cycle T, conducts. The gating is done by
direct current controlled through an opto coupler. If the inverter circuit stops functioning, it is sensed
and SCRs T, and Tj are fired immediately. Then the transmission of gate signals to T4 and T stops.
When the Inverter becomes active, the load is again, transferred to it by switching ON T, and T, and
switching OFF T, and T,.

8.8 Switched Mode Power Supplies (SMPS)

For applications in computer systems, Instrumentation panels, electronic control circuits, a DC source
of about 50W and above is usually required. The required features of such a DC power supply are

1. Lessripple
2. Controlled output voltage.

For such requirements, Switching Mode Power Juppliers?(SMPS) are used. The schematic of
such a SMPS in shown in Fig. 8.39.

Cl VCh
g S\ g

.AC /Re.ctiﬂ.er —-—C, D pm— 6% LOAD
input circuit

Fig. 8.39 Schematic of Switched Mode Power Supply (SMPS).
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The A.C mains input is converted to DC by a rectifier circuit. The output is not controlled at this
stage. The capacitor C, smoothens the output of rectifier circuit, and reduces ripple voltage. The
output voltage of capacitor C, V, is as shown in Fig. 8.40.

—>t

Fig. 8.40 Output wave formof C,.

An electronic switch like a power transistor or MOSFET changes this output to high frequency
A.C V, as shown in Fig. 8.41. This voltage is chopped between zero and maximum levels, and can
be controlled by the rate of switching.

il

—>t

Fig. 8.41 Output waveform V,, after switching.

This chopped controlled AC voltage is given as input to the LC filter network L, C,. This LC filter
smoothens the AC voltage to give DC output voltage with very negligible ripple, as shown in Fig. 8.42.

Vo

1

—>t
Fig. 8.42 Output voltage from the LC filter circuit.
This DC voltage is applied to the load. This is the principle of SMPS circuits.

But why to chop the output of capacitor C, and then again convert this chopped voltage to DC
using LC filter ? The reasons are :

1. If the capacitor C, it self were to give DC voltage, the value of C, has to be very very large
to reduce the value of ripple, which is not practicable. The ripple % is inversely proportional
to the value of capacitor.
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2. Ifthe switching circuit is not used to chop the voltage V, the output DC voltage V,, cannot

be controlled. The output voltage magnitude depends on the (ON/OFF) ratio of the switch.

. The ripple frequency of the voltage after chopping is high. So the values of L, and C, can

be small within the practicable limits. If the ripple frequency is high, filtering is more
effective and low values of L and C can be used as indicated by the equation given below.

The expression for the ratio of output voltage of the filter V. to its input voltage (V)
Voo _ 1
Ve wlLC-1

Where ‘o’ is the radial frequency of the harmonics. So higher order harmonics are
attenuated more than the lower order harmonics.

Ifo,L, C,>>1,
Vor __1
Vi  o%LC

or Attenuation of ripple components is inversely proportional to ®?. i.e., the higher the
switching rate, the lesser the ripple. So the electronic switching circuit is used in SMPS
circuits. The Diode D in the circuit is required to provide a path for the continuous current
n the inductor when the switch is open.

The Inductor L, in the filter circuit offers zero resistance to DC component because
X; =0 for DC and large impedance to high ripple AC components (because X; = joL). The
capacitor C, gets charged to the mean value of the chopped voltage.

8.8.1 Single Transistor Switched Mode Power Supply Using Transformer

SMPS circuit is basically a DC to DC converter. For switching action, power transistor or MOSFETs
can be used.

If power transistors are used as switching devices, the switching rate frequency is to be limited to

40 KHzs.

If MOSFETs are used, this frequency can be upto approximately 200 KHzs. The size of the device
can also be small.

By using a transformer in the circuit, the advantages are :

1. Transformer isolation can be achieved between input and output which is essential in

electronic circuits.

2. The range of output voltage levels can be changed, by having two or more secondaries for

the transformer.
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Such a circuit diagram is shown in Fig, 8.43.

D, D, L,
D 1
AC Uncontrolled 1 o 3 K C,——] | LoAD
input rectifier _I"
-
Control
circuit ‘

Fig. 8.43 SMPS using transformer.
The different types of circuits configurations used for SMPS are :
1. Step-Down or forward or Buck type
2. Step-Up or flyback or Boost type
3. Configuration of (1) and (2) Buck and Boost type.
The circuit for step-Down or forward SMPS is shown in Fig. 8.44.

o S T —

Fig. 8.44 Buck type converter.

The energy is transferred from the source to load. Th value of the load voltage is less than the
source voltage. When the switch is closed, the core magnetic flux in the inductor rises. The inductor

current rises at a rate such that its voltage L (%3 is equal to the voltage difference (Vp - V). When

the switch is open, the source current collapses to zero. So the inductor current falls. The mean value
of the output load voltage is given by the ratio of switch ON period to the total time of each cycle.

t)
t+ty

The duty cycle S =
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The wave forms are shown in Fig. 8.45.

Vo T SRR EEb R
i o>

o ' : Lot
lple~ ON F—y 1

£ >
iC: /':\ E / t -t
" P o~~— I

Fig. 8.45 Waveforms.
8.8.2 Boost converter

This circuit is also known as flyback or step-up converter. The circuit diagram is shown in Fig. 8.46.
In this circuit, the mean value of the load voltage in greater than that of source voltage. When the
switch is closed, current builds up to give stored magnetic every in the inductor. When the switch is
opened, the current transferes to the capacitor and load via the djode.

Fig. 8.46 Boost converter.

The waveforms are as shown in Fig. 8.47.

v 4
Vv
¥
0 Q,o —>Time
' v
Iy }
'T‘ |/L____.|/ >t
. ! 1
Ip_ v ____ T I I
1‘ M T °
e \ ]
T [ SN
e— | —Dig— t)—>
ON OFF

Fig. 8.47 Waveforms
Buck and Boost type is the combination of both these circuits.
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Objective Type Questions

—

o ® N v R~ WD

—_— et ek e
w N - O

The IC 7908 is a Type IC. Output V =

The IC 7805 is a Type IC, giving out put of

Example of Non-dissipative type Voltage Regulator Circuit is

What is a regulator ?

What are the types of regulators ?

What is line regulation ?

