This book is an undergraduate textbook for students of electrical and
electronic engineering. It is written at an intermediate level, with second
year students particularly in mind, and discusses analogue circuits used in
various fields, including the interfacing of microcomputer systems. Basic
electronics has been omitted so that appropriate emphasis can be given to
the design of the most popular and useful circuits. Indeed, the contents of
Chapters 3, 5, 7 and 8 are not covered together by any other single
textbook available on the market.

The author begins with a summary of the knowledge which is
prerequisite to a full study of the book. The second chapter then discusses
the operation of several basic circuits which are commonly used in most
integrated circuit chips. Other sections included in this chapter will
acquaint the reader with different types of power amplifier circuit. The
three important areas on which the book places greatest emphasis are
operational amplifier circuits and their applications, data acquisition
circuitry, and computer aided analysis and design. Oscillators, phase-
tocked loops and different types of modulation are also discussed, and
particularly helpful detail is given to the important topics of phase-locked
loops and analogue filter circuits. Each chapter contains a significant
number of worked examples, and several carefully chosen problems at
various levels of difficulty are also included to help the reader gain a better
understanding of the topics under discussion.

Each topic has thus been carefully selected, and the author concentrates
on the practical details and applications of the material he covers. Both
students and practising engineers alike will therefore find this book
extremely useful and informative.







Electronics texts for engineers and scientists
Editors

P.L. Jones, University of Manchester
P. J. Spreadbury, University of Cambridge

Analogue electronic circuits and systems



Titles in this series

H. Ahmed and P.J. Spreadbury
Analogue and digital electronics for engineers

R.L. Dalglish
An introduction to control and measurement with microcomputers

W. Shepherd and L.N. Hulley
Power electronics and motor control

T.H. O’Dell

Electronic circuit design
K.C.A. Smith and R.E. Alley
Electrical circuits

A. Basak
Analogue electronic circuits and systems



Analogue electronic
circuits and systems

AMITAVA BASAK
Upniversity of Wales College of Cardiff

' Y '
The right of the
University of Cambridge
10 print and sell
all manner of books
was granted by
Henry VI in 1534.
The University has printed
and published continuously
since 1584.

[

CAMBRIDGE UNIVERSITY PRESS
Cambridge

New York Port Chester Melbourne Sydney



Published by the Press Syndicate of the University of Cambridge,
The Pitt Building, Trumpington Street, Cambridge CB2 1RP

40 West 20th Street, New York, NY 10011-4211, USA

10 Stamford Road, Oakleigh, Melbourne 3166, Australia

© Cambridge University Press 1991
First published 1991

British Library cataloguing in publication data

Basak, Amitava
Analogue electronic circuits and systems.
1. Circuits integrated analogue, analysis and design
L. Title II. Series
621.3815

Library of Congress cataloguing in publication data

Basak, Amitava
Analogue electronic circuits and systems / Amitava Basak.
p. cm. — (Electronics texts for engineers and scientists)
Includes bibliographical references.
ISBN 0 521 36046 3 (hardback). — ISBN 0 521 36913 4 (paperback)
1. Analog electronic systems. I. Title. II. Series.
TK7870.B357 1991
621.381'5-dc20 90-21775
CIp

ISBN 0 521 36046 3 hardback
ISBN 0 521 36913 4 paperback

Transferred to digital printing 2003

VN



To
Shyamali, Somita, Soumen and Swagota






Contents

21
211
2.1.2
213
214
215

22

23

24
24.1
242
243
244

31
3.11
312
3.1.3
3.14

32
3.2.1

Preface
Introduction

Transistor circuit techniques and amplifiers
Objectives

Linear integrated circuits
Differential amplifiers
Constant current sources
Current mirrors
Darlington connection
Level shifting circuits
Cascaded amplifier stages
Tuned amplifiers

Power amplifiers

Class A amplifiers

Class B amplifiers

Class C amplifiers

Heat sinks

Summary
Problems

Operational amplifiers
Objectives
Imperfections in operational amplifiers

Slew rate and its effect on full power bandwidth

Input offset voltage

Bias and offset currents
Frequency response effects
Applications
Instrumentation amplifiers

Xiii

[V N T

—_—

17
21
24
34
37
38
42
48
50

53
54

59
59
60
60
62
65
70
80
80



322
323
324
325
326

327

328

4.1
4.2
43
44
4.5

5.1
5.11
5.1.2
5.1.3

5.2
5.2.1
522

Contents

Comparators
Precision rectifiers
Logarithmic amplifiers
Analogue computation
Active filters
First-order circuits

Infinite gain multiple feedback (IGMF)

second-order circuits
Switched-capacitor filters
Pulse and waveform generators
Astable multivibrators

Monostable or one shot multivibrators

Triangular wave generators
Inverse function generators
Divider

Square root circuit

Root mean square circuit

Summary
Problems

Oscillators

Objectives

Criteria for oscillation
LC oscillator

RC phase-shift oscillator
Wien-bridge oscillator
Crystal oscillator

Summary
Problems

Phase-locked loops

Objectives

Components of phase-locked loops
Phase detector

Low-pass filter

Voltage controlled oscillator
Principles of operation

Lock range

Acquisition range

85
90
96
101
107
108

112
123
129
129
133
135
137
138
139
140

141
144

149
149
149
151
157
160
164

167
168

169
169
170
170
172
173
174
176
177



523
5.3

6.1
6.1.1
6.1.2
6.1.3

6.2
6.2.1

6.3

6.4

6.5

7.1
7.1.1
7.1.2

7.2
7.2.1
722
723
72.4

73

7.4

7.5

7.6

7.7

7.8

Contents

‘No-lock’ conditions and remedies
Applications

Summary
Problems

Modulation in communication systems
Objectives

Amplitude modulation

Modulation circuits

Demodulation circuits

Frequency division multiplexing
Frequency modulation

Modulation and demodulation circuits
Pulse modulation

Pulse coded modulation

Time division multiplexing

Summary
Problems

Data acquisition and distribution
Objectives

Digital-to-analogue (D-to-A) converter
Weighted resistor D-to-A converter
R-2R ladder D-to-A converter
Analogue-to-digital (A-to-D) converter
Parallel A-to-D converter

Servo A-to-D converter

Successive approximation A-to-D converter

Dual slope A-to-D converter

Errors in D-to-A and A-to-D converters
Multiplexers

Demultiplexers

Errors in multiplexers

Sample-and-hold circuits

System error analysis

Summary
Problems

xi

180
183

188
189

192
192
192
195
197
198
199
201
202
205
205

206
208

210
210
211
212
215
221
221
223
225
230
233
237
241
242
251
257

260
262



xii

8.1
8.1.1

8.1.2
813

8.2
8.2.1
822
8.23

8.3

QmmomUOw >

Contents

Computer aided circuit design
Objectives

Computer aided design models
Ebers—Moll models of bipolar transistors
Development of the model
Models for field effect transistors
Macromodels

Analysis of circuits

D.C. analysis

A.C. small signal analysis
Transient analysis

Programs

Summary
Problems

Appendices
Typical h-parameter values for a transistor
HI 506 16-channel CMOS multiplexer

uA 741 frequency-compensated operational amplifier
LM118/LM218/LM318 operational amplifiers

Polynomials for low-pass filters
Standard design table for low-pass filters
MF10-type switched-capacitor filters

Glossary of symbols
Answers to problems
References

Index

266
266
266
267
270
285
287
296
296
304
305
306

317
318

319
320
322
330
335
338
339

345
349
353
357



Preface

This book is intended particularly as a text for undergraduate students of
electrical and electronic engineering at the intermediate level of a degree
course. Some material may, however, be appropriate to the final year. Each
topic has been deliberately selected and emphasis has been given to
operational amplifier circuits and their applications, data acquisition
circuitry and computer aided analysis and design. Other useful topics
which have been covered in some detail are analogue filter circuits and
phase-locked loops. A list of the prerequisite knowledge for this text is given
in the first chapter.

This book is most appropriate for students because (i) a specific subject
area, analogue circuits for more advanced students has been highlighted
and (ii) particular attention has been given to a descriptive treatment of
practical details and applications, e.g. CAD rather than theoretical
analysis, because these areas are often neglected and are essential for
practising engineers. Therefore it is hoped that students and engineers alike
will find this text useful and informative, but less analytical than many other
books presently available, and thus be able to cover a wider range of topics
within a given period of time. Several carefully chosen problems set at
various levels of difficulty are included at the end of each section to help
readers gain a better understanding of the topics under discussion.

I would like to thank my parents and my immediate colleagues both
academic and industrial for their encouragement and advice in the
preparation of the manuscript. Thanks are also due to the staff of
Cambridge University Press for their support through the many stages of
production. I am also grateful to my research assistant Paul Ling and
student Fatih Anayi for checking the problems.
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Introduction

In recent years there has been rapid progress in electronic circuit design and
the main reason for this is the advance in digital techniques. This volume
differs from the texts which are available on the market nowadays in two
respects. Firstly it covers only analogue electronic circuits and systems;
secondly basic electronics is omitted so that appropriate emphasis can be
given to the design of the most popular and useful analogue electronic
circuits. The following are prerequisites for studying this text:

(a)

(b)

(©)

()
(f)

P-N junction diodes: principles of operation both in the forward
and reverse mode, characteristic equation, resistance and junction
capacitance, Zener diodes.

Junction transistors: principle of operation, common-emitter
(CE), common-collector (CC) and common-base (CB) configur-
ations, static characteristics, definition of active, cut-off and
saturation regions, the concept of load lines and the need for
biasing, the transistor as an amplifier.

Amplifiers: voltage and current gains (A4, and A;), input and
output resistance (R,, and R,,,), frequency response concept, the
use of the h-parameter model of the transistor for circuit analysis,
midband frequencies of the CE, CC and CB configurations and
calculation of 4,, 4;, R,, and R, for each case.

Field effect transistor: principle of operation, static characteristics,
load lines, biasing circuits, use as an amplifier.

Positive and negative feedback and their advantages and
disadvantages.

Operational amplifiers: ideal amplifier, analysis of inverting,
noninverting, differential, buffer and summer amplifiers, use of
operational amplifiers as integrators and differentiators.

A list of books which comprehensively cover the above topics is given at
the end of this volume. Standard symbols are used throughout the text and
a glossary is included as one of the appendices.




2 Introduction

In the second chapter the operation of several basic circuits which are
commonly used in most integrated circuit chips is described. A section is
also devoted to the analysis of multistage amplifiers and the ways of
choosing the right configuration of transistor amplifiers for a particular
stage. These are included in the text in order to acquaint the reader with the
operational amplifier integrated circuit which is the building block of most
analogue circuits. The principle of operation of tuned amplifiers is briefly
explained in the penultimate section. In the last section, different types of
power amplifiers are studied. Various types of heat sinks and their use in
power circuits are also discussed in this section.

Chapter 3 deals with operational amplifiers in great detail, but at a level
higher than the introductory one which is [one of the] required knowledge,
as mentioned earlier. The circuits are analysed and designed assuming
operational amplifiers to be ideal, but in practice they are not so. In this
book, therefore, the chapter starts with the imperfections in operational
amplifiers, their effects on various operational amplifier circuits and the
ways in which readers can minimise these effects. Several widely used linear
and nonlinear circuits using operational amplifiers are discussed in the
remaining sections of this chapter. One of the major applications of
operational amplifiers is in active filters and therefore readers will find both
resistor—capacitor and switched-capacitor type active filters, which are
discussed in this chapter with design examples, rather useful. Principles of
design of waveform and function generators and also analogue comput-
ation using operational amplifiers are comprehensively studied in the next
section.

The next three chapters describe oscillators, phase-locked loops and
different types of modulation respectively. Principles of design and
operation of oscillators using transistors, operational amplifiers and quartz
crystals have been presented. The most common uses of phase-locked loops
in the field of communications and also in the field of control of motor speed
are discussed to a limited extent, with a full treatment of the theory of phase-
locked loops which will help readers to understand and design similar
circuits.

In Chapter 7, under the heading of data acquisition and distribution
systems, analogue-to-digital and digital-to-analogue conversion techni-
ques are discussed in great detail. Sample-and-hold circuits, multiplexers
and demultiplexers are also studied in great depth. Analysis of errors in
individual circuits and also in complete systems are discussed. In the age of
computerised measurement in research and in most aspects of control
systems this chapter is a significant part of the text.

The last chapter deals with computer aided analysis and design of
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electronic circuits. It describes various computer aided design models
giving special attention to the Ebers—Moll model of a transistor. Models for
bipolar junction and field effect transistors and also integrated circuits are
described. Techniques of a.c. small signal, d.c. and transient analysis of
circuits are discussed with the help of examples. Several commercially
available computer programs are also discussed. Two widely used software
packages are described with the aid of circuits and their analyses in order to
make students familiar with the procedure for drawing and analysing
various active and passive circuits.

To summarize it can be said that this volume on analogue electronic
circuits and systems has been written mainly keeping in mind the
requirements of undergraduate students at the intermediate level. Practis-
ing engineers interested in various aspects of analogue electronic circuit
design will also find this text informative.



2

Transistor circuit techniques
and amplifiers

Objectives
At the end of the study of this chapter a student should be:

I. familiar with the operation of the differential amplifier, its voltage

gain, common-mode gain and common-mode rejection ratio

familiar with constant current sources and current mirror circuits

capable of explaining the principle of Darlington connections

able to design level shifting circuits

familiar with multistage amplifiers and able to calculate their input

and output impedances and overall current and voltage gains

able to design class A, class B and tuned amplifiers

7. familiar with different types of heat sinks and able to choose the
right heat sink for a particular circuit

nh N

o

21 Linear integrated circuits

Complete multistage amplifiers and other linear devices can be
constructed on a single chip of silicon occupying a very small volume by
using modern techniques for the fabrication of integrated circuits. In the
case of monolithic integrated circuits, all components may be manu-
factured on the chip by a diffusion process. A diffusion isolating technique is
used to separate the various components from each other electrically. The
design techniques used for the construction of these integrated circuits are
basically the same as those used to build circuits employing discrete
components, although, in many cases some modification in techniques is
needed.

The operational amplifier is the most common type of integrated circuit
(small scale integration) which is widely used with different forms of
external circuitry to build summers, subtractors, integrators, filters, etc.
Audio amplifiers, timers, modulators and frequency dividers are only a few
among many other types of integrated circuits.

In this section, the operation of several basic circuits which are
commonly used in integrated circuits are described.



Linear integrated circuits 5

Fig. 2.1. Basic differential amplifier.
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2.1.1 Differential amplifiers

One of the basic circuits used in operational amplifiers is the
differential amplifier. This forms the basis of practically all operational
amplifiers. Also known as the long tailed pair, one of its advantages is that
its gain tends to be very stable if any variations in supply voltage or ambient
temperature occurs.

The basic form of the differential amplifier is shown in Fig. 2.1. It consists
of two identical bipolar transistors coupled at their emitters. The collector
resistors, connected between the positive voltage supply rail and the
collectors of the transistors, are of the same value, R.. Two input signals are
applied to the bases of the two transistors Q; and @, with respect to ground
and the output is usually obtained from either of the two collectors, again
with respect to ground.

Differential voltage gain
The differential voltage gain, 4, is the ratio of the output voltage to
the difference between the input voltages applied to terminals B, and B, . If
the output voltage is obtained from either of the two collectors with respect
to ground, then the ratio gives the single-ended differential voltage gain
Ay If the output voltage is the difference between the two collector
voltages then the ratio yields the double-ended differential voltage gain
Aga)-
In order to find the single-ended differential voltage gain Ay, of the
circuit let us apply a very small voltage vy between the two bases B, and B, .
Since the circuit is fundamentally symmetrical and the total emitter current



6 Transistor circuit techniques and amplifiers

Fig. 2.2. Small signal equivalent of the differential amplifier circuit.
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is constrained to be constant by a large Rg, we may assume that the
potential of the base B, rises by v4/2 while that of the base B, falls by v,4/2
thus increasing the collector current of Q, by a small amount and at the
same time reducing that of Q, by an equal amount. The voltage across Rg
remains constant. Figure 2.2 shows the small signal equivalent of the
differential amplifier circuit in which the resistor Rg has been omitted since
the voltage across it is constant. From the figure we may write

ib,=—ibz=v§/rn=;7“ @.1)

therefore the output voltage at terminal C, is given by
, Vg
=—fi,,R.=—BR- 22
Vo1 Bivs R, B r. (2.2)

where f is the common emitter current gain, and r, is the base-emitter
resistance.
From (2.2) the single ended differential voltage gain is therefore,
v R R
;<s,=L‘=—E—°=——g“‘ : (2.3)
Vg 2r, 2
where ¢, is the transconductance.
Similarly we may find that the single-ended differential voltage gain at
terminal C, is
” Uo2 - —BinRc _ ﬁRcvd _ ngc

ds) = - -
O by vy v42F, 2

(2.4)

We observe from (2.3) and (2.4) that the voltage gains obtained at the two
collectors are identical in magnitude but differ in phase by 180°.
The double-ended differential voltage gain is given by

InRe  [gumRc
Ad(d)=—_2—_< D) >=_ngc (25)
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Thus the double-ended differential voltage gain is twice the single-ended
differential gain.

Common-mode gain

The common-mode gain, A4, is defined as the ratio of the output
voltage at either of the two collectors to the input voltage applied
simultaneously to terminals B, and B,. If we now apply the same voltage v,
to both the bases of transistors Q, and Q, then the transistors with their
respective loads are effectively in parallel. The small signal equivalent for
the circuit will be as shown in Fig. 2.3. In this case the current flowing
through the resistor R changes with the variation in v, and thus remains in
the equivalent circuit. The latter can be further simplified to the circuit
shown in Fig. 2.4. We may write from this figure

Uoy =Ug2 = _ﬁRclb
and

v, =rip+2(f+ )R,

Fig. 2.3. Equivalent circuit for common-mode voltage gain.

B, iy Ci (&) iy
ﬁib [iib
Ue £ Vo1 Vo2 v, v
i i n «
1 1
Rel | Re Re

Fig. 2.4. Simplified equivalent circuit for common-mode voltage gain.
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Thus the common-mode gain

A __Eq_l_ —BRC

o= L k. S 2.6
v, r.+2(8+1)Rg (26)
Since g, = o and f>»1
_ngc
T 142g9.Rg 2.7)
Also
R,
gnRe>»1, . A.~— T (2.8)

It should be noted that the common-mode gain is the same in magnitude
and phase for both outputs, v,, and v,,.

Common-mode rejection ratio

The common-mode rejection ratio is a useful figure of merit for the
performance of a differential amplifier. It is defined as the ratio of the
differential gain to the common-mode gain and gives a qualitative measure
of the ability of a circuit to respond to difference signals while being
insensitive to common-mode (in-phase) signals such as electrical noise. The
common-mode rejection ratio (CMRR) may be calculated from (2.3) and
(2.8).

CMRR = ‘:—j ~— gm2R° / - 2’;; ~g.Rg (2.9)

It is apparent from (2.9) that a high value of the resistor Rg will give a
large CMRR, but it should be remembered that any increase in resistance,
for a fixed supply voltage will reduce the collector current I, and hence the
value of g,,,.* Therefore, in order to obtain a large CMRR it is necessary to
increase the value of Rg and, at the same time, to increase the supply voltage
so that the collector current preferably remains unchanged. This may be
achieved by connecting the emitter resistance to a negative supply voltage
of a larger value. The CMRR may be further improved by substituting a
constant current source for the resistor Ry in Fig. 2.1.

Worked example 2.1

What is the common-mode rejection ratio of the ideal differential
amplifier shown in Fig. 2.1, if R, =1.5kQ, Ry =1kQ and both the collector

¥ gn= —q—Ic Siemens.
kT
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currents are 1.5mA? If the input terminal B, is grounded and a sinusoidal
signal of 3.5 mV RMS is applied to the input terminal B,, then which output
terminal would give a non-inverting gain? What would be the output
voltage of the amplifier at that terminal? Assume that the circuit works in
an environment having a temperature of 27 °C.

Solution
The transconductance of the transistors at a temperature of 27 °C
is
q, _16x10” 19%1.5%x1073
kT © 1.38 x 10723 x 300
Therefore, from (2.9),

CMRR =g, R =0.058 x 1 x 10>=58

=0.058 S

Im=

or
CMRR,;=20log,, CMRR =20log,, 58 =35.3dB

By observing (2.4) it can be said that the terminal C, gives non-inverting
gain.

Again using (2.4) the output voltage at this terminal can be calculated to
be

gm . 0.058 x 1.5 x 10°
(o — i) = ———>

3.5x1073-0)
=0.15 volts

Worked example 2.2

Transistors Q, and Q, of the circuit in Fig. ex.2.2 are matched and
each has ffequal to 85. Find (a) the d.c. output voltages V,,; and V,, (b) the
single-ended differential voltage gain and (c) the double-ended differential
voltage gain. If the collector output resistance of Q5 is 300 kQ, also find the
common-mode rejection ratio. Assume that the circuit works in an
environment at a temperature of 18 °C.

Solution
The voltage at the base of Q;,

1.2x10°
Vga=—12-— " —  =_3V
B3 (1.2+3.6)x 10°

Therefore the voltage at the emitter of Q;,

Ves=—3-07=-3.7V
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Fig. ex.2.2

and the emitter current of Q5,

_ —-(3.7-12) _
IE3—_8_'2X103 —I.OlzmA.
Hence
_ B . _8 3
Ies= 1+ 5 Igy= 1485 x1.012x 10
=1mA.
Again
1 1
ICI_ICZ_ ;3 %
or

Lol P Tes_ 85 1.012x 1073
GTIETIYE 2 T 1485 3

=0.5mA.

The d.c. collector voltages are, therefore,
Vo=V,,=12-0.5x10"3x82x10%

=7.9 volts.
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From (2.3) the single-ended differential gain,

gmR.  —1.6x107'°x0.5x1073x8.2x 10°
2 1.38x 10723 x 291 x 2

’
Ad(s) =

= —81.67
From (2.5) the double-ended differential gain,
Agay= —gnR.=—163.34
The effective Rg=(300+8.2) x 103
=308.2kQ
Therefore from (2.9) the common-mode rejection ratio is

1.6x10712x0.5x10"?
Rg= 100
R W TS TTREEI TR

=6139.6
or

CMRR; =20log,,6139.6=75.8 dB

2.1.2 Constant current sources

Current sources are as important and as useful as voltage sources.
They are widely used as emitter sources for differential amplifiers and also
to bias transistors. The simplest approximation to a current source is a
resistor in series with a voltage source. However, in order to obtain a closer
approximation to a true constant current source from a finite supply
voltage a transistor has to be used. Figure 2.5 shows some examples of

Fig. 2.5. Different types of current sources.

o +Vec ' ' ® +Vce 2 +Vee

R lLl R

Ve
a
Re
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transistor current sources. The base potential can be provided in a number
of ways using a voltage divider, a Zener diode or a few forward biased
diodes in series, as shown in the diagram. In all cases a constant current is
provided, but the range of load voltage depends on the biasing resistors, the
Zener diode and the number of diodes. The base potential, Vy, of the
circuits in Figs. 2.5(a) and (b), is fixed at a voltage very much greater than
the base-emitter ‘on’ voltage of the transistor. By observing Figs. 2.5(a) and
2.5(b) we may write

Ve=Vp— VBE(ON)
Ig=_—== (VB"' VBE(ON))/RE (2.10)

But, since Iy~ I for large

Ie~(Vs— Vron)/Re (2.11)

So the collector current is independent of the collector voltage, as long as
the transistor is not saturated, i.e. the collector voltage is greater than
Ve+ Vepsay- Since V> Ve any variation in Ve due to temperature
change (typically 2mV/°C) will have negligible effect on the collector
current.

In the circuit in Fig. 2.5(c) the base potential should be less than the
emitter voltage V' by the amount Vggn,, S0 that the transistor keeps
conducting. Now the collector current is given by

Vee— Ve - Vee—[Ve+ Vagony]

To~lp~
c=1g Re Re

~ Vee—[Vee—nVaeon + Veron] _ (n—1)Vigon)
Rg - Rg

2.12)

where n is the number of diode-connected transistors. Thus the collector
current in this case is also independent of the collector voltage.

A voltage-programmable current source may be obtained by applying a
varying voltage at the base of the transistor. The swing of this input signal
must be small enough so that the emitter voltage never reaches zero
potential. Then the output current of the current source will be propor-
tional to the input voltage.

2.1.3 Current mirrors

Current mirrors are very popular in integrated circuits and are
made using the matched base-emitter technique which works as follows. In
the basic circuit, shown in Fig. 2.6, the transistor Q, acts as a diode with a
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Fig. 2.6. Basic current mirror circuit.

J‘+VCC

Rz R 1

IC2 [B

) - (oh
) Y \
/VBEZ VBE,\

|||-4

base-emitter voltage Vg across it. The base-emitter voltage of transistor Q,
is also equal to V. Transistors Q, and @, are identical and have similar
variations of Vg and f with temperature; and since their bases are at
identical potentials, their collector currents will also be equal. If the current
gain f of the transistors is very large, then we can neglect the base currents
and write

Vee— Ve

Iey=Ic;~I= R,

(2.13)

If the current gain f of each transistor is small, we cannot neglect the base
currents, and in this case the collector currents

Vee— Ve

Iey=Ic,= R, =2l
_Vee—Vee 2¢,
R, i
or,
Vee—V,
ﬁICl _{_21(:1 _ ( CCR BE)B
2
or,
les = (Ve Vig) b 2.14)
(B+2)R,
From (2.14) it can be noted that the value of collector current I, is now
2
less than that of the current I by an amount ——- 1.

B+2
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Fig. 2.7. Modified current mirror circuit.
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This can be compensated by deriving the base currents for transistors Q,
and Q, through an emitter follower as shown in the modified circuit in Fig.
2.7. The emitter follower comprises the transistor Q5 and the resistor R,
and its collector current is of similar order to those of the base currents
of the transistors Q; and Q,. Resistors R, and R, have equal values. From
the figure it can be noted

Icy> 1y,
Again Iy, > Ig;. Therefore, I, Ip;. Hence
Iei=Ic~1 (2.15)

When R has a different value to R,, the collector currents of the transistors
0, and @, will be in the ratio of the two resistors.

In resistorless integrated circuit-operational amplifiers the operating
current of the whole amplifier may be set by one external resistor only,
which is R, in our case, with all the quiescent currents of the individual
amplifier stages inside being controlled by current mirrors. For the simple
circuit of Fig. 2.6 a suitable value of R, can be determined from the
knowledge of V. and the current needed by the load which is R,.

Current mirrors can be expanded to source current to several loads as
shown in Fig. 2.8. If n matched transistors are used in the circuit, it can be
shown that the collector currents

B

11,12,...,In_1=IC=I'B—+; (2.16)
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Fig. 2.8. Multiple repeater circuit.

I | | | !
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Worked example 2.3

The circuit of Fig. ex.2.3 is part of an integrated circuit. All the
transistors in the circuit are identical each having a current gain of 110.
Determine the value of R if the collector currents of Q,, @5, Q, and Q5 have

to be equal to 2.9 mA. The base-emitter ‘on’ voltage of all the transistors is
0.7 volts.

Solution
Since all the transistors are identical

IC1=IC2=IC3=IC4=IC5=2‘9X 10~3A

From (2.16)
. (BEnY 3 110+5Y)
I—IC( 5 =29x10 110 =3.03mA
9-0.7
=—— - =274kQ.
3.03x10°3
Fig. ex.2.3
9V

R ll

G SIS

F N2 Moo N
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volts.

Again

Thus

Transistor circuit techniques and amplifiers

Fig. ex.2.4

Worked example 2.4

+12V

-2V

Transistors Q,, Q,, O, and Q, in the circuit of Fig. ex.2.4 are all
identical and each has a current gain of 55. Find the d.c. output voltages at
terminals B, and B, . The base-emitter ‘on’ voltage of the transistors is 0.7

Solution

The transistors Q5 and Q, form a current mirror. Therefore

IC4=IC3
IC3
[,42-82 =1
C3 ﬁ
1B
1c4=1c3= _(2+ﬂ)
12—(—=12)—0.7 55
- =225mA
10x10° <2455 m
I 2.
Ig,=Ig,= C4=£x10_3=1.125x10_3A

2
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So

_ Py —1105mA

Tes 1+8
Ve =Vg,=12—4.7x103x1.105x 1073=6.8V

2.1.4 Darlington connection

If we connect two transistors together as shown in Fig. 2.9, the
configuration is called a Darlington pair. It behaves like a single transistor
with an effective current gain approximately equal to the product of the
current gains of the two transistors. The base-emitter ‘on’ voltage of the
pair is twice the base-emitter ‘on’ voltage of a single transistor and the
saturation voltage is greater than that of a single transistor by an amount
equal to the base-emitter ‘on’ voltage. If a small signal current I; is input to
the base, the collector current of transistor Q, is f,/; and the emitter current
is (B, + 1)I;. The latter becomes the base current of transistor Q, and hence
the collector current of @, is f,(f, + 1)I;. Thus the total collector current of
the Darlington circuit is

B2(B1+ DI+ B 1~ BB, 1 (2.17)

Therefore this circuit can be very useful in high-current stages where a large
gain is required, e.g. at the output stages of power amplifiers or in voltage
regulators. For a typical power Darlington transistor the current gain can
be 5000 at a collector current of 10 amperes.

Another interesting application of the Darlington circuit is as an emitter
follower. It provides an excellent buffering between a high impedance
source and a low impedance load.

Fig. 2.9. Darlington circuit.

0

S——
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Small signal effective input and emitter resistance
The a.c. resistance looking into the base of Q, of the circuit in Fig.
2.9 is given by

Tin2 2 Bares (2.18)
where r, is the small-signal base-emitter resistance of Q,. We can say

kT

r
qlg,

~
e2—

1
Since r,=— for small-signal models. Therefore the small-signal base-

m

emitter resistance of Q,,

kT kT B.kT
Feg = = =
! alg;  aqles/B,  qlg;

From Fig. 2.9 we may observe that the effective input resistance of the
Darlington pair is

Tin=B1(Te1 +7in2) (2.20)

Substituting for ., and r;, , in (2.20) from (2.19) and (2.18) respectively, we
obtain,

Tia=B1[B2rez +Bare2]=2B1Bre2 (2.21)

The effective emitter resistance can now be obtained from (2.21)

rin 2Blﬂ2re2
_ T _ - 222
=B BB e @22)

Darlington pairs are usually fabricated on a single chip and @, and @, have
the same characteristics. Therefore we may assume f§, =f,=§.
Darlington pairs are available commercially constructed on a single
chip, as single packages, usually with a resistor connected across the base
and emitter of Q, as shown in Fig. 2.10. Resistor R prevents leakage current
through transistor Q, from biasing Q, into conduction. Its value is so
chosen that when the combination is off, the leakage current of transistor
Q, produces a voltage drop across resistor R which is smaller than the base-
emitter ‘on’ voltage of transistor Q,; again when the combination is on, the
current through resistor R is small compared to the base current of
transistor Q,. The leakage current in small-signal transistors is of the order
of nanoamperes and in power transistors it is as much as hundreds of

=Pires (2.19)
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Fig. 2.10. Improved Darlington circuit.
C

@

ty

microamperes. Therefore for a small-signal transistor Darlington R might
have a value of a few thousand ohms and for a power transistor Darlington
a few hundred ohms.

Worked example 2.5

A Darlington pair draws a collector current of 2 mA. If the current
gains of the two transistors are 75 and 100, find the total current gain and
the effective input and emitter resistances at a room temperature of 27 °C.

Solution
The total current gain f=f,, =75 x 100="7500. From (2.21) the
effective input resistance

kT kT
rin=2 re ~2 _—=2 -
ﬂlﬁZ 2 ﬂlBZqIEZ ﬂlﬂzq(lcz"'IE])
kT
22/;1/32@
-23
=2><75><100x1.38><10 ><3OO=194kQ

1.6x10" 19 %x2x10"3

From (2.22) the effective emitter resistance
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Worked example 2.6

The quiescent collector current is 10A for the power transistor
Darlington shown in Fig. ex.2.6. The gains of transistors ¢, and Q, are 200
and 100 respectively. Find a suitable value for R, if the leakage current of Q,
is 0.2mA and the base-emitter ‘on’ voltage for @, is 0.7 volts.

Fig. ex.2.6

:_ELKQQ
]

Solution
When the Darlington pair is OFF,

Ileakage X R < VBE(ON)
or

VBE(ON) _ 07

R< =
Deakage 0.2x10

— =3.5kQ

When the Darlington pair is ON, the current through R,
IpxlIg,

So we may neglect Iy and have

IC1+IC2=10 (1)
Iei+1g=Ig; 2
101=200131 (3)

and

Ic2=100152 (4)
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From (2) and (3)

201 Iy, =1y, (5)
and from (1), (3), (4) and (5)

200 I, + 100 x 201 x I, =10

or
10
lii=5p3mA
from (3)
2000
=——mA
ler=793™
Therefore from (2)
2010
=—_——=99mA
Te2= %03
Again when the Darlington pair is ON,
VBE(ON) & 132
Hence
R> Vesow _ 07 7Q

Iy, 99x10°3

2.1.5 Level shifting circuits

In integrated circuits the use of coupling capacitors is always
avoided and to offset any direct voltage level present between say, two
amplifier stages, other methods are employed. One of these methods is to
use a potential divider connected between the output and the supply rail as
shown in Fig. 2.11. Resistors R, and R, lower the direct voltage level of the

Fig. 2.11. Basic level shifting circuit.

Voi +vo
R

R,
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output signal but, at the same time attenuate the a.c. signal. If we assume
that the output of the first stage consists of a signal v,, superimposed on a
direct voltage V,; and choose resistors R, and R, such that the input to the
second stage has no direct voltage superimposed on the a.c. signal v;,, then
we may write

Vol—VBB
——— R, =V,
<R1+R2> 1 ol

RZ/Rl =- VBB/Vol (2~23)

or

Again,

Uiz — R, - _ Vs
U1 R;+R, Vo1r— Vas

(2.24)

This shows that the attenuation of the signal v,, can be reduced by making
Ves>V,,. In practice, however, the magnitude of Vg is limited and a
considerable attenuation occurs.

In order to keep the attenuation of input signals as low as possible we use
two transistors in the level shifting circuit as shown in Fig. 2.12. Transistor
Q, operates as an emitter follower, whereas, transistor Q, in series with the
resistor R, forms a constant current source since the base of transistor Q, is
held at a constant voltage, V5, by connecting transistor Q; as a diode. The
voltage drop across the resistor R; removes any offset direct voltage which
would have existed at the input of the second stage otherwise. The output
resistance of the current source is very large and hence the attenuation of

Fig. 2.12. Level shifting circuit with transistors.

© + Ve
e )
R
- Ry o vo
O
s
R

—o — Vi
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Fig. 2.13. Level shifting circuit with diodes.

o+ Vee

O

Represents diode-connected transistors
1 /

© — Vg

the output signal of the first stage is very small. In this circuit the base-
emitter voltage of @ is equal to that of Q, together with the voltage drop
across R,. The difference in the base-emitter voltage of Q, and Q defines
the collector current of Q,.

Another technique of introducing a direct voltage level shift is to replace
the resistor R, by nforward-biased diode-connected transistors as shown in
Fig. 2.13. This will produce a level shift of approximately nx0.7V.

Worked example 2.7

The input signal v, to the circuit of Fig. ex.2.7 hasa d.c. level of 3.5
volts. What will be the value of R, so that the mean voltage at the output is
zero?

Fig. ex.2.7

+12V

-10V
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Solution
Transistors @, and Q, form a current mirror. The d.c. current [ is

0—[—10—(—0.7)]/39 x 103 =0.24 mA
R,=(3.5—0.7)/0.24 x 103
=11.67kQ

2.2 Cascaded amplifier stages

In many applications, an amplifier with a single transistor cannot
provide all the gain that is required to drive a particular type of load.
Several amplifier stages may be needed to amplify the input signal to a
sufficient level. The output of one stage is normally connected to the input
of another, and the stages are said to be in cascade. Sometimes amplifier
stages of different configurations are cascaded to provide source and load
impedances of a required magnitude.