What factors does the o/p voltage of a regulator depend on ?
What is rippe rejection ?

What is the drawback of Zener regulator ? How do we avoid it ?

. Draw the circuit diagram of a series voltage regulator.
. What is a preregulator ?
. Why do we go for a switching regulators ?

. Draw the circuit of a voltage multiplier of multiplicatien factor ‘n’.
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Essay Type Questions

1. Give the Internal Block schematic and Pin Configuration of 723 Voltage Regulator IC.

2. Draw the circuit for 7805 Voltage Regulator IC and explain its working.
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Answers of Objective Type Questions

N &S W N -

A

11.

12.

13.

Negative Voltage Regulator. I .. V,=-8V

Positive Voltage Regulator. 1. V,=+5V

Switching Voltage Regulator.

Regulator gives constant dc voltage irrespective of variations in the input parameters.

Zener regulator
Shunt regulator
Series regulator
Switching regulator.

Ratio of change in output voltage to the change in input voltage.
Vo=1(V, I}, T)

- It is the ratio of output ripple voltage to the input ripple voltage.

It is a fixed voltage regulator. So we go for series voltage regulator.

Circuit diagram.

L] |

To achieve high stability, there should be a constant current source or a high impedance before
the series pass transistor this is termed as a preregulator.

If there are very high frequency fluctuations in the there would be more dissipation in the
series pass transistor. This can be avoided using a switching regulator.
Circuit diagram.

I Il |
il cll i

@ oA ¥ oKk °¥ ok oW e
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APPENDIX -1

Colour Codes for Electronic Components

RESISTOR COLOUR CODE :

Number of zeros
(except when First Three Bands Fourth Band
Second digit _ Silveror gold) , Tolerance Black _0 Blue -6 Gold +5%
First digit ; ,/ Brown -1 Violet —7 Silver +10%
Red -2 Grey -8 None + 20%

Orange -3  White -9
Yellow -4 Silver 0.01
Green -5  Gold 0.1

CAPACITOR COLOUR CODE :

Colour | Figure Significant| Tolerance (%)
Black 0 20
Brown 1 1
-Second digit }Capacitance inpF | Red 2 2
&Number of zeros Orange 3 3
I{‘:’l‘i‘::‘l:;g/") Yellow 4 4
voltage (x 100V) Green 5 5
Blue 6 6
Violet 7 7
Grey 8 8
White 9 9
Silver 001 10
Gold 0.1 5
No Band 2
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INDUCTOR COLOUR CODE :

Decimal point or first digit -—-/r
Inductance in pH § Decimal point or second digit
Number of zeros —/

Tolerance (%)

Color Significant |Tolerance (%)
Figure

Black 0

Brown 1

Red 2

Orange 3

Yellow 4

Green 5

Blue 6

Violet 7

Grey 8

White 9

Silver 10

Gold Decimal point 5

No Band 2

COLOUR CODE MEMORY AID : W_ VIBGYOR BB (W_ Vibgyor BB)

Memory aid Color Number
Black Black 0
Bruins Brown 1
Relish Red 2
Ornery Orange 3
Young Yellow 4
Greenhorns Green 5

Bluef Blue 6
Violets Violet 7
Growing Grey 8

Wild White 9

Smell Silver 0.01 10%
Good Gold 0.1 5%
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Fig. A-1.1 Relative size of carbon composition resistors with various power ratings

Specifications of Power Transistors

Device | Type |Py(W) | 1.(A)|Veso™) | Vepo™) | MIN | Max | £, M.HZs
ING6688 [NPN | 200 | 20 | 200 300 20 |80 2
INM4L2 [NPN [ 17| 10 140 160 20 |70 0.08
BUX39 |[NPN | 120 30 | % 120 15 | 4s 8
ECPI49 |[PNP | 30 | 4 40 0 0 | - 25
Darlington Pair
IN6052 | PNP | 150 | 12 | 100 | 100 | 750 - | 4
2N6059 | NPN +| 150 | 12 | 100 | 100 | 750 - | a
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Resistor and Capacitor Values

Typical Standard Resistor Values (+ 10% Tolerance)

Q Q Q kQ kQ kQ MQ MQ
- 10 . 100 |1 10 100 1 10
- 12 120 12 12 120 12 -
- 15 150 15 15 150 15 15
- 18 180 18 18 180 1.8 -
- 2 20 22 o) 220 22 2
27 2 270 27 z 270 27 -
33 33 330 33 3 330 33 -
39 39 3% 39 39 3% 39 —
47 47 470 47 47 470 47 -
56 56 560 56 56 560 56 -
68 68 680 68 68 680 6.8 -
- 2 820 82 E:9) 820 - -
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Typical Standard Resistor Values (+ 10% Tolerance)

F o F o uF uF uF uF WF WF pF
5 50 500 5000 0.05 05 5 50 50 5000
- 51 510 5100 - - - - - -
- 56 560 5600 0.056 0.56 56 56 - 5600
- - - 6000 0.06 - 6 - - 6000§
- & 620 6200 - - - - - -

- 68 680 6800 0.068 0.68 6.8 - - -

- 75 750 7500 - - - 75 - -

~ - - 8000 - - 8 80 - -

- & 80 8200 0.082 0.82 82 .92 - -

- 91 910 9100 - - - - - -
10 100 1000 001 0.1 1 10 100 1000 10,000
- 110 1100 - - - - - -

12 120 1200 0012 0.12 12 - - -

- 130 1300 - - - - - -

15 150 1500 0.015 0.15 L5 15 150 1500

- 160 1600 - - - - - -

18 180 1800 0.018 0.18 1.8 18 180 -

2 200 2000 0.02 02 2 20 200 2000

) 240 2400 - - - - 240 -

- 250 2500 - 025 - 25 250 2500

27 270 2700 - 0.027 027 27 27 270 -

30 300 3000 0.03 03 3 30 300 3000

33 330 3300 0.033 0.33 33 B3 330 3300

36 360 3600 - - - - -~ -

39 390 3900 0.039 039 39 39 - -

- - 4000 0.04 - 4 - 400 -

8 430 4300 - - -~ - - -

47 470 4700 0047 047 47 - -
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Physical constants

Charge of an electron : e :  1.60x10719 coulombs

Mass of an electron :om o 9.09x10731Kg

e/m ratio of an electron : em: 1.759x10''C/Kg

Plank’s constant : h :  6.626x1073]-sec

Boltzman’s constant K 1.381 x 1022 J’K
8.62 x 103 ev/°K

Avogadro’s number : N, @ 6.023x10% molecules/mole

Velocity of light ¢ @ 3x10%m/sec

Permeability of free space : my @ 1257x105H/m

Permittivity of free space ;I 885x102F/m

Intrinsic concentration in siliconat300°K : n, =1.5x10"/cm?