To analyse an amplifier circuit with two stages in cascade, we may make
use of the voltage gain A,, the current gain A4;, the input impedance Z; and
the output admittance Y, of each stage in terms of the hybrid parameters of
the transistor used in that stage.

The hybrid parameters of a two-port device can be derived by
considering the diagram shown in Fig. 2.14. The terminal behaviour of the
device can be described by the two voltages and two currents. If we choose
the current i, and the voltage v, as the independent variables and assume
that the device is linear, we may write,

Ul =hii1 +hl'l)2
i2=hfi1 +h01)2
where

h; is the input resistance with the output short circuited
h, is the reverse open-circuit voltage gain
he is the short-circuit current gain

and

h, is the output conductance with the input open circuited.

Fig. 2.14. Two-port devices.

1 ig
4+ — —————— 4

U 125
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Fig. 2.15. (a) Common-emitter, (b) Common-base and (¢) Common-
collector configurations.

o

(@ &

(c)

Since transistors can be connected in various configurations as two-port
devices (common-emitter, common-base or common-collector, see Fig.
2.15), and the values of the hybrid parameters vary from one configuration
to another, it is convenient to add another subscript (b, e or ¢) to the above
notations of the hybrid parameters to designate the type of configuration.
These parameter values are usually obtained from the manufacturers’ data
sheets.

For small-signal analysis of a single stage transistor amplifier, the voltage
gain A,, the current gain A, the input impedance, Z; and the output
admittance, Y, are respectively given by

ZL _'hf
A, =A2L, 4,=
v lZi’ 1 1+hoZL
Zi=h+hAZ , Y,=h heh (2.25)
i~ " 1~ 3 o hi+Rs .

where Z, is the load impedance and R, is the source impedance.
Taking into account the source impedance, the current amplification is
given by
R

A= AIZ_i+—SI€ (2.26)

and the voltage amplification is given by

Zi (2.27)

Avs=sz.+R
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Fig. 2.16. Multistage amplifier.

Rs
. 1
—
Us ‘4\:)

Let us now consider a two stage amplifier circuit shown in Fig. 2.16. The
first stage is connected in a common-emitter configuration and the second
stage is connected in common-collector configuration. From (2.25) we may
note that the current gains have to be found before the input impedances or
the voltage gains of the stages can be calculated. Again since the load
impedance of the first stage can not be computed until we know the input
impedance of the second stage, it is logical that we start analysing the circuit
with the second stage.

° ~ Vg

Input impedance of cascaded amplifiers

The small-signal equivalent circuit of the cascaded amplifier of Fig.
2.16 is shown in Fig. 2.17. Since the second stage is connected in common-
collector configuration, the current gain, the input impedance and the
voltage gain of this stage may be written in the following forms using (2.25),

Iey hy.

A =—-2_____fc 2.28
7 L, 1+hRg (2.28)
Ri;=hic+h A;Rg (2.29)

Fig. 2.17. Small-signal circuit of the multistage amplifier.

Rs 2o by WLl g fa

b 1
hoe IQ: V2 h'c Vb_ l RE \JO
hfc ’b2 hoc
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and
v, R
Ava=pm =A12R—: (2.30)

Now let us consider the first stage. The load impedance R, , of this stage
is the parallel combination of the collector resistance R and the input
impedance of the second stage R;,. Thus

Rc'R;,

R ,=—%"1 2.31
" Rc+R;, 231
Now the current gain of the first stage is
I —h
A= fe (2.32)

K - 1 +hoeRL1

and the input impedance of the first stage, which is the input impedance of
the amplifier, is

Ry =hic+h ARy (2.33)

Output impedance of cascaded amplifiers
The voltage gain of the first stage is given by
R

Ay, =A,1R—“ (2.34)
il

and the output impedance of transistor Q, is

1
h hf ehre

* hie + Rs

R, =1/Y, = (2.35)

Since this impedance is in parallel with the resistor R., the output
impedance of the first stage is
R.R
R, =<2t (2.36)
° Rc+Rol
Now the effective source impedance of transistor Q, is R,, =R, and its
output impedance,

1
heh
hoc _ fc rcl
hic + RsZ

R,=1/Y,= (2.37)
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The output impedance of the amplifier is, therefore, given by

RoZRE

R,=

(2.38)

Overall current gain
The overall current gain is the ratio of the emitter current of the
second stage to the base current of the first stage and from Fig. 2.17 we have

Ie2 - IeZ‘Icl.IbZ

A= — ——e2.el.h?
ULy Iy Ly 1
Ib2 Rc
=—Ay, Ay 2 =4, Ayy—— (2.39)*
12 11 Icl 12 11 Rc+Ri2

Overall voltage gain
The overall voltage gain is simply obtained by multiplying the
individual voltage gain of each stage of the amplifier.

A,=A,,A,, (2.40)

If we take the source impedance into account, the current gain becomes

R
Ag=A; ——— 2.41
1S I Ri1+RS ( )
and the voltage gain of the amplifier becomes
R.
A,=V,V.=A4, —2 242
/ R+ R, (2.42)

It was mentioned earlier that the values of hybrid parameters of a specific
transistor vary from configuration to configuration, see Table Al in
Appendix A. So we can say by examining (2.25) that different transistor
amplifier configurations have different values of voltage gain, current gain,
input impedance and output impedance. Assuming R,=1kQ and
Ry =4.7kQ, and using Table Al we may find the values of various
quantities which may be used to choose the right transistor configuration
for a particular stage in multistage amplifier circuits. These are shown in
Table 2.1.

The factors governing the choice of transistor configuration for different
stages within an amplifier are given below but we must remember that they
are only guidelines and the choice may vary from one circuit to another.

Iy +1p2)R,=—1,, Ry,
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Table 2.1. Input and output impedances and current and voltage gains of various
transistor amplifier configurations

Quantity Common-collector Common-base Common-emitter
A 46 0.98 —45

Ay 0.99 201 —201

R, 215kQ 23Q 1047Q

R, 41Q 1.3MQ 55kQ

Input Stage. The frequency response of the source whose signal is to be
amplified may depend upon the impedance into which it operates. Some of
the sources need essentially open-circuit or short-circuit operation. In such
cases the common-collector or common-base configuration is used
although they may not provide the necessary voltage or current gain. From
Table 2.1 we may notice that the common-collector configuration has a
high input impedance, whereas, the common-base configuration has a low
input impedance. The former circuit has, in addition, a low output
impedance and is widely used as a buffer stage between a high-impedance
source and low-impedance load. The common-base configuration is used
to match a very low-impedance source and also is used as a constant-
current source in many applications.

Intermediate Stage. Table 2.1 also shows that the voltage gain of a
common-collector configuration is less than unity. Hence we may not
increase the overall voltage amplification by cascading such configurations.
Again the voltage gain of two or more common-base circuits in cascade is
about the same as that of the last stage alone. This can be verified as shown
below,

hp<1
So

—he

A=— 10
! 1+h,R,

<1 (2.43)

Again, the voltage gain of the first stage is given by

Ry =AIRC//Ri2 -4 RcR;;

Ao=A,—= =
VTR, R, "(Rc+R;5)R;,

(2.44)

Now if we make the first and second stages identical, then R,; =R;, and
from (2.44) we may write

Ay <4,
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For a single stage the current gain is less than unity, so
Ay <t

Therefore this configuration is seldom used in cascaded form.

The only remaining configuration is the common-emitter type and since

its current gain is much greater than unity, a large voltage amplification can
be achieved by cascading such stages. So, in the intermediate stages of an
amplifier, where a large voltage gain is a requirement, transistors may be
connected in the common-emitter configuration.
Output Stage. In many applications an amplifier is required to drive a low
impedance load. In such applications, by examining the Table 2.1, we may
say that the common-collector configuration is the one which could be used
for the output stage, because it has a very low output impedance.

Frequency response

In practice, the individual stages of a multistage amplifier may
have some lower cutoff frequencies that are equal in magnitude, and others
which are not. The same applies to the upper cutoff frequencies. For the
special cases where all stages of a multistage amplifier have identical lower
cutoff frequencies or identical upper cutoff frequencies, the overall cutoff
frequencies may be obtained as follows.
Lower cutoff frequency, fi verany- The voltage gain of a single stage amplifier
is given by

1

A= T+ G

where f_is the lower cutoff frequency.
Therefore, the gain of an amplifier with » identical stages,

1 1

A= 2 ”2 2
(\/[1 + (fLZf) ]> \/I:I + <fL(ovferall)> ]

(2.45)

where fi overany 18 the overall lower cutoff frequency. Thus in the lower
frequency range the overall gain of the amplifier drops by a factor of 1/,/2

(3dB) at f=£ (overan)-*
Upper cutoff frequency, f,overany- The voltage gain of a single stage amplifier
is also given by

1
A= T

where fy; is the upper cutoff frequency.

fL(overall) =fL/\/(2 1n_ 1 )
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Fig. 2.18. Frequency response of a multistage amplifier.
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In a similar fashion as above, the gain of an amplifier with n identical
stages will be

fu \ Frequency

n_ 1 " 1
= <\/[1+(ﬂfu)2]> VO ooveran )] 246)

Where f;overan 1S the overall upper cutoff frequency. Therefore in the upper
frequency range the overall gain becomes 1/\/2 at f=fyoveran-T

By examining (2.45) and (2.46), we may say that the overall lower
cutoff frequency becomes larger as the number of individual stages is
increased. At the same time the overall upper cutoff frequency becomes
smaller. Hence the bandwidth becomes narrower. The overall frequency
response falls off along asymptotes having slopes 20n dB/decade at
frequencies outside the midband range (Fig. 2.18). If the lower cutoff
frequencies of the individual stages are not similar in magnitude, the overall
lower cutoff frequency is approximately equal to the largest of the stage
lower cutoff frequencies. Again if the upper cutoff frequencies of the
individual stages are not similar in magnitude the overall upper cutoff
frequency is approximately equal to the smallest of the stage upper cutoff
frequencies. In these cases calculation of the overall cutoff frequencies is
very difficult and should be found out experimentally or with the help of a
computer.

Worked example 2.8
In the two-stage amplifier shown in Fig. 2.16, the transistor
parameters at the corresponding quiescent points are

hie= 14kQ, hfe= 100’ hre=2 x 10"4,
hoe=2x 10738, h;;=1.4kQ, he,= —101,
h,,=1 and h,=2x10"°S

T fU(overall) =fU [\/ (2 m_ 1 )] .
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Find the input and output impedances of the circuit and also the overall
current and voltage gains. Given, Rg=1kQ, Rg=R =4.7kQ.

Solution
From (2.28) the current gain of the second stage

he. — 101

A2 = 1+h Ry  1+2x1075x4.7x10°
=923

Hence from (2.29) the input resistance of the second stage
Ry=hi +h Ap,Rg=14x103+1x923x4.7x 103

=435.2kQ
-and from (2.30) the voltage gain of the second stage

R: 47 % 10?
=A f—_—— = . —_—
Ave=An g =923 e 108
—0.997

From (2.31) the load resistance of the first stage

_ RR;  4.7x10°x435.2x 10
" R.4+R,  (47+4352)10°

=4.65kQ

Ry,

From (2.32) the current gain of the first stage

P —100
U 14h Ry, 142x107°x4.65x% 10
=—-91.49

From (2.33) the input resistance of the first stage

Riy=h+h A R =14x10°+2x 107% x (—91.49) x 4.65 x 10

=1.315kQ
Hence the voltage gain of the first stage

Ry, 4.65x 103
Ay =Ay —E = 9149 x 2 X
iz g P X 1315 % 10°

=—3235
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From (2.35) the output resistance of 0,

1
ot hoe _ hfehre
hie + Rs

1
= =85.71kQ
5w 10-5_ 100x2x107F

T 14x103+1x10°

Therefore the output resistance of the first stage

R - RRot _47x 103 x 85.71 x 103
" R.+R,, 47x10°+8571x10°

=4.45kQ

Again the output resistance of @,, from (2.37)

1 1
R02= =
hoc_ hfchrc 2)( 10_5— "‘101 X 1
h+ R, 14x10°+445% 10°
=579Q

Hence the output resistance of the amplifier

R,Ry  579x4.7x10°
R,+Rg  57.9+4.7x10

=57Q

R,=

From (2.39) the overall current gain

R,
A= AR TR,
c i2

4.7x10°

— _91.49x92.
LA X2 3 X e 10 1 4352 10°

=-90.2
From (2.40) the overall voltage gain
Ay=Ay, Ay;=0.997x —3235
=-—3225
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2.3 Tuned amplifiers
In many applications an amplifier is required to amplify a narrow
band of frequencies centred about a certain frequency. Any signal
containing only frequencies outside this band must not be amplified. Tuned
amplifiers serve this purpose and are obviously very important in fields that
depend on the simultaneous transmission of several channels of inform-
ation. In radio broadcasting, several stations may simultaneously transmit
signals in the same general geographic area and each station then uses a
different carrier frequency. A radio receiver selects only one of these signals
and this particular ability of the receiver is the key factor in radio
communication. The same general idea is used in television receivers, two-
way radio communications, long-distance telephone systems and also in
the field of satellite communications. A tuned amplifier circuit is shown in
Fig. 2.19. At resonance, the impedance of the tuned circuit may range from
several kilohms up to a few megohms, depending on the components used.
Practical inductors can be represented by a resistance in series with a
pure inductor and therefore, the tuned circuit of the amplifier shown in Fig.
2.19 can be redrawn as shown in Fig. 2.20. The Q of the circuit, which
compares the energy stored to the energy dissipated per cycle, is equal to
wL/R. When the circuit is at resonance

L
0= “% (2.47)

where w, is the resonant frequency and is equal to 1/\/ (LC).

Fig. 2.19. Tuned amplifier.

+ VCC
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Fig. 2.20. Tuned circuit.

—
L
=FC
R
h—o

The impedance of the tuned circuit of Fig. 2.20 is given by

1 . R+joL
Z=——//(R L)= - 24
JwC//( +iol) —w?*CL+joCR+1 (2.48)

Using (2.48) we may plot the magnitude of the impedance of the tuned
circuit as a function of frequency for various values of Q as shown in Fig.
2.21. Tt is obvious from the plot that if a constant current enters the tuned
circuit at resonant frequency then a large voltage will develop across the
circuit. At other frequencies the developed voltage will be considerably
smaller.

Again for an inductor with a high value of Q the series RL circuit
representing the inductor is equivalent to a parallel RL circuit over the
frequency band of interest as shown in Fig. 2.22. It can be verified by finding
the admittance of the series circuit

1 R—jwL R 1

Y= = = S— 249
R+joL R?’+0?L? o?L? +ja)L @249

and the admittance of the parallel circuit

1 1
Yp=—+ 7 2.50
P~ R, el (2.50)
Fig. 2.21. Magnitude of impedance Fig. 2.22. Coil of the tuned
as a function of frequency. circuit.

|

Magnitude of impedance
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Fig. 2.23. Equivalent circuit of the tuned amplifier.

RS Ty
' | ? Uout
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' l Tout Re L % ‘I'C
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Comparing (2.49) and (2.50) we obtain
2L2

Rp= “’R —RQ?=wLQ* 2.51)
We may rewrite (2.51) for w=w, as follows,

Qo=Rp/woL (2.52)

Now we may draw the equivalent circuit of the tuned amplifier as shown
in Fig. 2.23. The equivalent resistance of the resonant circuit is given by

Req=Rp//Tou (2.53)

where r ,, is the output resistance of the transistor. The effective Q of the
circuit will now be

R
Qeff= R—quo (2-54)

P

An expression for the voltage gain of the amplifier can be found by
observing the equivalent circuit

Uout __ =Pz _ —BZ,

A= = =
Uin Gty +7r+Rs) rytr.+Rg

(2.55)

where Z, is the collector load impedance and the magnitude of the gain will
be

BIZ.|
A=——"7"— 2.56
Al re+r.+Ry ( )
At resonance, the peak gain occurs and it is given by
SR
A= ——13 .57
e+ +Rg 2:57)

ol
*  Usually Q is very high for tuned circuits: Q = X > 1.0.
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It can be shown with the help of (2.56) and (2.57) that the bandwidth
between 3-dB frequencies for a high Q circuit is

Ju=fL=BW=f,/Q (2.58)

where f is the resonant frequency, f; is the lower cutoff frequency and f, is
the upper cutoff frequency. We may observe from (2.58) that a higher Q
leads to a narrower bandwidth.

Worked example 2.9

In the circuit of Fig. 2.19 the resonant circuit has a Q of 100 and an
inductance of 60 uH. The output resistance of the transistor is 40kQ. If
r,=200Q, r,=2.5kQ, R,=3kQ, =75 and f,=1MHz, find (a) the
effective Q, (b) the gain at resonance and (c) the bandwidth of the amplifier.

Solution

From (2.52)

Rp=QwoL=100x2m x 1 x 10 x 60 x 10~ =37.68 kQ
From (2.53)

37.68 x 40 x 10
Roy=Ryp//rou= =19.
w0 = Re//ron= Gr g a0y <100 ~ 104K

(a) From (2.54)

19.4 x 103
768 % 10° x100=51.5

R
Qef(= ’I;_:Q=
(b) From (2.57)

_ —BR,  —75x194x10> _
. 4+r.+Rs  200+2500+3000

{c) From (2.58)

6
BW=—f°—=IXIO

O 515

—2553

=19.42kHz

24 Power amplifiers

A power amplifier is often the last, or output, stage of an
amplifying system and is designed to deliver a large amount of power to a
load, whereas, the first few stages of an amplifying system, as mentioned in
Section 2.2, may be designed to provide voltage amplification, or to provide
buffering to a high impedance signal source. Power amplifiers are widely
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used in public address systems, high-fidelity systems, and radio and
television receivers. In these applications, the load is usually a loudspeaker.
Power amplifiers are also used in electromechanical control systems to
drive electric servo motors.

There are several types of power amplifiers. The class A type conducts
load current continuously during the complete cycle of a periodic input
signal, and the output signal developed is always proportional to the input
signal. A class B amplifier uses two transistors to drive a load. One
transistor amplifies positive signal variations and the other amplifies
negative signal variations, and the amplifier output is the combination of
the waveform obtained from these two transistors. A class C power
amplifier is one that conducts load current during less than one-half cycle of
an input sine wave. It is extensively used in high frequency applications,
such as radio-frequency transmitters.

2.4.1 Class A amplifier

A common-emitter amplifier that supplies power to a resistive load
R, is shown in Fig. 2.24. In the figure i¢, iz and v represent the total
instantaneous collector current, the total instantaneous base current and
the total instantaneous collector-to-emitter voltage respectively. The
quiescent values of the collector current, the base current and the collector-
to-emitter voltage are given by I, Iy and V. respectively. Again the
instantaneous variation of the corresponding quantities from the quiescent
values are represented by icq, ipg and veq respectively.
The static output characteristics of the amplifier and the current and
voltage waveforms are shown in Fig. 2.25. The load line for the circuit
passes through the point ic =0, ve= V¢, and ic= V/R,, vc=0. That is, it

Fig. 2.24. Class A common-emitter amplifier with a resistive load.
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ip
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Fig. 2.25. The output characteristics and waveforms of the class A
amplifier.
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intersects the voltage axis at V¢ and the current axis at V' -/R, . The slope
of the load line is — 1/R; and it intersects the static curve at the quiescent
operating point, Q which gives the current that will flow in the resistive
load. Since we have assumed that the characteristics are equidistant for
equal increments of input current iyq, the output current and hence the
output voltage will be sinusoidal when the input current waveform is a
sinusoid.
From the figure the output power is

Vo In _y g (2.59)

pP=_m.

NG

where I, and V, are the peak output current and voltage respectively. By
examining Fig. 2.25, we may write

= max— I min)/2

and also
Vin=Vmax — Vin)/2 (2.60)
nax = Imin = (Vimax— Vimin)/R1

where I .., Imins Vinax a4 Vi are the maximum and minimum values of
output current and voltage swing respectively.
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Now (2.59) becomes
P =V ax = Vinin) Umax = I min)/8
=(Vimax— Vinin) /3Ry
=V2/2R, (2.61)

Similarly P=1I2R, /2.

Thus we can calculate the output power of the amplifier by plotting the
load line on the volt-ampere characteristic of the transistor and then
reading off the maximum and minimum values of voltage and current
swing. Maximum output swing can be achieved by setting the Q point at the
centre of the a.c. load line.

The average power supplied to the circuit is Vcl; and the power
absorbed by the output circuit is I2R; +1,,V,,/2. Let us assume that the
average power dissipated by the transistor is Pp,. Then using the principle of
conservation of energy we may write,

PD= Vcch—I(Z:RL— VmIm/2 (2.62)
but, since Vee=Ve+ IR, (2.62) yields,
PD= Vclc_ VmIm/2 (2.63)

By examining (2.63), we may say that the minimum dissipation occurs
when VI ,/2=V2./8R,, since the maximum values which V,, and I, can
have, are Vc/2 and V /2R, (=) respectively, as may be observed in Fig.
2.25. Again according to the same equation, the maximum dissipation
occurs when the a.c. output power is zero, i.e., in the absence of any input
signal. Then its magnitude is given by V.l

The collector efficiency is the ability of a transistor amplifier to convert
the d.c. power of the supply into the a.c. power delivered to the load. It is
denoted by 5 as a percentage

signal power delivered to load

= T 7 — x 100%
d.c. power supplied to output circuit

_$Valn

ccic

x 100%

=50_mm oy (2.64)

Since the maximum values that V, and I, can have, are V/2 and I
(which is equal to V¢/2R, ), the maximum possible efficiency for a class A
amplifier is 25%. In this circuit the load has been assumed to be a resistor. If
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Fig. 2.26. Transformer-coupled class A common-emitter amplifier.
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Fig. 2.27. Capacitor-coupled class A common-emitter amplifier.
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itis not so, and the load has a power factor of cos 6 then the term VI /2 in
both (2.62) and (2.63) should be multiplied by cos 6.

Other configurations of class A amplifiers are shown in Figs. 2.26 and
2.27. In the circuit of Fig. 2.26 the load is coupled to the circuit via a
transformer with a turns-ratio of N,:N,. The effective load resistance
r.=(N,/N,)*R, and the a.c. load line has a slope of —1/r,. In this case
there is no dissipation of d.c. power since instead of a resistive load we now
have an inductive load, and the maximum possible efficiency is 50%. In the
circuit of Fig. 2.27 the load is coupled to the circuit via a capacitor. This
time the effective load resistance is the parallel combination of R¢ and R, .

Worked example 2.10

Given that V=24V and R, =8, find a suitable transistor for
the circuit of Fig. 2.24. What is the maximum possible a.c. power output?
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Solution
From (2.63)

V.I
PD= Vclc_ 'lzﬂ

. . VI,
Pp, is maximum when output power, '3 =0.
Vec Voo 24x24

"2 2R, = 2xaxg BV

PD(max) = VCIC=
.. The transistor should be able to dissipate 18 W. Maximum a.c. output
power is

Vic 24x24
R, 8xs W

2.4.2 Class B amplifiers

In the case of Class A amplifiers we assumed that a transistor is a
linear device. In general, however, this is not so because the static output
characteristics are not equidistant straight lines for equal increments of
input excitation. Therefore, instead of relating the alternating collector
current icq with the base current iz by the linear equation icq=kipg, We
may use a power-series expansion and write more accurately

icq=kiinq+kaisq +kisg + Kaio (2.65)

where ks are constants.
Now let us assume that the input waveform is sinusoidal and given by

then the collector current can be found from (2.65) and (2.66), by using
trigonometric transformations, to be

icq=Ao+ A coswt+ A, cos 2wt + Azcos 3wt + ... (2.67)
The total instantaneous current will therefore be
ic=Ic+icq=Ic+Ag+ A coswt+ A, cos 2wt + A, cos 3wt (2.68)

The values of the A terms can be calculated in terms of ks and hence As are
also constants.

Therefore, the non-linear characteristic of the transistor introduces into
the output components whose frequencies are multiples of that of the



Power amplifiers 43

Fig. 2.28. A class B push—pull amplifier.
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sinusoidal input excitation. It also brings in an additional d.c. component
A, thus yielding a total d.c. component of collector current I+ A,.

The class B push—pull amplifier shown in Fig. 2.28 can eliminate a large
portion of distortion introduced by the second harmonic components if the
stages are perfectly matched. The input signal is applied through a centre-
tapped transformer 7', which supplies two base currents of equal ampli-
tudes but 180° out of phase for transistors Q, and Q,.

Let us assume that the base current to transistor Q, is

iy, =Ipm COS I
Then the base current to transistor @, will be of the form

ipy =Iymcos{wt +7)
Using (2.68), we may write

icy=Ic+Ay+ A, coswt+ A, cos 2wt + A5 cos 3wt (2.69)
and

ico=Ic+Ay— A coswt+ A, cos 2wt — A5 cos 3wt (2.70)

These two collector currents flow in opposite directions through the
primary windings of the output transformer 7',. It can be seen from Fig.
2.28 that the load current i; is directly proportional to the difference of these
collector currents and assuming that the two transistors are identical we
have

ip=N(ic; —ic)=2N(A4, cos wt+ A;cos3wt) (2.71)

Thus a push—pull arrangement balances out all even harmonics in the
output. However, if the characteristics of the two transistors are not the
same then even harmonics will appear in the output.

The load current of the class B amplifier shown in Fig. 2.28 is sinusoidal,
but in practice, is distorted near the zero-crossing, as shown in Fig. 2.29.
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Fig. 2.29. Load current of a class B push—pull amplifier showing
crossover distortion.

iLI

Fig. 2.30. Push-pull amplifier with bias supply: (a) battery supply; (b)
resistance-divider supply.
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This effect, known as crossover distortion, is due to the fact that the linear
operation of a transistor begins only when the base current is positive
enough for base-emitter voltage vgg to exceed the base-emitter ‘on’ voltage,
which is usually 0.7 V for silicon transistors. The crossover distortion may
be eliminated by biasing the two transistors at approximately 0.7 V using
the techniques shown in Fig. 2.30.
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Fig. 2.31. Output waveforms of a single stage class B amplifier.
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Power calculations

The output power of the circuit can be determined by observing
the output voltage and current waveforms of a single stage class B amplifier
as shown in Fig. 2.31 and taking into consideration that the amplifier as a
whole produces sinusoidal output waveforms. It is given by

P=1,Vu/2=10(Vee— Vinin)/2 (2.72)

The power delivered by the d.c. supply is found by taking the product of the
power supply voltage and the d.c. current flowing into the circuit. The
current flowing from the supply is the sum of i, and ic,. From Fig. 2.32, we

Fig. 2.32. Power supply current waveform of a class B push—pull
amplifier.

Lsupply
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may observe that this is a full-wave rectified current. The d.c. supply current
is just the average value of this waveform or

Iy .=2I_/n (2.73)
Thus the d.c. input power from the supply is
P=21Vec/n (2.74)

The input power to the circuit is accounted for by the dissipation of both
transistors and the output power. From (2.72) and (2.74) we find the
transistor dissipation to be

PD=PI—P=2Ichc/7T'—Ime/2

But I,=V, /Ry where R =N?R_, and 2N is the ratio of the number of
primary turns to the number of secondary turns.
Thus

Pp=2V,Veo/nR,— V2/2R], (2.75)

We may observe from (2.75) that the transistor dissipation is zero in the
absence of any input signal, since V,,, will then be equal to zero. As the input
signal increases the peak output voltage, V,, rises, and hence the transistor
dissipation increases. For maximum value of the transistor dissipation we
set

dPp _ Wee 2V _,
dv,, =R, 2R,

or
Va=2Ved/n
Substituting this value in (2.75) we obtain

P 22 Vi 2
PO m?Ry 2n’Ry mPRy

(2.76)

The maximum output power is obtained by assuming V=V (i.e.
Vee™ Vin)- Therefore,
_Vé

max — 2Ri,

P 2.77)
So we may write from (2.76) and (2.77)

4
PD(max)= ?Pmaxzo""Pmax (278)
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Now the collector efficiency of the amplifier, from (2.72) and (2.74), is

Iy,

P _2—(VCC_Vmin)
’7=FXIOO%=—XIOO%

i 2-2yp,

e

T V_.
=2{1=2™2) « 100%. 2.79

4< Vcc>x 00% (2.79)

If VCC» Vmin’ then

e g x 100% =78.5%.
Therefore, the maximum attainable efficiency for a class B amplifier is
78.5% compared with 50% for transformer-coupled class A amplifiers.

Worked example 2.11

The peak collector current and voltage in transistors ¢, and Q, of
Fig. 2.28 are 3 A and 14V, respectively. Calculate (a) the output power of
the circuit, (b) the average power supplied by the d.c. source, (c) the average
power dissipated by each transistor, and (d) the efficiency. Given,

VCC = 28 V
Solution
(a) From (2.72)

 Valn  14x3
T2 T2

(b) From (2.74)

Pi=21mVCC =2><3x28 _535W
T T

P =21W

(c) Power dissipated by two transistors

53.5-21=325W

*. average power dissipated by each transistor is

3—22'5— =1625W.
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(d) From (2.79)

V .
n= E<1— "’"‘) x 100%

T V i 14
=|1-—" 100% =—{ 1] —— %% =39.25°
4< VCC>X 00% 4(1 28>><100/o 39.25%

2.4.3 Class C amplifiers

Class C amplifiers are, in general, used for amplification of a single
frequency or over a very narrow frequency band. The load current which
exists for less than one-half of the cycle, generates a sinusoidal output
voltage by flowing through a resonant circuit tuned to the fundamental
frequency or one of the harmonic components. Figure 2.33 shows the class
C amplifier as it is normally operated, with a resonant network in the
collector circuit. The resonant frequency of the network is approximated by

fo=1/27/(LC) (2.80)

if the resistance of the coil is assumed to be smail. The transistor conducts
only when the input voltage exceeds the sum of the negative bias and the
base-emitter ‘on’ voltage of the transistor. The amplitude of the funda-
mental frequency component of the output waveform is determined by the
angle 6. during which the transistor conducts. By observing Fig. 2.34 we
may write that the conduction angle,

-1 VBB+07

=2
0c=2cos %

(2.81)

Fig. 2.33. A class C amplifier.
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Fig. 2.34. Input voltage and output current of a class C amplifier. 6
depends on V and V.

Input voltage
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where Vg is the bias voltage and V is the peak input voltage.

The efficiency of this amplifier is large because the transistor is cut-off
during most of every full cycle of the input, thus dissipating a very small
amount of power. In fact, as the conduction angle approaches zero, the
efficiency of the amplifier approaches 100%. But at the same time the
output power also tends toward zero. So a compromise between high
efficiency and large output power is made and a typical efficiency of 80%
can be achieved.

Output current 4

Worked example 2.12

The power supply voltage, bias voltage and the peak value of the
input voltage for the circuit of Fig. 2.33, are 28 V, 5V and 8 V respectively.
Find the conduction angle. If C= 100 pF, find also the inductance necessary
to tune the amplifier to the frequency of 2 MHz.

Solution
From (2.81)

-, 5407

O-=2cos =§9°

From (2.80)

1

Jo= 2 (L0

or

1 1
L= (2nf;’)2C = (27‘[)(2 < 106)2 % 100 x 10_12 =0.063 mH
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Fig. 2.35. (a) Transistor mounted on a heat sink in free air and (b)
the electrical analog of the thermal system.
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2.4.4 Heat sinks

These are used to keep the power transistor junction below some
maximum specified operating temperature which is typically 100 °C for
germanium transistors and 150-200 °C for silicon transistors. The power
transistors are normally bolted to the metal heat sinks, sometimes
separated by insulators which provide very high insulation resistance and
high thermal conductivity. The heat is conducted outward to metal fins of
the heat sinks from which convection and radiation into the air take place,
see Fig. 2.35. For a power transistor mounted on a heat sink the junction
temperature is dependent on the power being dissipated by the transistor,
the thermal conductivity of the transistor case, the style of the heat sink and
also the ambient temperature. Usually manufacturers specify the maximum
junction temperature of a transistor along with the thermal resistance
between the collector junction and the exterior of the case. The thermal
resistance, 6, is defined as the ratio of the temperature rise to the power
dissipated. An increase in the junction temperature, T;, above the case
temperature, T, is related to the power dissipated, by the equation

T,—T,=0,.P;
where
T,— T_=temperature rise in °C
P;=power dissipated at junction in watts
and

0;. = thermal resistance between junction and case in °C/watt

Similarly the case-to-heat sink (including insulator) thermal resistance in
°C/watt,

Ocs = (Tc - TS)/PJ
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Fig. 2.36. Typical examples of heat sinks. (RS Components Ltd.)

Standard TO3 high dissipation
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TO3 uu&? u«}ﬁ[-u
° [
W44.5 D. 31.7 5.1°C/W -2l
H13.7 High dissipation heat sinks pre-drilled

Semiconductor
mtg hole dia. 4.8

for TO3 devices. Black anodised.

14 °C/W TO5
T ;‘JH ° “ g"‘?&a
twisted vane

48 ° C/W
== e tet]
.fgn L M} Black finish heat sinks to push - fit or
Ln 4 TOS and TO39 cases.
7.1 °C/W TO220 high dissipation

Compact horizontal or vertical mounting
heat sink pre-drilled for TO3 devices.
Black anodised. 6.8 °C/W

and the heat sink-to-ambient thermal resistance in °C/watt,
Bsa= (Ts_ Ta)/Pj

The circuit shown in Fig. 2.35 represents an electrical analog of the thermal
system of a transistor mounted on a heat sink in free air. By examining the
figure we may write

Tj=Pj(0jc+Gcs+gsa)+ Ta (282)

where T, is the ambient temperature in °C.

All power transistors are packaged in cases which permit good physical
contact with a heat sink. In most power transistors the case is connected to
the collector. The case-to-heat sink thermal resistance depends on the type
of package. The sink-to-ambient thermal resistance depends mainly on the
surface area of the heat sink. Figure 2.36 shows typical examples of heat
sinks and Table 2.2 gives the values of the thermal resistances.
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Table 2.2. High power finned heat sink. (RS Components Ltd.)

High power range
Finned heat sinks. black finished Gincluding ends). Thermal resistance quoted is with fins vertical in teee air.

thermal resistance section themual resistance section

0.23 CIW 11 "Crw [.H.H.I.H

1. 250 182

w235 W30 Supplicd with four 3 B.A. nuts 10 aidt mounting
H. 100 H. 32

0.3 "CIW
L 250 1.3 °C/W I I | I
W, 300 L. 87.5
H. 40 W08
H. SK.7
0.41 °C/W
L. 250
W. 200 Will accept RS surface mounted solid state relays. 1.7 °CIW I l
H. a0 L. 100
W.98.4 I l
H. 53.2 . L.
0.5 “CIW
LS
W, (20
H. 120 2.1 °CIW
L.124
w.124
H. 267
0.65 “C/W 2.5 *CIW é; Iéé
L. 150 L.75
W. 1615 W 104.8

H. 58.7

0.9 °C/W 4.0 °C/W H,N_H.H
LS L. oo

W, 200 W. 645

H. 25 H. 15

0.5 “CIW 1.0 “CIW Ll 1 1]
W.114.3 and ow L8753°CW) W 108 H 14
Ho1143 - L 750.5°C/W) W 108 H. 13

Worked example 2.13

The maximum collector dissipation for a push—pull amplifier is
32 W. What would be the junction temperature if the ambient temperature
is 38 °C and the thermal resistance of the heat sink used is 3.2 °C/W? Given,
0,,=1.8°C/W and 6,,=0.3°C/W.

Solution

Since a push-pull amplifier has two transistors, each of them will
have maximum collector dissipation of 32=16 W. Now from (2.82)

Tj =Pj(0jc +Bcs+ Gsa)+ Ta
=16(1.840.3+3.2)+ 38
=122.8°C

Worked example 2.14

The maximum allowable junction temperature of the power
transistor 2N3055 is 200 °C and its junction-to-case thermal resistance is
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1.5°C/W. It is to be used in an ambient temperature of 30°C. If the
maximum power dissipation of the transistor is 25 W, and the insulator
used between the heat sink and the transistor has a thermal resistance of
0.2°C/W, what type of heat sink should be used?