Intrinsic resistivity in silicon at 300 °K :r, =230,000 W—m

Mobility of electronics in silicon : my =1300cm? V-sec

Mobility of holes in silicon : m, =500cm?% V-sec

Energy gap at in silicon at 300 °K : =1.1ewv.
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Capacitors

Capacitance

The farad (F) is the SI unit of capacitance.

The farad is the capacitance of a capacitor that contains a charge of 1 coulomb when the
potential difference between its terminals is 1 voll.

Leakage Current

Despite the fact that the dielectric is an insulator, small leakage currents flow between the plates of a
capacitor. The actual level of leakage current depends on the insulation resistance of the dielectric.
Plastic film capacitors, for example, may have insulation resistances higher than 100,000 MQ. At the
other extreme, an electrolytic capacitor may have a microampere (or more) of leakage current, with
only 10 V applied to its terminals.

Polarization

Electrolytic capacitors normally have one terminal identified as the most positive connection. Thus,
they are said to be polarized. This usually limits their application to situations where the polarity of the
applied voltage will not change. This is further discussed for electrolytic capacitors.

Capacitor Equivalent Circuit

An ideal capacitor has a dielectric that has an infinite resistance and plates that have zero resistance.
However, an ideal capacitor does not exist, as all dielectrics have some leakage current and all capacitor
plates have some resistance. The complete equivalent circuit for a capacitor [shown in Fig. A-3.1(a)]
consists ofan ideal capacitorC in series with a resistance R, representing the resistance of the plates,
and in parallel with a resistance R, representing the leakage resistance of the dielectric. Usually, the
plate resistance can be completely neglected, and the equivalent circuit becomes that shown in
Fig. A-3.1(b). With capacitors that have a very high leakage resistance (e.g., mica and plastic film
capacitors), the parallel resistor is frequently omitted in the equivalent circuit, and the capacitor is
then treated as an ideal capacitor. This cannot normally be done for electrolytic capacitors, for example,
which have relatively low leakage resistances. The parallel R. circuit in,
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¥ ' C
M1 1—° ° {e—r—0 Ry €
(a) Complete equivalent circuit (b) Parallel equivalent circuit  (c) Series equivalent circuit

Fig. A. 3.1

A capacitor equivalent circuit. consists oCf the capacitance C, the leakage resistance R, in
parallel with C, and the plate resistance Ry, in series with C and R, .

Fig. A. 3.1 (b) can be shown to have an equivalent series RC circuit, as in Fig. A. 3.1(c). This
is'treated in Section 20-6.

A variable air capacitor is made up of a set of movable plates and a set of fixed plates

separated by air.

Because a capacitor’s dielectric is largely responsible for determining its most important
characteristics, capacitors are usually identified by the type of dielectric used.

Air Capacitors

A typical capacitor using air as a dielectric is illustrated in Fig. A.3.2. The capacitance is variable, as
is the case with virtually all air capacitors. There are two sets of metal plates, one set fixed and one
movable. The movable plates can be adjusted into or out of the spaces between the fixed plates by
means of the rotatable shaft. Thus, the area of the plates opposite each other is increasad or decrea-
and the capacitance value if altered.

Movable

Fig. A. 3.2 Avariable air capacitor is made up of a set of movable plates and a set of fixed
plates separated by air

Paper Capacitors

In its simplest form, a paper capacitor consists of a layer of paper between two layers of metal foil.
The metal foil and paper are rolled up, as illustrated in Fig. A.3.3 (a); external connections are brought
out from the foil layers, and the complete assembly is dipped in wax or plastic. A variation of this is
the metalized paper construction, in which the foil is replaced by thin films of metal deposited on the
surface of the paper. One end of the capacitor sometimes has a band around it [see Fig. A.3.3 (b)].
This does not mean that the device is polarized but simply identifies the terminal that connects to the
outside metal film, so that it can be grounded to avoid pickup of unwanted signals.
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Paper capacitors are available in values ranging from about 500 pF to SOuF, and in dc working
voltages up to about 600 V. They are among the lower-cost capacitors for a given capacitance value
but are physically larger than several other types having the same capacitance value.

Plastic Film Capacitors

The construction of plastic film capacitors is similar to that of paper capacitors, except that the paper
is replaced by a thin film that is typically polystyrene or Mylar. This type of dielectric gives insulation
resistances greater than 100 000 MQ. Working voltages are as high as 600 V, with the capacitor
surviving 1500 V surges for a brief period. Capacitance tolerances of + 2.5% are typical, as are
temperature coefficients of 60 to 150 ppm/°C.

Plastic film capacitors are pﬁysically smaller but more expensive than pape: vapacitors. They
are typically available in values ranging from 5 pF to 0.47 pF.

Foil
Paper  / Band identifies
outer foil terminal

N/
|>\
| /9
b} . ~

R

(a) Construction of a paper capacitor (b) Appearance of a paper capacitor

Fig. A. 3.3 In a paper capacitor, two sheets of metal foil separated by a sheet of paper are
rolled up together. External connections are made to the foil sheets.

Mica Capacitors

As illustrated in Fig. A. 3.4(a), mica capacitors consist of layers of mica alternated with layers of
metal foil. Connections are made to the metal foil for capacitor leads, and the entire assembly is
dipped in plastic or encapsulated in a molded piastic jacket. Typical capacitance values range from
1pF to 0.1uF, and voltage ratings as high as 35 000 V are possible. Precise capacitance values and
wide operating temperatures are obtainable with mica capacitors. In a variation of the process, silvered
mica capacitors use films of silver deposited on the mica layers instead of metal foil.