Solution
Choose T;= £ x maximum allowable temperature. From (2.82) we
then have

Ti=Pi(0;c+0+0,)+T,
or,
2 x200=25(1.5+0.2+6,,)+ 30

2><200_30

: 3 o
b= —1.7=243°C/W

Choose a heat sink (RS stock no 403-140) with 6_,=2.5°C/W.

Summary

1. For a differential amplifier the common-mode rejection ratio
gives a qualitative measure of the ability of a circuit to respond to difference
signals while being insensitive to common-mode signals, such as noise. It is
the ratio of the differential-mode voltage gain to the common-mode voltage
gain. The differential-mode voltage gain is the ratio of the output voltage to
the difference between the two input voltages, whereas, the common-mode
voltage is the ratio of the output voltage to the voltage applied simulta-
neously to both input terminals.

2. In order to source current in integrated circuits current mirrors are
widely used. In integrated circuit operational amplifiers, as an example, the
operating current in the whole circuit can be set by a single resistor.

3. The Darlington connection of two transistors acts as a single
transistor with a very high gain and finds use mainly in power electronics. It
is also a high input impedance device and is used as an emitter follower.

4, The importance and design of level shifting circuits especially for IC
have been discussed.

5. An analysis of an amplifier with two stages in cascade has been made
in Section 2.2. Ways of choosing the right transistor amplifier configur-
ation for a particular stage have been discussed. The lower and upper cutoff
frequencies of a cascaded amplifier with n identical stages are given by
fL/\/ (2¥"—1) and fU[\/ (21" —1)] respectively, where f; and Fy, are the
lower and upper cutoff frequencies of a single stage amplifier.
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6. The maximum possible efficiency of a transformer-coupled class A
power amplifier is 50%, whereas, that of a class B push—pull power
amplifier is 78.5%. Another advantage of the class B amplifier is that it
eliminates distortion due to even harmonics.

7. Power transistors are usually mounted on heat sinks in order to avoid
overheating of their junctions. The overheating shortens the life of a
transistor. The right type of heat sink can be chosen using the expression,
T;=P;(0;.+6..+0,,)+ T, where the parameters have the usual meanings.

Problems

2.1. What s the collector current of the ideal differential amplifier
shown in Fig. 2.1 if R,.=2.2kQ, R;=1.5kQ and the common-mode
rejection ratio is 607 If the input terminal B, is grounded and a sinusoidal
signal is applied to the input terminal B,, then which output terminal would
give a non-inverting gain? If the output voltage of the amplifier at that
terminal is 1.6 V peak-to-peak, what is the value of the input signal?
Assume that the circuit works in an environment having a temperature of
27°C.

2.2. Transistors Q, and Q, of the circuit shown in Fig. ex.2.2 are matched
and each has f equal to 90. The single ended differential voltage gain is 80
and the common-mode rejection ratio is 6400. Find (a) the double ended
differential gain, (b) the collector output resistance of Q; and (c) the emitter
current of Q5. Assume that the circuit works at a temperature of 20 °C.

2.3. All the transistors in the circuit shown in Fig. ex.2.3 are identical, each
having a current gain of 100. Determine the collector current of the
transistors if R =4.7 kQ. The base-emitter ‘on’ voltage of the transistors is
0.7 volts.

2.4. Transistor Q; of the circuit shown in Fig. P.2.4 has , = 100. Assuming
that @, and Q, are matched, find approximate values for (a) the emitter
currentsin Q, and Q,, and (b) the d.c. output voltages V,; and V,. Assume
Veeony=0.7V.

2.5. Transistors Q;, Q,, @5 and @, in the circuit of Fig. ex.2.4 are all
identical. Find the current gain of the transistors if the d.c. output voltage at
the terminals B, and B, is 6.8 volts. Assume Vggon,=0.7V.

2.6. Assuming perfectly matched transistors, find the approximate values
of I and Vg in each of transistors Q,, @, and @5 in Fig. P.2.6.

2.7. When three transistors are biased from a single current source, such as
shown in Fig. P.2.6, show that the ratio of the collector current I to the
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Fig. P.2.4

Fig. P.2.6
+12V +15V
2.8 mA
3k 8.5k 6.4k
A Ne Mo
)
-5V

source current I, is given by

I/I=1/(1+4/B)

where f is the current gain. Assume that all transistors are perfectly
matched.

2.8. In the current mirror circuit shown in Fig. P.2.8, the transistors have a
Vg offset of 3mV. If the fs of both devices are 20, calculate the current
mirror ratio I,/I; at a temperature of 17 °C.
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Fig. P.2.8 Fig. P.2.10

+V

2.9. Ina Darlington pair, the current gains of the two transistors are 60 and
80. Find the collector current if the effective input resistance of the
transistor is 200kQ at a room temperature of 30 °C.

2.10. The gains of transistors Q, and Q, in a Darlington power transistor
shown in Fig. P.2.10 are 120 and 80 respectively. Find the quiescent
collector current when the Darlington pair is on. Assume that the resistor
has a value of 100Q and the base-emitter ‘on’ voltage for Q, is 0.7 volt.

2.11. Inthecircuit of Fig. ex.2.7, R, is 18 kQ. Find the d.c. level of the input
signal for output voltages having mean values of zero.

2.12. The parameters of the transistors in the two-stage amplifier shown in
Fig. 2.16, at the corresponding quiescent points are:

hoe=3x1073S; he.= —100; h,.=1; h;;=2kQ;
hee=8x1075S; by, =100; h,, =3 x 107%; h;,=1.5kQ
If the output resistance of the amplifier is 602, what is the value of Rg?

2.13. In the circuit of Fig. 2.19, the effective Q is 50 and the bandwidth of
the amplifier is 20 kHz. If the output resistance of the transistor is S0kQ,
L=280uH and =385, find (a) the resonant frequency and (b) the Q-factor.

2.14. Find a suitable transistor for the circuit of Fig. 2.24, if V=12 volts
and R =3Q. What is the maximum possible a.c. power output?

2.15. The class-A amplifier in Fig. P.2.15 is biased at I.=0.2A. The
transformer resistance is negligible. (a) What is the slope of the a.c. load
line? (b) At what value does the a.c. load line intersect the Vg-axis?
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Fig. P.2.15 Fig. P.2.17
920V 24V

| 1.58 : 1 turns ratio

Ry =500Q
zu R =20Q
Ry

(c) What is the maximum peak-value of the collector voltage without
distortion? (d) What is the maximum power delivered to the load under the
conditions of (c)? (¢) What is the amplifier efficiency under the conditions of

(c)?

2.16. The average power dissipated by each of transistors @, and Q, of Fig.
2.28 is 16 watts and the efficiency of the amplifier is 40%. Calculate (a) the
peak collector voltage and (b) the peak collector current if V=24 volts.

2.17. The amplifier shown in Fig. P.2.17 is biased at I,=20mA. Find (a)
the a.c. power in the load resistance when the voltage swing is the maximum
possible without distortion and (b) the amplifier efficiency under the
conditions of (a).

2.18. The peak value of the input voltage and the conduction angle of a
class C amplifier are 6 volts and 90° respectively. Find the bias voltage, if
L =60 uH. Find also the capacitance necessary to tune the amplifier to the
frequency of 1 MHz.

2.19. A push—pull amplifier has a junction temperature of 70°C, what
would be the maximum collector dissipation for the amplifier if the thermal
resistance of the heat sink used is 2.6 °C/W and the ambient temperature is
30°C? Given, 0,,=2°C/W and 0,,=04°C/W.

» Uje

2.20. The thermal resistance between a semiconductor device and its case is
0.8 °C/W. It is used with a heat sink whose thermal resistance to ambient is
0.5°C/W. If the device dissipates 10 W and the ambient temperature is
47°C, what is the maximum permissable thermal resistance between the
case and the heat sink? The device temperature can not exceed 70 °C.
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2.21. A semiconductor device dissipates 25 W through its case and its heat
sink to the surrounding air. The thermal resistances are the following:
device-to-case, 1 °C/W; case-to-heat sink, 1.2 °C/W; and heat sink-to-air,
0.7°C/W. In what maximum air temperature can the device be operated if
its temperature can not exceed 100°C?

2.22. Whatis the junction temperature of a power transistor if its junction-
to-case thermal resistance is 3.0 °C/W, the maximum power dissipation of
the transistor is 20 W, the insulator used between the heat sink and the
transistor has a thermal resistance of 0.8 °C/W, the ambient temperature is
30°C and the heat sink-to-air thermal resistance is 2.2 °C/W?
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Operational amplifiers

Objectives
At the end of the study of this chapter the student should be:

1. familiar with the main imperfections in operational amplifiers,
able to describe their effects on the output and stability of various
circuits, and compensate for the errors due to them.

2. ableto design severalimportant linear and nonlinear circuits using
operational amplifiers: phase shifting circuits, instrumentation
amplifiers, comparators, precision rectifiers and logarithmic
amplifiers.

3. familiar with different methods of design of active filters and able to
choose the right design for a particular need.

4. able to describe the operating principles of multivibrators and
triangular wave generators, and design these circuits given the
specifications.

5. able to solve differential equations using summers, integrators and
potentiometers, and apply amplitude and time scaling if necessary.

6. familiar with the principles of inverse function generators and able
to design dividing, square rooting and RMS circuits using
multipliers and operational amplifiers.

The name operational amplifier is derived from the fact that the amplifier
was originally used to perform electronically various mathematical oper-
ations such as differentiation, integration, addition and subtraction.
However, due to its versatility its use has been extended to other types of
electronic circuits mainly in the fields of instrumentation and control
engineering. The availability of inexpensive high performance operational
amplifiers in the form of integrated circuits has obviously extended their use
especially in analogue electronic circuits and systems. In this chapter it will
be most appropriate for us to consider first the main imperfections in
operational amplifiers which affect the performance of a circuit and how to
deal with them. Later in the chapter various applications will be described
in some detail.
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3.1 Imperfections in operational amplifiers

Ideally an operational amplifier should have infinite gain, infinite
input impedance, zero output impedance and infinite bandwidth, but in
practice it does not have these characteristics due to the conservation of
energy in its internal circuitry. The main imperfections in an operational
amplifier which stop a circuit behaving ideally and may produce significant
errors and instability if not properly compensated are (a) slew rate, (b)
input offset voltage, (c) bias and offset currents and (d) frequency response
effects. We will consider these imperfections one by one and when the effect
of one is considered the effects of others will be ignored for simplicity.

3.1.1 Slew rate and its effect on full power bandwidth

An operational amplifier does not respond instantly to a sudden
change in the input voltage due to its internal capacitances (frequency
compensating or stray capacitances).* These can only be charged up at a
constant rate which is again limited by the current available, thus slowing
down the speed of response of the circuit. The slew rate is defined as the
maximum rate of change of output voltage an operational amplifier can
give per unit time and it is usually expressed in volts/microsecond.

S=slew rate=(Avy/At)pay

Practical integrated circuit operational amplifiers have specified slew rate
ranging from 0.1 V/us to 500 V/us.

The slew rate is also a measure of the ability of an operational amplifier to
amplify a sinusoidal input signal without distortion. If an operational
amplifier is connected to power supplies such that its maximum output
voltage swing is +V,, then for a sinusoidal signal of frequency, f, the
instantaneous output voltage, v, is given by

v="V,,sin 2nft (3.1)

In order to obtain the slope of the output voltage we differentiate the
instantaneous value v

dv/dt =2nfV,, cos 2nft (3.2)

Now to find the maximum slope, we differentiate again and equate the
result to zero

—4n3f?V ,sin2nft =0

*  Frequency compensating capacitors are mainly used in order to obtain
stable circuits at relatively low gain, it will be discussed later in this
section.
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Fig. 3.1. Effect of slew rate on the output waveform for (a) a step
input signal and (b) a sinusoidal input signal having a frequency much
higher than S/2zV,,,.

Step input
Amplitude
Amplitude
Sinusoidal input
/Oulput \ Distorted
/e 7 output
'/ /3
I o ' \/ \’\ !
(@) b
or,
2nft=0

(since fand ¥V, have finite values). Substituting this in (3.2) we obtain

(dv/dt)max = 27f V., (3.3)

This maximum slope should be equal to or less than the slew rate of the
operational amplifier to avoid any distortion occurring in the output
waveform. Therefore we may write

f<8/2nv,, (3.4)

where fis the full power bandwidth of the circuit.

Figure 3.1 shows the effect of slew rate on the output waveforms for a step
input signal and also a sinusoidal input signal having a frequency much
higher than §/2nV,,. High speed operational amplifiers (such as type
RS5539 with a slew rate of 600 V/us and unity gain-bandwidth of 1.2 GHz)
are used where high rates of output voltage change are required.

Worked example 3.1

An inverting amplifier has a gain of 100 and the operational
amplifier used in the circuit has a slew rate of 1.5 V/us. If a step input of
100mV is fed to the circuit, calculate the time required for the output to
reach within 1% of its final value.

Solution

The output voltage= —100 x 100mV=—-10V
Since the output of the operational amplifier changes by an amount
1.5V in 1 usec, a change of (10—0.1)=9.9V occurs in 6.6 usec.
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Worked example 3.2

The slew rate of the 741 type operational amplifier is typically
0.5 V/us. If it is used in the circuit mentioned in Ex. 3.1 and the input is a
sinusoidal signal of 35 kHz, what is the maximum amplitude the output can
have without any distortion?

Solution
From (3.4)

J<8/2nV,,
Substituting for f=35kHz, $=0.5 V/usec and solving for V,,

oS _ 0.5 x 108
"7 2nf  2mx35x10°

=2275V
Therefore the maximum amplitude of the input signal

2.275

3.1.2 Input offset voltage

In ideal operational amplifiers the output should be zero in the
absence of any input signal across the differential inputs as illustrated in
Fig. 3.2(a). However, in practice due to various imbalances (e.g., mismat-
ches in the Vs of the transistors in the differential stages) in the internal
circuitry of the operational amplifier, there is always a voltage present at the
output even when both the input terminals are connected to ground.
This output voltage can be set to zero by applying a voltage across the input
terminals. This voltage known as the input offset voltage and denoted by
V., may be either positive or negative. The typical value of V', for the most
commonly used operational amplifier type 741 is 2mV.

A practical operational amplifier can be modelled as shown in Fig. 3.2(b).
The d.c. source representing the input offset voltage and connected in series
with either of the two input terminals with the correct polarity can be used
to find the unwanted output due to V,,. If we now consider an inverting
amplifier with an input resistor R, and a feedback resistor R, and connect
terminal ‘4’ to ground as shown in Fig. 3.2(c}), then it is apparent from
the diagram that the output offset voltage due to ¥, at the noninverting
input is given by

Vos=Vio" (R +R2)/R, (3.5)
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Fig. 3.2(a). Offset input voltage of a practical operational amplifier.
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Fig. 3.2(b). A model of a practical operational amplifier taking into
account of the offset input voltage.
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Fig. 3.2(c). An inverting amplifier with a d.c. source representing the
mput offset voltage in series with the noninverting terminal.
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Fig. 3.2(d). An inverting amplifier with a d.c. source representing the
input offset voltage in series with the inverting terminal.

(d)

Therefore the circuit amplifies the input offset voltage by a factor equal to
the closed loop gain of the amplifier connected in the noninverting
configuration. It can be shown that (3.5)is also valid for an amplifier circuit
when the d.c. source representing the input offset voltage V', is in series with
the inverting terminal (Fig. 3.2(d)).

We can compensate for the input offset voltage by using several
techniques. One of these is to connect a potentiometer between the offset
null terminals of the integrated circuit chip. The potentiometer wiper is then
connected to a d.c. supply voltage of required polarity. This type of
adjustment can be made in the 741 type operational amplifier as shown in
Fig. 3.3(a). Another way of setting the output offset voltage to zero is to
apply a voltage to one of the input terminals as shown in Fig. 3.3(b). This
voltage is magnified by a factor equal to the closed loop gain of the amplifier
and added to or subtracted from the output voltage depending on the
position of the wiper of the potentiometer.

Fig. 3.3(a). Compensation of input offset voltage by applying a
voltage between the null terminals of the IC chip.

(b). Compensation of input offset voltage by applying a voltage to
one of the input terminals.

R

(a)

(h)
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Worked example 3.3

The maximum input offset voltage for the operational amplifier in
the circuit of Fig. 3.2(c)is 7.5 mV.If R, = 1 kQ and R, =47 kQ, what will be
the worst case offset voltage at the output?

Solution
From (3.5) we have

R
Vos= Vio(1 +—£)
R,

we substitute 7.5mV for V;, and find

1x10%4+47x 103
1x103

vV, =7.5x 10-3( >=0.36V

3.1.3 Bias and offset currents

The input impedance of ideal operational amplifiers should be
infinite, thus disabling any current from flowing into the input terminals.
However, as we saw earlier, differential amplifiers form the input stage of
operational amplifiers, and base currents to the transistors are needed to
flow for proper circuit operation. The bias currents flowing into the
noninverting and inverting terminals are denoted by I,* and I~ respec-
tively. Two current generators connected from the inputs of an ideal
operational amplifier to ground can model bias currents I,* and I~ as
shown in Fig. 3.4(a). These currents may produce an unwanted voltage at
the output of an amplifier circuit.

Fig. 3.4(a). A model of a practical operational amplifier taking into
account the bias currents.
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Fig. 3.4(b). Introduction of the compensating resistor to reduce the
effect of bias currents on the output.

()

Let us consider an inverting amplifier as shown in Fig. 3.4(b). In order to
find the effect of bias currents at the output we connect terminal ‘4’ to
ground. Using Kirchhoff’s current law at node X, we may write

V, V.-V
__x 0s x_I_=O
R1+ R, b
or,
R,+R
V=I,"R,+V, 1+ R, (3.6)
R,
or,

Vos=Ib_R2

since the differential mode voltage, V, in this case, is negligible for an ideal

operational amplifier. Now if we introduce a compensating resistor R¢

between the noninverting terminal and ground, the voltage across the

resistor will be equal to I, * - R and therefore ¥, will be equal to I,* - Re.

Substituting this value in (3.6) we obtain

R,+R,
&)

Vos=Ib_R2+1b+RC<

3.7)
1

Since I, * is approximately equal to I, ~ within 20%, (typical values of I, are
0.1 pA and 0.1 nA for BJT and FET long-tail-pair respectively), in practice,
V,, can be made negligible by making Re=RR,/(R, +R,).*

ISES
2

* I, , Is=1I,"]1—]I,"|; manufacturers specify I, and I,.
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Fig. 3.4(c). A model showing the input offset current and the
compensating resistor.

R,
—
R
) -—0
+
Re J Tos Vos

=+

The difference between the two bias currents is called the input offset
current and is denoted by I .. It can be modelled as shown in Fig. 3.4(c).
Thus the output offset voltage due to the offset current is given by

Vos=Ios'R2

Typically the offset current is about one fifth of the bias current for an
operational amplifier. Therefore by introducing a compensating resistor
the output offset voltage due to bias currents can be reduced by a factor of
five.

Worked example 3.4

The operational amplifier in the circuit of Fig. 3.3(a) has the
following specifications: I, =80nA, I ,,=20nAand V,,=1mV.IfR, =1kQ
and R,=47kQ then calculate the worst case value of the output offset
voltage (a) without bias current compensation and (b) with bias current
compensation. In case (b) what would be the value of the compensating
resistor?

Solution

(a) The output offset voltage due to V,, from (3.5)
_ 47 x 103

i V.0(1+R2/R1)= i‘l X 10 3(1"‘ W)

=+48mV

Again I,”=QI,—1,)/2=(2x80x107°—-20x107°)/2=70nA. There-
fore the output offset voltage due to I~

+1,”R,=+70x107°x 47 x 10®
=+4+3.29mV
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Thus the worst case output offset voltage= +48mV +3.29mV
=+5129mV

(b) The output offset voltage due to I

+I, R, =+20x107%x47 x 10°

=+0.94mV
Therefore the worst case output offset voltage= +48mV+0.94mV
=+48.94mV

The compensating resistance

_ RR;  1x10°x47x10°
" R,+R, 1x10°+47x10°

=979Q

The output offset voltage due to the input offset voltage and current of an
operational amplifier can be compensated almost completely using the
techniques described above. However, the input offset voltage and current
change with temperature and therefore the maximum compensation can be
achieved only at one temperature.

The Vg and B of transistors decrease with increase in temperature and
the rates of decrease are not the same for all transistors. These give rise to
drifts in offset voltage and offset current respectively.

The input offset voltage and current—temperature coefficients AV, /AT
and AI /AT are given in the manufacturers’ specifications of operational
amplifiers. For a compensated inverting amplifier the error voltage due toa
temperature change can be given by

AVio
AT

Al
AT

E=AV,,JAT(AT)= (

>'AT'(R1+R2)/R1+< >'AT‘R2

(3.8)

Usually the temperature coefficients vary with temperature and they are
specified at a particular temperature.

Worked example 3.5

Calculate the error voltage at the output of the circuit of Fig. 3.3(a)
due to a temperature change of 30 °C from room temperature. The input
offset voltage and current temperature coefficients for the operational
amplifier are 3.5 4V/°C and 1.2nA/°C respectively at room temperature.
Given that R, =2.7kQ and R,=100kQ.
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Solution
From (3.8) we obtain

2.7kQ+100kQ
2.7kQ

+1.2nA/°C x 30°C x 100kQ

3.5x102.7x 30
2.7

E=35uV/°Cx30°C x

+12x30x 100) x1076=7.59mV

Commutating auto-zero operational amplifier

The commutating auto-zero (CAZ) operational amplifier has
exceptionally low input offset voltage and low long term input offset voltage
drift. It contains basically an oscillator, a counter, analogue switches and
two operational amplifiers. In addition to the regular two input terminals it
has an auto-zero input terminal. While one of the operational amplifiers
processes the input signal, the other is placed in an auto-zero mode and
charges a capacitor to a voltage equal to the input offset voltage. The
analogue switches reverse the roles of the internal operational amplifiers at
a rate designated as the commutation frequency and input offset voltages
due to drift with temperature or supply voltages are cancelled out. Figure
3.5 shows a simple noninverting CAZ operational amplifier circuit and the
input/output voltage waveform. The RS 76000 CAZ operational amplifier
has an input offset voltage of +5uV maximum and a temperature
coefficient of 0.1 4V/°C. The long term input offset voltage stability of this
amplifier is typically 0.2 uV/year.

Fig. 3.5. A simple noninverting CAZ operational amplifier circuit and
its input/output voltage waveforms.
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3.1.4 Frequency response effects

The frequency response of an operational amplifier has an
important effect on the stability of practical operational amplifier circuits.
The stability of a circuit can be determined from the plots of its closed loop
gain against frequency and also the open loop gain of the operational
amplifier against frequency. Gain versus frequency plots are known as
Bode diagrams.

The voltage gain of an ideal operational amplifier should be independent
of frequency, but in reality the gain decreases as the frequency increases.
This is caused by the stray and semiconductor-junction capacitances
present in its circuitry. Operational amplifiers are made up of two or more
amplifying stages in cascade and in each stage the distributed capacitances
can be assumed to form a single capacitance which in conjunction with the
resistances in the circuit becomes responsible for the drop in voltage gain
with the increment in frequency.

Let us consider an operational amplifier which has three stages with
upper cutoff frequencies at say 200kHz, 2 MHz and 20 MHz. The gain of
each stage reduces at a rate of —20dB/decade aftet the cutoff frequency .*
The magnitude and phase response of the open loop gain for such an
operational amplifier is shown in Fig. 3.6. The magnitude response is
constant from low frequency (including d.c.) to 200kHz, thus the
bandwidth is 200kHz at 90dB. At higher frequencies from 200kHz to
2MHz, the gain decreases at a rate of —20dB/decade. From 2 MHz to
20MHz the rate of roll off is —40dB/decade and above 20 MHz it is
—60dB/decade. The unity-gain bandwidth of the operational amplifier
circuit is 63.1 MHz at which frequency the zero dB (gain) line intersects the
open loop gain curve of the operational amplifier.

In each stage the output voltage lags the input voltage by 90° and for
three stages the total phase lag is 270°. In Fig. 3.6 the phase response of the
operational amplifier shows that the phase difference between the input
and output voltages changes from 0 to —90° for the corner frequency at
200kHz, from —90° to — 180° for the corner frequency at 2 MHz and from
—180° to —270° for the corner frequency at 20 MHz.

Now if we connect up this particular amplifier to give an idealt closed

*  Upper cutoff frequencies are known as corner frequencies in multistage

amplifiers. The gains of all stages are multiplied to give the overall gain.
Every corner frequency gives an additional rate of roll off of
—20dB/decade.

¥ Loop gain, Ay f(dB)= A, (dB)—1/8(dB), thus the loop gain is the
difference in dB of the open loop gain and ideal closed loop gain; in the
example the feedback network is resistive, so 1/8 is independent of
frequency and 1/6dB is a straight line parallel to the frequency axis.
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Fig. 3.6. The magnitude and phase response of the open loop gain for
an operational amplifier.
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loop gain, 1/8, of 60 dB and superimpose the ideal closed loop gain curve on
the open loop gain curve of the operational amplifier then the two curves
meet each other at f,, the crossing frequency. At this frequency the
magnitude of the loop gain is zero in dB (i.e., unity)} and the phase of the
loop gain is 180°. Thus the conditions for oscillations are met and the
amplifier circuit is unstable.

By increasing the closed loop gain of the circuit to 70 dB, the phase shift
at unity gain can be reduced from —180° to —135° thus giving a phase
margin of 45° before the circuit breaks out into sustained oscillations. It is
the minimum amount of phase margin (positive) we should allow to keep
the circuit free from oscillations.* So we can say that if the ideal closed loop
gain, 1/, curve meets the open loop gain, Aq; , curve at a rate of closure of
40 dB/decade on one side and 20dB/decade on the other side of the
intersection, then the circuit is critically stable. Any closed loop gain above
this value will give a more stable amplifier circuit but at the expense of
bandwidth.

To use this particular operational amplifier at closed loop gains lower
than 70 dB, some phase compensation is necessary. Several amplifiers, such

1 Adcircuit with negative feedback needs an excess phase shift of 180° only in
the feedback loop to turn itself into a positive feedback circuit. Therefore
oscillations will occur in such circuits if the phase shift in the loop gain
reaches 180° at a frequency at which the magnitude of the loop gain is
greater than unity.

*  Phase margin = 180° — phase shift at unity gain.
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Fig. 3.7. Frequency compensation point for an operational amplifier.
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as the type 741, are phase compensated by the manufacturers. This causes
its open loop gain curve to roll off at a steady —20 dB/decade rate from the
first corner frequency to the frequency at which the gain is unity. Therefore
the circuit is stable for any closed loop gain since the rate of closure between
the closed loop gain curve and the open loop gain curve of the operational
amplifier is always 20dB/decade on both sides of the intersection and
consequently the phase margin is 90°. Uncompensated amplifiers are
provided with terminals to which external components may be connected
to stabilise a circuit at relatively low gains.

Lag compensation

Manufacturers usually provide access to an internal point of the
operational amplifier for frequency compensation as shown in Fig. 3.7. The
resistor R represents the output resistance of the amplifying stage chosen
for compensation. When a capacitor, C is connected to the point, P, the RC
network introduces a pole in the transfer function of the circuit and thus
provides an additional corner frequency. By examining the circuit we can
calculate the new open loop gain of the operational amplifier,

AoL=AoL(0ld)x Z/(R+ Z)
or,
Aor= Aoy (0ld) x 1/(1+j2nfCR)
or,
201og Ao dB=201log Ag, (0ld)dB—20log(1 +j2nfCR)dB  (3.9)

The second term on the right hand side of (3.9) thus introduces a pole at
f:=1/(2nCR). Figure 3.8 shows how the compensating network affects the
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open loop gain curve of an operational amplifier. The uncompensated
operational amplifier’s open loop gain curve has corner frequencies at f;
and f,. From d.c. to the frequency f; the gain is constant, after that it drops
off at a rate of —20 dB/decade up to the second corner frequency f, after
which the rate of roll off becomes —40dB/decade. Now after the
introduction of the capacitor the open loop gain curve starts falling off at a
rate of —20dB/decade from its constant gain value at the new corner
frequency f,. When the frequency f; is reached, the rate of roll off becomes
—40dB/decade since, according to (3.9), the roll off rate of the com-
pensated operational amplifier will be the sum of that of the uncom-
pensated operational amplifier and the compensating network. The gain
will decrease at a rate of —60dB/decade from f, onwards.

In order to obtain a stable circuit having a maximum possible bandwidth
we choose the value of C in such a way that the open loop gain curve of the
compensated operational amplifier meets the closed loop gain curve with
rates of closure of 20dB/decade on one side of the intersection and
40 dB/decade on the other side to provide a phase margin of at least 45°. If
the pole was chosen to occur at a lower frequency than f, then we would
have had a more stable circuit with larger phase margin, but with a smaller
bandwidth. If it was chosen to occur at a higher frequency thanf, the circuit
would have then stayed unstable.

Worked example 3.6

The operational amplifier used in the circuit of Fig. 3.3(a) has a
low-frequency differential mode gain of 80dB and corner frequencies at
20kHz and 200kHz. Examine the stability of the circuit and if necessary
apply lag frequency compensation, given that R; =1kQ, R, =100kQ and
the output resistance of the preceding stage at the compensating point is
10kQ.

Solution
See Fig. ex.3.6 and 3.7.

1 V/
The closed loop gain~ E= 1+ 2—2 =1+100=101

1

1
20 logE =20log 101 ~40dB.

1 .
The E curve meets the 4y, curve with 40 dB/decade rate of closure on both

sides of the crossing point. So the circuit is unstable. Choose f, so that the
second corner frequency of the compensated open loop gain curve sits on
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Fig. ex.3.6/3.7
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1 10 lOO lk 10k100k
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1
the ] curve thus giving a 45° phase margin. From the diagram, f, =200 Hz.

Again
1
f= 2nCR
Therefore,
1
C= ! = =79.6nF

2nf,R  2mx200x 10 x 103

The above solution shows that the procedure for the lag frequency
compensation referring to Fig. 3.8 is as follows:

(i) draw a vertical line at f;.

(it) from the crossing point of this line and the closed loop gain curve
draw a line with a slope of —20dB/decade toward the left of the
vertical line.

(iii) The new pole should be introduced at the frequency at which this
line meets the uncompensated open loop gain curve.

Limited lag compensation

If we add a resistor in series with the capacitor between point P and
ground as shown in Fig. 3.9 then a zero is introduced in addition to the pole
in the transfer function of the compensated operational amplifier open loop
gain curve. From Fig. 3.9 we observe that the new open loop gain of the
operational amplifier

1+j2nfCR,

Ao =Aolold) x I R+ R,)
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Fig. 3.8. Effect of introduction of a pole on the open loop gain curve
of an operational amplifier.
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Fig. 3.9. Addition of a resistor in series with the capacitor between
the compensating point and ground for limited lag frequency
compensation.
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now taking logarithms on both sides we obtain
201log Ao, dB=20log Agy (0old) +201og(1 +j2rfCR,)
—201log(1+j2nfC(R+R,))dB (3.10)

The second and third terms on the right hand side of (3.10) will introduce
1

two corner frequencies one at AzTC(R?R_) and the other at
2

fy-—-z—é—R. The magnitude response will fall off at a rate of 20 dB/decade
LR,

from f, and from f, onwards it would be constant since the +20dB/decade
rise due to the zero at f, will cancel the —20dB/decade fall.

0 dB/decade

~20 dB/decade

|
|
|
I
[
|
| | 0dB/decade
! |

| |

5 s

5

To use this method effectively, i.e., to have the optimum phase margin of
45°, we should make the value of f, the same as the first corner frequency of
the uncompensated operational amplifier and select a value for f, lower
than the first corner frequency of the uncompensated operational amplifier.
Figure 3.10 shows that the open loop gain curve of the compensated
operational amplifier has a constant gain from d.c. to f,, after which it falls
off at a rate of —20 db/decade. The pole of the uncompensated operational
amplifier at f; is effectively cancelled by the zero of the compensating
network, thus letting the gain of the compensated operational amplifier
continue to fall at the same rate of — 20 dB/decade through the frequency f;
up to the frequency f,. From this frequency onwards the rate of roll off is
—40dB/decade.

The value of f, should be chosen in such a way that the intersection of the
closed loop gain curve of the amplifier and the compensated operational
amplifier open loop gain curve occurs at the frequency, f,. Thus the rate of
closure between the two curves will be 20dB/decade on one side and
40dB/decade on the other side of the point of intersection providing a
phase margin of 45°, and a conditionally stable circuit with maximum
possible bandwidth is obtained. Again as in the lag compensation method if
the new pole was chosen to occur at a lower frequency than ‘f,” then we
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Fig. 3.10. Open loop gain curve of the limited lag compensated
operational amplifier.
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would have had a more stable circuit but with smaller bandwidth. If it was
chosen to occur at a higher frequency than ‘f,” then we would have failed to
stabilise the circuit. From the following Worked example 3.7 the reader can
observe that the limited lag compensation gives a larger bandwidth than
that which could be obtained by using the lag compensation.

Worked example 3.7

Repeat Ex.3.6. Apply limited lag frequency compensation if
necessary. Comment on the useful bandwidth.

Solution

See Fig. ex.3.6 & 3.7.
In the solution of Ex. 3.6 it was found that the circuit needed to be
compensated.

Apply limited lag compensation to the circuit by making f,=f, (where
pole-zero cancellation occurs) and choosing f, so that the second corner
frequency of the compensated open loop curve occurs at the crossing point
of the closed loop gain curve and the new open loop gain curve thus giving a
phase margin of 45°. From the diagram f, =2kHz and f,=20kHz.
Again

1
Ro= 5 x20x10°
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Also
= or,C(R+R,)=——
5= 5ie®aR,) O CRTRI= s
Therefore,
CR= ! ! =71.6x 1076
T 2nx2x103 2zx20x10°
71.6x 1076
=" =716nF
lox10° ~ lén
Now
1

=1112Q

R =
2T 2 x20x 103 x7.16 x 10°°

In this case the limited lag compensation gives 1 decade larger bandwidth
than that obtained by lag compensation.

Worked example 3.8

Examine the frequency stability of the operational amplifier circuit
of Fig. ex.3.8 and if necessary apply limited lag frequency compensation.
The open loop gain of the operational amplifier is 100 dB at low frequency
and has corner frequencies at 1000Hz and 100000Hz. A frequency
compensation point is provided with a self resistance of 4kQ.

Solution

1st step: Draw operational amplifier open loop gain curve
2nd step: Calculate 1/8

Fig. ex.3.8

Gain, dB

AoL fu fis fy

100
80
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40t

20
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1
P2nfx1x107°
1
j2rfx 1 x107°

2 ; 1
OO e 100 % 10~

1
j2mfx 100 x 1072

100 x 103 x

100 x 10° +

10 x 10° +

_ 11(1+j0.00577f)
~ (1+j0.000628/)

So the frequency response of 1/ has:
a pole at f,=1/0.000628 = 1592 Hz
a zero at f,=1/0.00577=173.3Hz
and
a low frequency gain of 20log,,11=20.8dB

3rd step: Draw 1/

The open loop and closed loop gain curves meet at 40 dB/decade rate of
closure on both sides of the intersection thus giving a phase margin of 0°. So
the circuit is unstable.

4th step: Choose f, =f; where pole-zero cancellation occurs. Choose f, so
that the new open loop gain curve meets the 1/ curve at f,. From the
diagram we see that the phase margin is now 45° and f, = 100 Hz, f, = 1 kHz.