Ceramic Capacitors

The construction of a typical ceramic capacitor is illustrated in Fig. A. 3.4(b). Films of metal are
deposited on each side of a thin ceramic disc, and copper wire terminals are connected to the metal.
The entire units is then encapsulated in a protective coating of plastic. Two different types of
ceramic are used, one of which has extremely high relative permitivity. This gives capacitors that are
much smaller than paper or mica capacitors having the same capacitance value. One disadvantage of
this particular ceramic dielectric is that its leakage resistance is not as high as with other types.
Another type of ceramic gives leakage resistances on the order of 7500 MQ. Because of its lower
permitivity, this ceramic produces capacitors that are relatively large for a given value of capacitance.

The range of capacitance values available with ceramic capacitors is typically | pF to 0.1 puF,
with dc working voltages up to 1000 V.
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Metal film

«— Ceramic disk

(a) Construction of mica capacitor (b) Ceramic capacitor

Electrolyte
Tantalum

(c) Ceramic trimmer (d) Construction of tantalum capacitor
Fig. A. 3.4 Mica capacitors consist of sheets of mica interleaved with foil. A ceramic disc
silvered on each side makes a ceramic capacitor; in a ceramic trimmer, the plates area is
screwdriver adjustable. A tantalum capacitor has a relatively large capacitance in a
small volume.

Fig. A. 3.4(c) shows a variable ceramic capacitor known as a frimmer. By means of a
screwdriver, the area of plate on each side of a dielectric can be adjusted to alter the capacitance
value. Typical ranges of adjustment available are 1.5 pF to 3 pF and 7 pF to 45 pF.

Electrolytic Capacitors

The most important feature of electrolytic capacitors is that they can have a very large capacitance in
a physically small container. For example, a capacitance of 5000 pF can be obtained in a cylindrical
package approximately 5 cm long by 2 cm in diameter. In this case the dc working voltage is only
voltage is only 10V. Similarly, a | F capacitor is available in a 22 cm by 7.5 cm cylinder, with a
working voltage of only 3 V. Typical values for electrolytic capacitors range from 1 pF through
100 000 pF.

The construction of an electrolytic capacitor is similar to that of a paper capacitor
(Fig. A.3.5(a)). Two sheets of aluminium foil separated by a fine gauze soaked in electrolyte are
rolled up and encased in an aluminium cylinder for protection. When assembled, a direct voltage is
applied to the capacitor terminals, and this causes a thin layer of aluminium oxide to form on the
surface of the positive plate next to the electrolyte (Fig. A.3.5(b)). The aluminium oxide is the
dielectric, and the electrolyte and positive sheet of foil are the capacitor plates. The extremely thin
oxide dielectric gives the very large value of capacitance.

It is very important that electrolytic capacitors be connected with the correct polarity. When
incorrectly connected, gas forms within the electrolyte and the capacitor may explode! Such an
explosion blows the capacitor apart and spreads its contents around. This could have tragic
consequences for the eyes of an experimenter who happens to be closely examining the circuit when
the explosion occurs. The terminal designated as positive must be connected to the most positive of
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/Foil (+ plate)

g }*—— (- plate)
Z .
Electrolyte soaked Foil Foil
gauze ke
(a) Rolled-up foil sheets and electrolyte- (b) The dielectric is a thin layer of
soaked gauze aluminium oxide

Fig. A. 3.5 Anelectrolyte capacitor is constructed of rolled-up foil sheets separated by electrolyte-
soaked gauze, the dielectric is a layer of aluminium oxide at the positive plate

the two points in the circuit where the capacitor is to be installed. Fig. A. 3.6 illustrates some circuit
situations where the capacitor must be correctly connected. Nonpolarized electrolytic capacitors can
be obtained. They consist essentially of two capacitors in one package connected back to back, so
one of the oxide films is always correctly biased.

Electrolytic capacitors are available with dc working voltages greater than 400 V, but in this
case capacitance values do not exceed 100 mF. In addition to their low working voltage and polarized
operation. Another disadvantage of electrolytic capacitors is their relatively high leakage current.

+12V +12V
R &
1 R| Rl
+35V
R +5V +7V
(a) Capacitor connected between +5 V and ground (b) Connected between +7 V and +5V
O +]2V
@ -
i} 5V
C
ac R %
voltage 2

(c) Connected between + 5.7 V and a grounded ac voltage source

Fig. A. 3.6 Itis very important that polarized capacitors be correctly connected. The capacitor
positive terminal voltage must be more positive than the voltage at the negative terminal.
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Tantalum Capacitors

This is another type of electrolytic capacitor. Powdered tantalum is sintered (or baked), typically into
a cylindrical shape. The resulting solid is quite porous, so that when immersed in a container of
electrolyte, the electrolyte is absorbed into the tantalum. The tantalum then has a large surface area
in contact with the electrolyte (Fig. A. 3.5). When a dc forming voltage is applied, a thin oxide film
is formed throughout the electrolyte-tantalum contact area. The result, again, is a large capacitance
value in a small volume.

Capacitor Color Codes

Physically large capacitors usually have their capacitance value, tolerance and dc working voltage
printed on the side of the case. Small capacitors (like small resistors) use a code of colored bands
(or sometimes colored dots) to indicate the component parameters.

There are several capacitor color codes in current use. Here is one of the most common.

,,,,, __First digit
— 4« Second digit Capacitance in pF
37 Number of zeros

]~ Tolerance (%)
' dc working voltage (x 100 V)

Color Significant Figure Tolerance (%)
Black 0 20
Brown | 1
Red 2 2
Orange 3 3
Yellow 4 4
Green 5 5
Blue 6 6
Violet 7 7
Grey 8 8
White 9 9
Silver 0.01 10
Gold 0.1 5
No band 20

A typical tantalum capacitor in a cylindrical shape 2 cm by 1 cm might have a capacitance of
100 mF and a dc working voltage of 20 V. Other types are available with a working voltage up to 630
V, but with capacitance values on the order of 3.5 mF. Like aluminium-foil electrolytic capacitors,
tantalum capacitors must be connected with the correct polarity size of the inductor, the maximum
current can be anything from about 50 mA to | A. The core in such an inductor may be made
adjustable so that it can be screwed into or partially out of the coil. Thus, the coil inductance is
variable. Note the graphic symbol for an inductor with an adjustable core [Fig. A. 3.6(b)].
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Inductors

Magnetic Flux and Flux Density

The weber* (Wb) is the SI unit of magnetic flux.