1

5= m or CR,= 271000
Again
1 1
fi= 32C(R+Ry) or C(R+R,)= 77100
Therefore
1 9
“R= 22100 10
or

9

C= 2 x1000xax10° —00nF
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and

1

- =4420.
R 27 x 1000 x 0.36 x 10~

3.2 Applications

3.2.1 Instrumentation amplifiers

The main use of this type of amplifier is in instrumentation systems
where it amplifies small differential voltages riding on large unwanted
common-mode voltages. The differential-mode gain of an instrumentation
amplifier is often high, whereas, its common-mode gain is very low, thus
giving a very high common-mode rejection ratio. The input signal to the
instrumentation amplifier is usually the output voltage of a bridge circuit
with a variable resistance transducer in one of its arms as shown in Fig.
3.11. The bridge has to be provided with an excitation voltage. With a
constant excitation voltage V applied across 4 and B, the differential or
error voltage AV across C and D will be

1

1+AR
2R

AV=AR/4R v

If we can make 2R>» AR, then

AV~AR/AR -V (3.11)

Strain gauges, thermistors and photo-resistors are variable resistance
transducers. Active transducers such as thermocouples and piezoelectric
devices which generate voltage can be connected to the instrumentation
amplifier directly. The presence of a common-mode voltage and a

Fig. 3.11. A bridge circuit.
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Fig. 3.12. An instrumentation amplifier with high input impedances
and differential gain.

1=

differential voltage is the characteristic of most transducers. The common-
mode voltage can be a d.c. level or a noise pick-up.

The circuit of an instrumentation amplifier is shown in Fig. 3.12. The
input pair of the operational amplifiers 4, and 4, provide high impedance
at both inputs and high differential gain. By matching input pairs, very low
drifts can be achieved. The third operational amplifier, 45 at the output
stage converts the differential signal from the input pair into a single-ended
output signal. It also provides a low output impedance. The gain can be
changed by the variable resistor R,.

Analysis

To analyse the circuit we will make use of the superposition
theorem. Let us first consider the output stage. If we assume that the voltage
applied to terminal ‘B’ is zero, then the terminal can be effectively grounded
and the operational amplifier A, will be connected in an inverting mode.
Therefore, if a voltage v, is applied to terminal ‘4’ the output voltage will be

/
Upuy= —hUy

Now if we make v, =0, terminal ‘4’ will be at ground potential and the
amplifier will be in the noninverting configuration. In this case the output
voltage will be

v, =& 1+ﬁ vg =nv
out R2+nR2 Rl B B
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Using the superposition theorem the output voltage can be written in terms
of v, and vy

Uous = v,out + U:),ut = n(vB - UA) (3 12)

Now let us consider the input stage of the instrumentation amplifier. When
the input voltage v, is zero, it can be assumed that terminal 2’ is connected
to ground. Then the operational amplifier A, acts in the noninverting
mode, whereas, the other amplifier 4, works as an inverting amplifier to the
input signal v, since the differential-mode voltage of the operational
amplifiers is zero, and the potential at nodes ‘3’ and ‘4’ are the same as those
at ‘1’ and ‘2’ respectively. Thus the output voltages at terminals ‘4’ and ‘B’
are respectively given by

R
VA= (1 + R—B>v1
A

and

Using a similar argument it can be said that when v, =0, the operational
amplifiers A; and A, act in the inverting and noninverting modes
respectively to the input voltage v,. Thus in this case, the output voltages at
terminals ‘A’ and ‘B’ are

and

R
v;;=<1+R—B>~v2
A

respectively. Using the superposition theorem again we find the output
voltages at terminals ‘A’ and ‘B’ for input voltages v, and v, to be

Ry Ry
=vh+vi={1+=8)y,— =2- 3.13
VAo=Up+ V3 < +RA)171 R, v,y ( )
and
7 " R R
l;,3=u,,+u,3=<—R—i>vl+<1+R—[':>u2 (3.14)

From (3.12), (3.13) and (3.14) we obtain the relationship between the
differential input voltage and the output voltage
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Fig. 3.13. The schematic of an integrated circuit instrumentation
amplifier.

+15V

Gain
resistor x

Output

¥

-15V

47k
Common

2R

Vout = _n<1 + R—AB>(UI _02)

or

2R

Vot = —n(1+ —B>Av (3.15)
R,

Therefore the gain of the instrumentation amplifier is given by

2R Y . .
- n(l + R—B> The negative sign indicates that the output is phase shifted
A
by 180°. By adjusting the variable resistor R, the gain can be changed over

a wide range. The component values are usually chosen so that the gain is
shared roughly equally by the two stages of the amplifier.

Figure 3.13 shows the schematic of an integrated circuit instrumentation
amplifier. These are generally balanced to produce zero output voltage for
zero input voltage when installed, or perhaps before a test run, but due to
changes in input offset current and voltage with time, temperature and
power supply variation and also due to any change in output noise voltage,
some offset error will be produced at the output. The total offset error
voltage can be calculated using the following equation,

AE AE AE
— OS' T OS' OS‘
Bt a7 ATE 2 AV, =02 A
Al
+R,-——=-AT+AE, (3.16)

AT
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0s

. o AE, .
T is the output offset voltage drift with temperature, AV is the

s

A
where

0s

is the output offset
At P

output offset voltage drift with power supply,

0s

Al
1 ift with ti
voltage drift with time, AT

is the offset current drift with temperature, AE_

is the output noise voltage and R, is the source resistance.

Worked example 3.9

The bridge shown in Fig. 3.11 has V=6V, R=82kQ and
AR =60 Q. Calculate the differential voltage AV. Design a suitable circuit to
amplify this voltage by a factor of 1200.

Solution
From (3.11)
AR 1
Y=k ek |
2R
or
60 1
AV_4><8.2><103' 14 60 x6=1094mV

2x82x103
Again from (3.15), the overall gain

2R,
1+=—)=120
n( + RA) 0

2R
n= 130, then 1+R—"=40

A

say

Choose R, =R, =R, =1kQ. Therefore
Rg=19.5kQ

Worked example 3.10
An integrated circuit instrumentation amplifier has the following
specifications at a gain of 1000:

AEOS 0, AEOS —_ AEOS
A7 = 10mV/°C, N £50mV/V, —=* = +5mV/24h,
Al

AT = +1nA/°C and AE,=6mV rms
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If this amplifier is balanced to zero output for zero input before being
connected to the bridge described in Ex. 3.9 what would be the offset error
voltage after a week if the temperature change during this period is 19°C
and the variation in the power supply is 5%. The power supply needed for
the amplifier is +15V.

Solution
R,=(4.14+4.1)x103=8.2kQ

Substituting the given data in (3.16)

E,.=+(10x 1073 x19)+ (50 x 1073 x 15x 0.05)+ (5 x 1073 x 7)
+(82x10%x 1 x 1072 x 19)

+(6x 1073 x 1.414)
=2712mV

The calculated offset error of +271.2mV is a worst case maximum value
assuming all terms are additive.

3.2.2 Comparators

A comparator as its name implies compares the amplitude of a
varying signal either with that of another varying signal or with that of a
reference voltage. It is widely used in electronic systems to sense when an
input signal reaches some threshold value. By limiting the output voltage to
suitable levels it is possible for a comparator to drive digital logic circuits
directly. Figure 3.14 shows that an operational amplifier can be used
without any external circuitry to perform the function of a comparator. In
this case the input signal is applied to the inverting terminal of the amplifier
and a reference voltage to the noninverting terminal. The amplifier output

Fig. 3.14. An operational amplifier as a basic comparator.
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Fig. 3.15(a). The regenerative comparator circuit and (b) its
input/output characteristic.
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is ¥}, if the signal exceeds the magnitude of the reference voltage by at least
1 mV typically, in other words v;, — V,; is greater than 1 mV. Now if the
magnitude of the input signal is reduced gradually then at a certain instant
0, — V.es becomes less than — 1 mV and the output of the amplifier becomes
V.. Again the amplifier output changes state (V) when the signal exceeds
the magnitude of the reference voltage. It is apparent from the figure that
the input should vary by an amount equal to (Vy— V' )/Apy, 1.€., 2mV in
this particular case, before any change of state occurs at the output.
Therefore for a slowly varying input signal it is necessary to speed up the
transition of the output.

This can be achieved with the help of a positive feedback circuit as shown
in Fig. 3.15(a). In this circuit, known as the regenerative comparator or
Schmitt trigger, positive feedback is applied via the potential divider R, and
R,. The input signal is applied to the inverting terminal and the reference
voltage to the noninverting terminal via the resistor R;. Let us assume that
initially the input signal v;, is much less than the reference voltage, V.., then
the differential mode voltage vpy will be negative and since the operational
amplifier is connected in the inverting mode the output will be equal to the
positive saturation voltage V. Now let us suppose that the input voltage v;,
rises. When it becomes equal to the potential at the noninverting terminal,
Vt=V,_,, say, the output voltage Vy falls slightly. The positive feedback
increases vy Which in turn accelerates the drop in the output voltage until
the latter reaches the negative saturation voltage V. The transition is
regenerative and takes typically less than 1 us. It is independent of the rate
of change of the input voltage. Any further increment in v;, will not cause
any change in the output.
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Now if the input voltage v;, is decreased, the output voltage will stay at
V1 until v;, falls to the new value of ¥* =V, then the positive feedback
will force the output to rise to Vy. Again this transition is both rapid and
regenerative. Any further reduction of the input voltage will not change the
output voltage.

The upper threshold voltage, when the input is rising, is given by

Vu— Vit Viee' R+ Vy Ry

Viax=Vu— ‘R,= 3.17
max H R1+R2 2 R1+R2 ( )
Uin
' Vi
Vref / "
R’y
R

(@

Similarly the lower threshold voltage, when the output is falling, is given by

_ VL_Vref.R _ ref.R2+VL'Rl
R,+R, ? R, +R,

Vmin = VL

(3.18)

w

(b)

Therefore the transition takes place at different values of the input signal
depending on whether it is increasing or decreasing. The difference between
Vimax @nd V., is the amount of hysteresis and is given by

AV = Vmax_Vmianl/(Rl +R2)(VH_VL) (319)

From the above expression we may note that the amount of hysteresis is
proportional to the feedback factor. Figure 3.15(b) shows the variation in
the output voltage of the comparator with the variation in the input
voltage.

The upper and lower output voltage levels are often set by the power
supply voltages, they are typically 1 volt less than the power supply voltages
due to various voltage drops in the output circuit of the operational
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Fig. 3.16. A regenerative comparator circuit with output voltage levels
at —4.6 volts and 3.6 volts.
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amplifier. However, for the use of comparators in conjunction with some
digital logic circuits the upper output voltage level must have a value in the
range of 2.4-5 volts and the lower output voltage level a value around zero.
Zener diodes are often used for this purpose as shown in Fig. 3.16.
Whatever the power supply voltages to the circuit are, the output voltage
levels are determined by the Zener voltages of the diodes neglecting the
voltage drop across the forward conducting Zener. diode. The value of
resistor R is so chosen that the amplifier output current is limited to the
recommended bias current for the Zener diodes. In the circuit when the
input voltage v, is smaller than the reference voltage V., the output of the
operational amplifier assumes the positive state. Then the diode Z,
becomes reverse biased and the diode Z, goes forward biased. Hence the
output voltage becomes

Vou=reverse voltage drop of Z, +forward voltage drop of Z,

=3+40.6=3.6 volts

Again when the input voltage is greater than the reference voltage
Vies» the output assumes the negative state. Now the Zener diode Z,
becomes forward biased and the diode Z, goes reverse biased. The output
voltage will then become

Vou= — (forward voltage drop of Z, + reverse voltage drop of Z,)

=—(0.6+4)= —4.6 volts

This comparator circuit converts a sine wave or triangular wave input to a
square wave output and hence is also referred to as a squaring circuit.

Worked example 3.11

In the circuit of Fig. 3.15(a) R, = 1 kQ. Choose the values of R, and
the reference voltage, V.. so that the maximum and minimum input
voltages required to switch over the output voltage levels of the circuit are
4.7V and 1.5V respectively. Given Vy=12V and V= —12V.
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Solution

Substituting 4.7V, 12V and 1kQ for V.., V},; and R, respectively
in the expression (3.17) we get

V.

47 Vet Ry +12x1x10°

R,+1x10?

or
V. R,—4.TR,=4.7x 10— 12 x 10

Similarly substituting 1.5V, —12V and 1kQ for V_,, V. and R,
respectively in the expression (3.18) we get

|4

5o Vet R,—12x1x103

R, +1x 10

or
VesR, —1.5R,=1.5x10>+12x 103
Solving the above two expressions

V.R,—4.7R, = —7.3 x 103
- VrefRZ + 1.5R2 - 13.5 X 103
3.2R,=20.8x10°

R,=6.5kQ
~73%x103+47%x6.5x10°
Vref_ 65)( 103 —358V

Worked example 3.12

The operational amplifier used in the circuit of Fig. 3.15(a) has a
slew rate of 1.5 V/us. Draw the output voltage waveform when a triangular
wave of 35V amplitude and frequency 10kHz is applied to the input.
Given R, =1kQ, R,=10kQ, V=2V, Vy=9V and V, =-9V.

Solution

V. - VieR2+ VR, _ 2x10x10°+9 x31 x 103 264V
R, +R, (1+10)10

V. - VR, + VLR, _ 2x10x103—=9x 1 x 103 1V

R,+R, (1+10)10°
1.5V change in the output takes 1 us

18
18 V change in the output takes 5= 12 us.
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Fig. ex.3.12
100 us
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3.2.3 Precision rectifiers

Semiconductor diodes are used in rectifier circuits in order to
convert a.c. voltages to pulsating d.c. voltages and allow current to flow
in one direction only. A conventional rectifier circuit, as shown in Fig.
3.17(a), however, does not rectify very small signals and also introduces
errors into large input signals due to the nonlinear characteristics of the
diodes. To overcome these problems an operational amplifier can be used
in conjunction with diodes and resistors as shown in Fig. 3.17(b). This
circuit works as a half wave rectifier and to understand the principle of
operation of the circuit we first consider the positive half of an alternating
voltage applied to the input terminal. Since the operational amplifier is
connected in the inverting mode, its output v, at terminal ‘4’ will be
negative. The diode D, will be forward biased but the diode D, will be

Fig. 3.17(a). A conventional half wave rectifier circuit.
(b). A precision half wave rectifier circuit.
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Fig. 3.18(a). Analysis of the circuit of Fig. 3.17(b) for positive input

voltage.
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reverse biased. The circuit can be redrawn as shown in Fig. 3.18(a) where
the diode D, has been replaced by a d.c. source, ‘Eqy’ of magnitude equal to
the forward voltage drop of a diode, say 0.6 volt for a silicon diode, and D,
has been replaced by a current source having a magnitude equal to the
leakage current flowing through D, due to reverse biasing. Now assuming
that the operational amplifier behaves ideally, it can be said that the
terminal ‘X’ is grounded, therefore the output voltage v, is equal to the
voltage drop across the resistor R, due to the leakage current I, flowing
through it. The rest of the current I will flow to the terminal ‘4’ via the d.c.
source ‘Egy’. Thus we may write

Vo= — Rylope (3.20)
and
va=V;

where V; is the forward voltage drop of a silicon diode.

Let us now consider the negative half of the alternating input voltage.
The voltage v, at terminal ‘4’ will be positive due to the inverting mode.
The diode D, will be forward biased and diode D, will be reverse biased.
The circuit can be represented as shown in Fig. 3.18(b) by replacing diodes
D, and D, by a current generator and a d.c. source respectively. The output
voltage in this case will be

vo=I'Ry=(v;o/Ry — Iopr)R, Where I'=1—Iopp
=0;,R,/R —IoppR, (3.21)
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Fig. 3.18(b). Analysis of the circuit of Fig. 3.17(b) for negative input

voltage.
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Fig. 3.19(a). Input/output characteristic and the input and output
voltage waveforms for the precision half wave rectifier.

Ua, Vg
Vo

vo —_— U,

-0.6V

Uin
\/ \/ -
Uo
e n——-- [
(a)
and
vA=UO+ Vf

Figure 3.19(a) shows the variation of v, and v, with v;,. A typical value of
Iopr is 10nA which if R, is 1kQ would give,

IoppR, =10V
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Fig. 3.19(b). Input/output characteristic and the input and output
voltage waveforms for a precision half wave rectifier with diodes
connected in opposite directions to those in the circuit of Fig. 3.17(b).

‘UA‘ Vo

Ua

= Uin
Vo

Vo

/AN
NNV

Vo

N

)

So we may neglect the term IggeR, in (3.20) and (3.21) provided v;, > 10 uV,
and the resistors R; and R, are at least of the same order. Thus the output
voltage varies linearly with the input voltage when the latter is negative.
The output is approximately zero for positive input voltages.

By changing the direction of the diodes in the circuit of Fig. 3.17(b) the
output voltage can be made to vary with the input voltage in the manner as
shown in Fig. 3.19(b).

The full wave rectification can be obtained by using the half wave rectifier
described above in conjunction with a summer as shown in Fig. 3.20(a).
The gain of the half wave rectifier is unity, and the second operational
amplifier adds the output of the half wave rectifier, v, to the input v,,. We
can readily see from the figure that for a positive value of v;,,, v, =0, hence
the output voltage is

Vo= —1; (3.22)

o n

When the input voltage is negative the output voltage is

Vo= —[0in + 2(—v;n)] =15, (3.23)
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Fig. 3.20(a). A precision full wave rectifier, (b) its input/output
characteristic and (c) its input and output voltage waveforms.

Ry, RN R

(@)

Vo

-1 +1
Unity slope

(h)

The input—output characteristic of the full wave rectifier is shown in Fig.
3.20(b). The output can be smoothed out with the help of a capacitor C
connected across the feedback resistor of the second operational amplifier
circuit. The input—output waveforms are shown in Fig. 3.20(c). This circuit
is widely used in digital voltmeters.

Worked example 3.13

In the circuit of Fig. 3.17(b) the silicon diodes have leakage
currents of 10 uA, R, =1kQ and R,=4.7kQ. Draw the output voltage
waveform for a 50 Hz sinusoidal input of 2 V1, amplitude.

Solution
When v,, is positive,

Uour = _R210ff= —4.7x 103 x 10 x 10_6
= —-0.047V
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Fig. ex.3.13

Vin

1VE--

Uout

[
|
4.653VE=- - — - - :

i
L N
—{ 10ms F=— -
47mV
When v,, is negative,
4.7x10% _
Uout = Vjn X W —47 X 103 X 10 X 10 6
=4.7v,,—0.047V

Worked example 3.14
Design a full wave rectifier to deliver 15V d.c. with 0.2 Vyqp ripple
into a resistive load of 3kQ. The input is the same as that given in Ex. 3.13.