The weber is defined as the magnetic flux which, linking a single-turn coil, produces an emf of
1 V when the flux is reduced to zero at a constant rate in 1 s.
The tesla*** (T) is the SI unit of magnetic flux density.

The tesla is the flux density in a magnetic field when 1 Wb of flux occurs in a plane of 1 m?;
that is, the tesla can be described as 1 Wb/m?.

Inductance

The SI unit of inductance is the henry (H).

The inductance of a circuit is 1 henry (1 H) when an emf of 1 V is induced by the current
changing at the rate of 1 A/s.

Molded Inductors

A small molded inductor is shown in Fig. A. 4.2(c). Typical available values for this type range from
1.2 uH to 10 mH, maximum currents of about 70 mA. The values of molded inductors are identified
by a color code, similar to molded resistors. Fig. A. 4.2(d) shows a tiny-film inductor used in certain
types of electronic circuits. In this case the inductor is simply a thin metal film deposited in the form

of a spiral on ceramic base.
Laboratory Inductors

Laboratory-type variable inductors can be constructed in decade box format, in which precision
inductors are switched into or out of a circuit by means of rotary switches. Alternatively, two coupled
coils can be employed as a variable inductor. The coils may be connected in series or in parallel, and
the total inductance is controlled by adjusting the position of one coil relative to the other.
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Color Code For Small Inductors
Decimal point or fir. —\‘QQ
; : . > i g
Inductance in pH ¢ Decimal point or sec g \
Number of zeros Y4

Tolerance (%)

Color Significant Figure | Tolerance (%)
Black 0

Brown
Red
Orange

Yellow
Green
Blue
Violet
Grey
White
Silver 10
Gold decimal point 5
No band 20

i
==\

Coil \ 3 .
= ) Ferrite pot core

Bobbin " /

L 00 3 & n B W N =

Fig. A. 4.1 Some low-current, high-frequency inductors are wound on bobbins contained in a fer-

rite pot core. The ferrite core increases the winding inductance and screens the inductor

Coil to protect adjacent components against flux leakage and to protect the coil from external

magnetic fields. The coil is wound on a bobbin, so its number of turns is easily modified.

Three different types of low-current inductors are illustrated in Fig. A. 4.2. Fig. A 4.2(a)

shows a type that is available either as an air-cored inductor or with a ferromagnetic core. With an air
core, the inductance values up to about 10 mH can be obtained. Depending on the thickness of wire
used and the physical.
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>

(a) Inductor with air core or (b) Circuit symbol for an inductor with
ferromagnetic core an adjustable ferromagnetic core

L

(d) Thin-film inductor

(c) Molded inductor

Fig. A. 4.2 Small inductors may be wound on an insulating tube with an adjustable ferrite core,
molded like small resistors, or deposited as a conducting film on an insulating material

If the mutual inductance between two adjacent coils is not known, it can be determined by
measuring the total inductance of the coils in series-aiding and series-opposing connections. Then,

L= L: +L,+2M for series-aiding
and L=L+L,- 2M for series-opposing
Subtracting, L‘; -L i 4M

L,-L
Therefore, M= “—g—z—-@—
M=k,|L,L,

From these two equations, the coefficient of coupling of the two coils can be determined.

Stray Inductance

Inductance is (change in flux linkages) / (change in current). So every current-carrying conductor
has some self-inductance, and every pair of conductors has inductance. These stray inductance are
usually unwanted, although they are sometimes used as components in a circuit design. In dc
applications, stray inductance is normally unimportant, but in radio frequency ac circuits it can be
considerable nuisance. Stray inductance is hon‘nally minimized by keeping connecting wires as short

as possible.
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Summary of Formulae
AD
Induced em = h=s
J L At
AD
Induced e
nduced emf g S
Ind L= —L
nductance = REIAT
Inductance L= M—
Ai
.
Flux change AD =p, u AiN 3

Self - inductance

Mutual inductance

Induced emf

Mutual inductance

Mutual inductance

Mutual inductance

Energy stored

Energy stored

. Inductances in series

Inductances in parallel

Total inductance (series-aiding)

Total inductance (series-opposing) :

Mutual inductance

i A
L.=u,].10AiJ’V2 r

Ail At
_ ADN,
E‘L = _AI
1= AON,
Ai
ADN,
M=k —
M=kJL,L,
1
. 74
W= L
_ B%Al
2|.10

L=LI+L2+2M
L=LI+L2—2M

Lo—Ly,

4

M=
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Miscellaneous

Ionic Bonding

In some insulating materials, notably rubber and plastics, the bending process is also covalent. The
valence electrons in these bonds are very strongly attached to their atoms, so the possibility of
current flow is virtually zero. In other types of insulating materials, some atoms have parted with
outer-shell electrons, but these have been accepted into the orbit of other atoms. Thus, the atoms are
ionized, those which gave up electrons have become positive ions, and those which accepted the
electrons become negative ions. This creates an electrostatic bonding force between the atoms,
termed ionic bonding. lonic bonding is found in such materials as glass and porcelain. Because
there are virtually no free electrons, no current can flow, and the material is an insulator.

Insulators

Fig. A. 5.1 shows some typical arrangements of conductors and insulators. Electric cable usually
consists of conducting copper wire surrounded by an insulating sheath of rubber or plastic. Sometimes
there is more than one conductor, and these are, of course, individually insulated.

Conductor ™= Printed copper

conductor
! \ / t

* on
o A .
o "oans B

— S
e [ =
e ol -

.‘ s ¢
LR EL Y

) Insulation
Insulation - ;

Fig. A. 5.1 Conductors employed for industrial and domestic purposes normally have stranded
copper wires with rubber or plastic insulation. In electronics equipment, flat cables of fine wires
and thin printed circuit conductors are widely used.

Conductors

The function of a conductor is to conduct current form one point to another in an electric circuit. As
discussed, electric cables usually consist of copper conductors sheathed with rubber or plastic
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Screened
coaxial
cable Conductor  Screen

multiconductor

cable

Flat
multiconductor
cable

Fig. A.5.2 Many different types of cables are used with electronics equipment.

insulating material. Cables that have to carry large currents must have relatively thick conductors.
Where very small currents are involved, the conductor may be a thin strip of copper or even an
aluminium film. Between these two extremes, a wide range of conductors exist for various applications.
Three different types of cables used in electronics equipment are illustrated in Fig. A. 5.2 conductor
and a circular plaited conducting screen, as well as an outer 1nsulatmg sheath The other two are
multiconductor cables, one circular, and one flat.

Because each conductor has a finite resistance, a current passing through it causes a voltage
drop from one end of the conductor to the other (Fig. A. 5.3). When conductors are long and/or
carry large currents, the conductor voltage drop may cause unsatisfactory performance of the equipment
supplied. Power (I2 R) is also dissipated in every current-carrying conductor, and this is, ofcourse,
wasted power.

Conductor resistance

(b) Conductor resistance causes voltage drop when a current flows

Fig. A. 6.3 Conductor resistance (R) is determined by applying the voltage drop and current
level to Ohm'’s law. The resistance per unit length (R/1) is then used to select a suitable
wire gauge.
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) Porcelain coating
Ceramic tube
Metal end cap

Nickel resistance
X i

= wire /

Connecting wires

(a) Wire-wound resistor

Connecting wires

Colorbandsto
identify resistance
value

Protective
insulating sheath

Carbon composition
resistance element

(b) Carbon composition resistor

Ceramic base Metal film

Protective insulating cover

(c) Metal film resistor

Fig. A. 5.4 Individual resistors are typically wire-wound or carbon composition construction.
Wirewound resistors are used where high power dissipation is required. Carbon composition
type is the least expensive. Metal film resistance values can be more accurate than carbon
composition type.

The illustration in Fig. A. 5.5(a) shows a coil of closely wound insulated resistance wire
formed into partial circle. The coil has a low-resistance terminal at each end, and a third terminal is
connected to a movable contact with a shaft adjustment facility. The movable contact can be set to
any point on a connecting track that extends over one (unisulated) edge of the coil. Using the adjustable
contact, the resistance from either end terminal to the center terminal may be adjusted from zero to
the maximum coil resistance.

Another type of variable resistor, known as a decade resistance box, is shown in
Fig. A. 5.5(c). This is a laboratory component that contains precise values of switched series-
connected resistors. As illustrated, the first switch (from the right) controls resistance values in
1Q) steps from 02 to 9Q2 and the second switches values of 10Q2, 202, 30Q2, and so on. The decade
box shown can be set to within + 1Q of any value from 0Q to 9999Q. Other decade boxes are
available with different resistance ranges.

Resistor Tolerance

Standard (fixed-value) resistors normally range from 2.7Q to 22MQ. The resistance tolerances on
these standard values are typically + 20%, + 10%, + 5% or + 1%. A tolerance of + 10% on a 100Q
resistor means that the actual resistance may be as high as 100Q2 + 10% (i.e., 110Q) or as low as
100Q2 — 10% (i.e., 90Q2). Obviously, the resistors with the smallest tolerance are the most accurate
and the most expensive.
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Moving
contac End

B terminal

Shaft for
adjustment

Moving
contact
terminal

<— End terminal

Resistance wire

(a) Typicél construction of a resistor variable resistor (and potentiometer)

o

AA

o— l
(b) Circuit symbols for a variable resistor

(c) Decade resistance box

Fig. A.5.5 Small variable resistors are used in electronic circuit construction. Large decade
resistance boxes are employed in electronics laboratories.
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More Resistors

14 pin dual-in-line

package

s
Internal
resistor
arrangement |

o

Resistor Networks

Resistor networks are available in integrated circuits type dual-in-
lin package. One construction method uses a thick film technique
in which conducting solutions are deposited in the required form.

Photoconductive Cell

This is simply a resistor constructed of photoconductive material
(cadmium selenide or cadmium sulfide). When dark, the cell
resistance is very high. When illuminated, the resistance decreases
in proportion to the level of illumination.

Resistance Contact
wire ajusting screw

d—
L1 ig LT
VAR R AR
W m—

Sliding  Wire terminals
contact

Low Power Variable Resistor

A small variable resistor suitable for mounting directly on a circuit
board. A threaded shaft, which is adjustable by a screwdriver, sets|
the position of the moving contact on a resistance wire.

High Power Resistor

from overheating.

High power resistors are usually wire-wound on the surface of a
ceramic tube. Air flow through the tube helps to keep the resistor
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Two memory aids for determining the direction of the magnetic flux around a current-carrying
conductor are shown in Fig. A. 5.6. The right-hand-screw rule as illustrated in Fig. A. 5.6(a) shows
a wood screw being turned clockwise and progressing into a piece of wood. The horizontal direction
of the screw is analogous to the direction of current in a conductor, and the circular motion of the
screw shows the direction of magnetic flux around the conductor. In the right-hand rule, illustrated
in Fig. A. 5.6(b), a right hand is closed around a conductor with the thumb ointing in the
(conventional) direction of current flow. The fingers point in the direction of the magnetic lines of
force around the conductor.

Because a current-carrying conductor has a magnetic field around it, when two current-carrying
conductors are brought close together there will be interaction between the fields. Fig. A. 5.7(a)
shows the effect on the fields when two conductors carrying in opposite direction are adjacent. The
directions of the magnetic passes through the center of the coil. Therefore, the one-turn coil acts like
a little magnet and has a magnetic field with an identifiable N pole and S pole. Instead of a single turn,
the coil may have many turns, as illustrated in Fig. A. 5.7(c). In this case the flux generated by each
of the individual current-carrying turns tends to link up and pass out of one end of the coil and back
into the other end. This type of coil, known as a solenoid, obviously has a magnetic field pattern very
similar to that of a bar magnet.

Directionof
rotation Direction

N of motion
—

D:re_:cuo_n of lines offorce (same as Conilactie
direction of rotation of screw) l

aVaVaVaVa\ Ry
\_/ \/ \__/ N Current direction

(same as direction of
motion of screw)

(a) Right-hand screw rule

Thumb points in
current direction

Conductor

Fingers point in direction
of lines of force

(b) Right-hand rule

Fig. A. 5.6 The right-hand-screw rule and the right-hand rule can be used for determining the
direction of the magnetic lines of force around a current-carrying conductor.
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The right-hand rule for determining the direction of flux from a solenoid is illustrated in
Fig. A. 5.7(d). When the solenoid is gripped with the right hand so that the fingers are pointing in the
direction of current flow in the coils, the thumb points in the direction of the flux (i.e., toward the N-
pole end of the solenoid). '

Electromagnetic Induction

It has been demonstrated that a magnetic flux is generated by an electric current flowing in a conductor.
The converse is also possible; that is, a magnetic flux can produce a current flow in a conductor.

S
e 1 ’/
L R - T 4
_______ li s oo o
ol | e .,
1’,"‘— |-‘—h"‘\
Flux around LR ™ Bl N
conductor
(a) All of the flux passes through the center of (b) Side view of coil turn and flux
the coil turn
i T Thumb points in

flux direction

' ’../‘-/-s
N
Fingers polint' in
current direction
(c) A solerfoid sets up a flux like a bar (d) Right-hand rule for solenoid flux
magna direction

Fig. A. 5.7 In current-carrying coils, the magnetic lines of force around the conductors all pass
through the center of the coil.
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Consider Fig. A. 5.8(a), in which a handled bar magnet is shown being brought close to a coil of wire.
As the bar magnet approaches the coil, the flux from the magnet brushes across the coil conductors
or cuts the conductors. This produces a current flow in the conductors proportional to the total flux
that cuts the coil. If the coil circuit is closed by a resistor (as shown broken in the figure), a current
flows. Whether or not the circuit is closed, an electromotive force (emf) can be measured at the coil
terminals. This effect is known as electromagnetic induction.

Flux brushe.
/ over coil turns

Ty

wiie e
wiiliy

B i,
Z

Direction
of motion

(a) emf induced in a coil by the motion of the flux from the bar magnet

NN AW

(b) emf induced in a coil by the motion of the flux from the solenoid when the current is switched on or off

Fig. A. 5.8 An electromotive force (emf) is induced in a coil when the coil is brushed by a
magnetic field. The magnetic field may be from a bar magnet or from a current-carrying coil.
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(b) Showing the force on each side of a single-turn pivoted in a magnetic field

Fig. A.5.9 Aforce is exerted on each side of a current-carrying coil pivoted in a magnetic field.
This force tends;to'cause the coil to rotate
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Fibre Optic Cables :

Light and Other Rays

Light rays or waves are a type of energy called electromagnetic
energy. They shine out, or radiate, from their source, so they

. The parts of the electromagnetic are called electromagnetic radiation, Light rays are just a tiny
spectrum have different wavelengths part of a huge range of rays and waves called the
and different names. electromagnetic spectrum (EMS)

\

oo AR o P s : —
Radio waves Micro-waves  [nfra-red waves Light waves Ultra-violet X-rays Gamma rays
waves

Inside an optical Tiisted stesl céntre
fibre cable o Bives the cable

strength

Optical fibres are colour-coded, so
that they can be correctly connected
to other machines.

®
Light shines from

optical fibres, making
their tips glow.

. |
Outer sheath Glass cladding
protects from dirt,
damp or damage.

Glass cladding

Laser light
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Circuit Symbols

BEXEEs

dc voltage source Multicell Generator Current ac voltage Lamp
or single-cell battery source source
battery
Voltmeter Ammeter Wattmeter Chassis Ground

| L

1
I | N

Conductor connection Unconnected crossing Fuse
or junction conductors
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de volfage source Two-way Double-pole Resistor Variable Potentiometer
or single-cell switch switch resistor
battery
Capacitor Variable Air-cored Iron-cored Variable
capacitor inductor inductor inductor
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Unit Conversion Factors

The following factors may be used for conversion between non-SI units and SI units.

To Convert To Multiply By

Area Units

acres square meters (m?) 4047

acres hectares (ha) 0.4047
circular mils square meters (m?) 5.067 x 10710
square feet square meters (m?) 0.0909
square inches square centimeters (cm?) 6.452

square miles hectares (ha) 259

square miles square kilometers (km?) 2.59

square yards square meters (m?) 0.8361

Electric-and Magnetic Units

amperes/inch amperes/meter (A/m) 39.37
gauses teslas (T) 10
gilberts ampere (turns) (A) 0.7958
lines/sq. inch teslas (T) 1.55x 1075
Maxwells webers (Wb) 1078

mhos Siemens (S) 1

Oersteds amperes/meter 79.577

Energy and Work Units

Btu : joules (J) 1054.8

Btu kilowatt-hours (kWh) 2.928 x 10~
ergs joules (J) 1077

ergs kilowatt-hours (kWh) 0.2778 x 10713
foot-pounds joules (J) 1.356

foot-pounds kilogram meters (kgm) 0.1383



328

APPENDIX

Force Units
dynes

dynes
pounds
poundals
grams

INlumination Units
foot-candles

To Convert

Linear Units
angstroms
feet

fathoms
inches
microns

miles (nautical)
miles (statute)
mils

yards

Power Units
horsepower

Pressure Units
atmospheres
atmospheres
bars

bars

pounds/sq. foot
pounds/sq. ineh

Temperature Units
degrees Fahrenheit (°F)
degrees Fahrenheit (°F)

grams (g)
newtons (N)

newtons (N)
newtons (N)
newtons (N)

lumens/cm?

To

meters (m)
meters (m)
meters (m)
centimeters (cm)
meters (m)
kilometers (km)
kilometers (km)
centimeters (cm)
meters (m)

watts (W)

kilograms/sq. meter (kg/m?)

kilopascals (kPa)
kilopascals (kPa)

kilograms/sq.meter (kg/m?)
kilograms/sq.meter (kg/m?)
kilograms/sq.meter (kg/m?)

degrees celsius (°C)
degrees kelvin (K)

1.02 x 1073
1073

4.448
0.1383
9.807 x 1073

10.764

Multiply By

1x 10710
0.3048
1.8288
2.54

10°¢

1.853
1.609
2.54x 1073
0.9144

745.7

10332
101.325

100

1.02 x 104
4.882

703

(°F-32)/1.8
273.15 + (F-32)/1.8
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Velocity Units

miles/hour (mph) kilometers/hour (km/h) 1.609

knots kilometers/hour (km/h) 1.853

Volume Units

bushels cubic meters (m?) 0.03524

cubic feet cubic meters (m?) 0.028 32

cubic inches cubic centimeters (cm?3) 16.387

cubic inches liters (1) 0.016 39

cubic yards cubic meters (m?) 0.7646

gallons (U.S.) cubic meters (m?) 3.7853 x 1073

gallons (imperial) cubic meters (m3) 4.546 %1073

gallons (U.S.) liters (1) 3.7853

gallons (imperial) liters (1) 4.546

gills liters (1) 0.1183

pints (U.S.) liters (1) 0.4732

pints (imperial) liters (1) 0.5683

Copper Wire Copper Wire
Resistance Resistance
Gauge Diameter (mm) (Q/km) Diameter (mil) (Q/km)

36 0.127 1360 5 415
37 0.113 1715 4.5 523
38 0.101 2147 4 655
39 0.090 2704 3.5 832
40 0.080 3422 3.1 1044

To Convert To Multiply By

quarts (U.S.) liters (1) 0.9463

quarts (imperial) liters (1) 1.137

Weight Units

ounces grams (g) 28.35

pounds kilograms (kg) 0.453 59

tons (long) kilograms (kg) 1016

tons (short) kilograms (kg) 907.18

The siemens* is the unit of conductance.

conductance =

1

resistance
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American Wire Gauge Sizes and

Metric Equivalents

Gauge Diameter (mm) Copper wire Copper wire
Resistance (QQ/km) | Diameter (mill) | Resistance (/1000 ft)
0000 11.68 0.160 460 I 0.049
000 10.40 0.203 409.6 0.062
00 9.266 0.255 364.8 0.078
0 8.252 0.316 324. 0.098
1 7.348 0.406 289.3 0.124
2 6.543 0.511 257.6 0.156
3 5.827 0.645 229.4 0.197
4 5.189 0.813 204.3 0.248
5 4.620 1.026 181.9 0.313
6 4.115 1.29 162 0.395
7 3.665 1.63 144.3 0.498
8 3.264 2.06 128.5 0.628
9 2.906 2.59 1144 0.792
10 2.588 3.27 101.9 0.999
11 2.30 4.10 90.7 1.26
12 2.05 5.20 80.8 1.59
13 1.83 6.55 72 2
14 1.63 8.26 64.1 2.52
15 1.45 10.4 57.1 3.18
16 1.29 13.1 50.8 4.02
17 1.15 16.6 453 5.06
18 21.0 40.3 6.39

1.02
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19
20
21
2
23
24
25
26
27
28
29
30
31
32
33
34
35

0.912
0.813
0.723
0.644
0.573
0.511
0.455
0.405
0.361
0.321
0.286
0.255
0.227
0.202
0.180
0.160
0.143

26.3
33.2
41.9
52.8
66.7
83.9
106
134
168
213
267
337
425
537
676
855
1071

35.9
32
28.5
253
22.6
20.1
17.9
15.9
14.2
12.6
1.3
10
8.9

7.1
6.3
5.6

8.05
10.1
12.8
16.1
20.3
25.7
324
41
514
64.9
81.4
103
130
164
206
261
329
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A

Amplifiers 2, 21, 31
common base 30, 32, 45, 73, 74, 217
common collector 30, 32, 45
common emitter 39, 49, 51, 54, 67, 73
cascode 33, 72, 85
bandwidth 45, 49, 51
darlington pair 65, 66, 67, 87
emitter follower 13, 27, 141, 175
Amplitude 3, 35, 85, 87, 88

B

Bandwidth of Amplifiers 35
BJT 3, 146, 147, 209, 210, 213
214, 215, 216, 234, 236
Bypass capacitor 53, 54, 78, 85, 155

C

Cascaded amplifier 43, 48, 49
Class A Operation 146

Class B Operation 147

Class C Operation 147

Collector Capacitance (C.) 100

Common Base Amplifiers 31

Complimentary symmetry 168, 169, 183, 186
Conversion efficiency 30, 146, 151, 160, 184
Coupling capacitor 4, 34, 223

Current Gain 7, 11, 15, 43, 44, 45, 49, 100
Cut-off frequency 33

D
Decibel 33, 54, 60, 61
Direct coupled amplifier 153
Distortion 35, 84, 88, 146, 148, 167

Double tuned 190, 204, 205, 208, 209, 211
Double Tuned Amplifier 191

E

Emitter Bypass Capacitor 53
Emitter Capacitance (C,) 99

F
Feedback Conductance 94, 118
FET 24
FET Tuned R.F Amplifier 218
G
Gain 214,216
- current 217
- power 214

- voltage 216
Gain - Bandwidth Product 51

H

Heat sinks 176, 180
Hybrid - © model 98, 120, 123

I

Impedance matching
154, 156, 158, 184, 187, 197, 216, 226

J
JFET 3, 213,236

L

Line Regulation 249, 253, 254
Line Regulation 253

M
Mid frequency range 39, 62, 84
Midband frequency 49, 58
Miller’s Theorem 55
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Electronic Circuit Analysis

N

n - Stage Cascaded Amplifier 43
Negative Voltage Regulators 240

0

Output Conductance (h,,) 74
Output resistance 54, 69

P

Phase Inverters 170

Phase Response 51

Power amplifiers 35, 148, 158, 183
Power Gain 8, 12, 42, 43, 60

Pre regulator 253, 254

Push-pull amplifier 148, 168

Q

Q-point 177, 178

R
R-C Coupled Amplifier Circuit (Single Stage) 38
Ripple Rejection 240, 249, 253

S

Series Peaked Circuit 224, 225
Series Voltage Regulator 245, 247, 253

Shunt Compensation 222, 224
Single tuned 185, 190

Single Tuned Amplifier 191

Small Signal Amplifiers 147
Specifications 214, 240, 242, 266
Stabilization 158, 244, 254

Stiff Coupling 58, 62, 63
Switching regulators 241, 246, 253

T

Tank circuits 218, 220 /

Temperature coefficient 240, 244, 254
Transconductance 25, 26, 90, 92,99, 117
Transformer coupled amplifier 151, 153, 157
Tuned Circuit Ampli’ﬁer 34

\%
Voltage gain 5,7, 11, 23
Voltage quadrupler 270

W
Wideband Amplifiers 221

Z
Zener Voltage Regulator 241, 278
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