Solution

i=c%
! dt

or
—i—dt—dv
Fdi=

or
i1

Fig. ex.3.14

- ot

f
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Therefore

15

€= 33X 10°x2x50%02

=250 uF

Let us consider the full rectifier circuit of Fig. 3.20 and choose R=1kQ,
then by using (3.21) and putting R, = R, =R, the output of the first stage
(half rectifier) is given by

1, vin 1 _
02=I R= <F —Ioff)R= <I;T0—3' —10x 10 6>103

=099V
Therefore the value of the feedback resistor of the second stage (summer) is
15x1x103=15kQ

and the resistor R/2 between the output of the first stage and the input of the
second stage is
103

T =5000
5 500

3.2.4 Logarithmic amplifiers
Logarithmic amplifiers are nonlinear circuits and may be used to
provide very small input signals with large amplification and large input
signals with relatively small amplification. Logarithm circuits together with
antilogarithm circuits can perform analogue multiplication and division.
Logarithmic amplifiers use a diode or a transistor in the feedback path of
an operational amplifier circuit as shown in Fig. 3.21. The output voltage of

Fig. 3.21. A logarithmic amplifier using a diode in the feedback path
of an operational amplifier circuit.

Vo
e
;’{7
D
R,
—

'l}-‘b— £ ’l
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the circuit is proportional to the logarithm of the input voltage. The
current—voltage relationship for a diode is given by

Ip=I4(e?""T—1) (3.24)
where

Ig=reverse saturation current

Ip=current through the diode

Vp=voltage across the diode
q=electronic charge 1.6 x 1071°C
k=Boltzmann’s constant 1.38 x 10”23 J/K
T=Temperature in K

If we assume that V7, is greater than 100mV then
e?*T 1 at room temperature*
Therefore (3.24) can be written in the following form
Ip=I5e? Ty (3.25)
Taking logarithms of both sides,
Inlp/lg=qVyp/kT

or
kT
VD= ?lnID/IS (3.26)

Now if we consider the operational amplifier to be ideal then its differential
mode voltage is equal to zero and therefore the output voltage v, is equal
but opposite to the voltage drop across the diode. Thus

kT
v,= — 71n I/l (3.27)

Again
Ip=0;0/R, (3.28)

since no current flows into the input terminal due to the infinite input
impedance of the operational amplifier.

kT
*  Thermal voltage — =26 mV at T=300K.
q

+  Here,,is positive, otherwise the diode is reverse biased and I, = — Isand
v, is negative.



98 Operational amplifiers

Therefore we may write from (3.27) and (3.28),
vo=—kT/qIn[v,y/IsR ]
= —[kT/qInv,,—kT/qIn I{R,] (3.29)

The second term on the right hand side of (3.29) is a constant so the log plot
of the output voltage versus the loguv;, is a straight line with a slope of
—2.3kT/qmV/decade.

Connecting the diode in the reverse direction in the circuit of Fig. 3.21, a
positive output voltage can be obtained from a negative input signal.

An n-p-n transistor connected in a common base configuration can
replace the diode in the circuit of Fig. 3.21. If a positive voltage is applied to
the input then the output will be negative since the operational amplifier is
connected in the inverting mode. Thus the collector—base junction is zero
biased and the emitter—base junction is forward biased, i.e., the transistor is
in the forward active region and I -~ I'z. The collector current, therefore, for
a common-base transistor is

Lon g (7T 1) (3.30)
Again using the same argument as before, i.e., €”=*7 1 we obtain,
Io~Igge®s T
where
Vgg =emitter—base voltage
and

Izs=emitter-base current under small reverse bias

Since the base of the transistor is grounded, the output voltage of the
amplifier v, is equal to the emitter—base voltage and we may write

Uin

(3.31)
RllES

v,=—kT/q lnI—C = —kT/qln
IES

The output of a logarithmic amplifier is either positive or negative
depending on the type of bipolar junction transistors used. In order to
obtain a positive output from a negative input signal a p-n-p transistor has
to be employed. The slope of + 2.3k T/q gives an output voltage variation of
approximately 60mV per decade of the input voltage change at room
temperature.

The circuits described above are simple but are limited in performance
due to the linear temperature dependance of the thermal voltage, k7/q and
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Fig. 3.22. A precision logarithmic amplifier giving an output voltage
variation of —1 volt per decade of the input voltage.

05

+V

nonlinear temperature dependence of the quantities I and Ig. The circuit
shown in Fig. 3.22 uses a transistor Q, connected as a diode at the output of
the first operational amplifier for temperature compensation. Ideally the
constant current source Q, sets the input current at which the output
voltage is zero. In order to obtain an output voltage variation of —1 volt
per decade of the input voltage a noninverting amplifier is used with a
voltage gain of 1 V/60mV =16. A temperature sensitive resistor (thermis-
tor) may be used in series with a resistor, instead of the resistor R to
compensate for variations in the thermal voltage k7/q.

The input voltage to the noninverting amplifier v, is equal to the
difference between the emitter—base voltages of the transistors @, and Q,
and we may write

(3.32)

=——7In
q Ic,

len vin/Rl] [ A
q RiIc,

! — —
Uin="UgB1 —UVgp2= — |:

By choosing suitable values for resistors R,, R; and R, we can make the
1
output of the constant current source I, equal to I amps.* Thus (3.32)
1
will become

via=—kT/qInvy,

Ic,=I¢; since the bias current to the operational amplifier = 0.
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R R\ kT
Vgut = (1 + R—G)v;n= —<1 + R_6>7 ‘Inv;,
5 5

kT R
= —2.3—(1 + —6> logv;, (3.33)
q R

5

or

If Rg=15kQ and R5=1kQ then,
Uout = —lOg Uin

A matched monolithic transistor pair should be used for @, and Q,. Also in
order to obtain an accurate logarithmic operation, operational amplifiers
with low bias currents and offset voltages should be chosen.

By interchanging the diode and the resistor in the circuit of Fig. 3.21
a simple antilogarithm circuit can be obtained. It can be easily shown that
the output voltage in this case will be

Vo= — Rl antilog (qv,,/kT) (3.34)

Again a transistor can be used instead of the diode in the antilogarithm
circuit. As in the case of logarithmic amplifiers these circuits are also
unidirectional.

Worked example 3.15

Calculate the output voltage of the logarithmic amplifier circuit of
Fig. 3.21 if the input voltage is 100 mV. Given R, =100k, Igc=1pA atan
ambient temperature of 22 °C. What would be the output if the input is
increased to 10V?

Solution
From the expression (3.31), for v,,=100mYV,
kT, v,
Vo= ——1In
q Rylgs
_ 1.38 x 10722 x 295 In 100 x 1073
1.6 x10°1° 100 x 103 x 1 x 10712
= —351mV
for v;,,=10V
1.38 x 10723 x 295 10
Voue= — x1

16x10"1° P 100x10° x 1 x 10~ 12
= _468mV
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So the increment is 117mV for 2 decades.
". increment per decade is approximately 60 mV.

Worked example 3.16

In the circuit of Fig. 3.22, R;=1kQ and R;=27kQ. What would
be the change in the output voltage per decade change in the input voltage
at an ambient temperature of 55°C?

Solution
Let the input voltage be initially v,,,, and the corresponding
output voltage v,,,;-
Using (3.33)

kT R
=-23"—(1+=2 ;
Usut1 3 q < +R5>logvml (1)

Now increase the input voltage by a factor of 10 to v,,,; then the
corresponding output voltage becomes v,,,,.
Again using (3.33)

q s
Subtracting (1) from (2),

kT R .
Vout2 — Uout1 = — [2.37<1 + E6—> logzl—nz]
5 in1

1. -23 3
23 38x10 ><328< 27x10 )1 10

kT R
Vowz = —2.3 <1+R—6>logvin2 (2)

1.6x10°1° + 1x103
= —1.82 volts

3.2.5 Analogue computation

At the beginning of this chapter it was mentioned that operational
amplifiers were at first used in analogue computation. In this section we will
discuss the principles of operation of analogue computers and some of their
applications. Operational amplifiers are normally used in analogue
computation as sign reversal amplifiers, integrators, summers and also
multipliers. In addition to these main components, potentiometers are used
for the multiplication of the coefficients. Although an analogue computer
solves differential equations and sometimes a need may arise for the use of a
differentiator, its use is avoided because it presents increased noise level,
risk of overloading and instability. The basic building blocks of analogue
computers are described in the following sections.
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Fig. 3.23. (a) A summer circuit and (b) its symbol.

R,

R

v,
R:

vy
o o °__’\

K, 4

o_J 10},

() (h)

3.2.5.1 Summers

Figure 3.23(a) shows a typical circuit for a summer used in
analogue computation. By assuming that the operational amplifier is ideal
it can be shown easily that v,= —(R,/R,-v;+R,/R, v, +R,/R; v3).
Therefore a number of voltages can be multiplied by different constants and
added together, the constants being the ratio of the resistors. The symbol
for a summer which avoids drawing all the resistors is shown in Fig. 3.23(b).
The number beside each input terminal indicates the multiplication
constant for that particular input. Any input not in use is grounded.

3.2.5.2 Integrators

The feedback component in an integrator is a capacitor. Figure
3.24(a) shows a typical integrator circuit used in analogue computation.
Again assuming ideal performances for the operational amplifier we may
write the output voltage v, in terms of the input voltages as follows,

- Dy b2 U3
v, = 1/CJ<R1 Rt R3>dt (3.35)

Thus a number of input voltages can be multiplied by different constants,
then added together and integrated with respect to time. The constant of
integration is the voltage at terminal ‘A’ at t=0. The potential divider
formed by R, and R charges the capacitor C and sets the initial conditions
and then is disconnected as the integrator is set in the run mode. Often the
feedback capacitor of the integrator is chosen to be 1 uF and the input
resistors 1 MQ or 100kQ. The symbol for an integrator is shown in Fig.
3.24(b). The gain for each input is specified in the small rectangle and the
initial condition, x,, is shown fed into the triangle. The circle represents a
resistive divider.
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Fig. 3.24. (a) A typical integrator circuit and (b) its symbol.

+1

(M)

Fig. 3.25. The schematic of a multiplier circuit.
D,

I

3.2.5.3 Multipliers

Figure 3.25 shows the schematic of a multiplier circuit built with
two logarithm amplifiers and one antilogarithm amplifier. It is apparent
from the figure that this circuit is capable of multiplying two voltages.

3.2.5.4 Applications
One of the main uses of an analogue computer is to solve
differential equations which may simulate the behaviour of many mechan-
ical systems. As an example let us find the displacement, x of a vibrating ball
of mass, m on the end of a spring of stiffness, k in the presence of viscous
damping described by the damping factor, £, from its equilibrium position.
The equation of motion is given by
d?x

dx
d—t2—+f‘(§ +kx=0

m
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Fig. 3.26. Analogue computation circuit which solves the differential
equation:
d’x

dx
CX 1 fkx=0.
mdt2+fdt+x

—dv
dr

or
d>x  fdx k
d? mdt m
d*x . .
We assume the value of FTEa and then using two integrators compute the

value of x. The value of —k/m - x is found by using a summer to reverse the
sign of x and a potentiometer to multiply it by k/m. Another potentiometer

is used to multiply the output of the first integrator to obtain —f/m - dx/dt.
2

... d . .
These two terms together yield d_t): which was assumed in the first place.

Figure 3.26 shows the circuit which will solve this equation.

Now if we set both integrators of the circuit at run mode simultaneously
the voltages appearing at ‘4’ and ‘B’ will give the displacement and velocity
of the ball respectively. These can be recorded on an oscilloscope or an
X Y-plotter.

Another application of analogue computationis to realise a class of filter
circuit which will be described in the next section.

Worked example 3.17

Design an analogue computation circuit to solve the differential
equatior

d?x _dx
7@’ 3‘&‘ + 5x=9
Solution
d?’x 3dx 5 9
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Fig. ex.3.17

3.2.5.5 Scaling

Sometimes the magnitudes and rates of change with respect to time
of the variables in the computer and the problem under study have real
limitations. Hence in order to ensure accurate computer solutions, the
corresponding variables in the computer and the system under study must
be related by magnitude and time scale factors.
Magnitude scaling: In general we assume s=aq,S where s is physical
variable, S is computer variable and a,, is magnitude scale factor.

Thus we have in the equation to be simulated
d"s d's

g’j=“s% ; d7=a567 (3.36)
Time scaling: In order to transform from the real time, ¢, to computer time,
T, we use the time scale factor q, as follows,

t=a,T

d 1t d d" 1 d
.= . 2 __". 3.37
dt a dT ° di* aq" dT" (3:37)

The following worked example shows the application of time and
magnitude scaling to a problem.

Worked example 3.18

A tank with a tap at its bottom is filled with water at a rate of
2m3/s. The water flows out through the tap at a rate of x m3/s where x is the
height of the water level in the tank. If the area of the tank is 7200 m?2, design
an analogue computer to indicate the height of the water level in the tank.

Solution
The physical equation is

dx
= 1
7200dt+x 2 (1)
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Fig. ex. 3.18(a)

al

-1

(@

.. dx . . . .
Substituting m =0 into the above expression yields the maximum value
of x,

Xp,=2m

Say the permissible computing voltage =10 volts. Therefore using ampli-
tude scaling

s 2
ag= = Em/V
Equation (1) becomes
2dx 2

7200 292 L 2 x o
00> 757ar T10% =2

or

X
7200‘ii—t+x= 10 2)

The initial rate of rise is obtained by putting x=0.

dx
oL 7200-= =2
dt
or
dx _ 2
dr ~ 7200

If this rate is maintained the final height (2 m) would be reached in 7200 s,
i.e. 2h. Let this be scaled to 10s
_ 7200

" a,= 'W' =720
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Fig. ex. 3.18(b)

C
R ——
1
10V ~x 10V
0.1 ° 2 X
= R

0.1
]

.. equation (2) becomes

7200 dX

720 ar X 10
or
dx 1
ar = 102 ]
1 1 1

R,C R,C 10
Choose C=1uF.
. R,=R,=10MQ

3.2.6 Active filters

In low frequency filter circuits inductors are very bulky and their
usage can be avoided by using operational amplifiers in conjunction with
resistors and capacitors which can mimic the properties of inductors. Thus
it is possible to build inductorless filters of various types in integrated
circuit form with the ideal properties of RLC filters. In this section we will
mainly consider low-pass and high-pass filters. The band-pass and band-
reject filters can be easily constructed by cascading low-pass and high-pass
filters. Figure 3.27 shows the ideal and practical gain responses of these
filters. The Butterworth response which gives ‘maximally flat’ response in
the pass band will be mostly used in this section. The rate of attenuation of
the output in the stop band depends on the order of polynomials of the
transfer function of the circuit. For example a first order transfer function
will produce an attenuation of —20 dB/decade in the stop band whereas a
second order transfer function will give —40 dB/decade attenuation. Each
additional order gives —20dB/decade steeper slope. Another well used
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Fig. 3.27. Ideal and practical gain responses of (a) low-pass, (b) high-
pass, (¢) band-pass and (d) band-reject filters.
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----- Practical

approximation gives the Chebyshev response in which the magnitude
response in the pass band may have ripples ranging typically from 0.1 dB to
3dB. Another commonly used approximation gives a maximally flat
response but with a delay. The response is known as the Bessel response.

3.2.6.1 First-order circuits

Low-pass filters. In the first place we must select an appropriate
transfer function for the filter synthesis and then design a circuit to yield
that transfer function. Let us consider the gain response of a simple low-
pass filter as shown in Fig. 3.28(a). The gain of the circuit, 4,, is constant
from d.c. to some specified cutoff frequency f, and then at higher frequencies
the gain falls off at a rate of 20 dB/decade. This characteristic can be realised
by a first-order transfer function given by

As)=Ayo/(1+5/,)

Fig. 3.28(a). The gain response of a first order low-pass filter.

A,, dB

Av(l =

fo — f, Hz

(@)
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or,
Av(.'w) = Avo/(l +_]CO/(DO)
or,

A1) = Avo/(1 +1f1fo) (3.38)

Now the magnitude of the above function can be written as follows,

A
= (3.39)

G A(if)— i
f
<1+<ﬂ> )

and its phase

S
Jo

The transfer function given by (3.38) can be achieved by the circuit shown in
Fig. 3.28(b), since the voltage gain of this circuit can be written as
R, 1

A=—2 3.41
"~ TR, (1+j2nfCR,) (3.41)

¢=tan"'0—tan"f/fy= —tan (3.40)

which is of the same form as (3.38). Now comparing the two equations
(3.38) and (3.41) we may write

A,,= —Ry/R,
or

|4,|=R,/R; (3.42)
and

fo=1/2nCR, (3.43)

Fig. 3.28(b). A first-order low-pass filter circuit.

R,
— 1
)
C
Ry
}

IR— & —Jx

)]
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Fig. 3.29(a). The gain response of a first-order high-pass filter.
A,, dB

g Avl)

fo — f,Hz
(@)

Therefore the circuit works as a low-pass filter whose cutoff frequency is
determined by the circuit components in the feedback path of the
operational amplifier.

High-pass filters. This type of filter as the name implies, attenuates low
frequency and passes high frequency signals. The amplitude response of a
first-order circuit is shown in Fig. 3.29(a). By observing the characteristic
we can say that a zero in the transfer function of the gain curve occurs at
zero frequency and the gain curve rises at a rate of 20 dB/decade up to the
cutoff frequency f, where a pole occurs to make the gain constant
{0 dB/decade) from that frequency onwards. The transfer function for this
characteristic should therefore be of the form

A(8) = Ayo8/(@o+5)= Ayo/ (1 + wo/5)

or,
A A
A : — vo — vo
i) 1+wefio  1—jwe/w
or,
A
AGN=—"++ (3.44)
V=150

Now the magnitude of the above function can be written as follows,

G=IA, (i = (3.45)
Jo- ()

and its phase

¢=tan“0—tan_1<—f7°>=—tan“—& (3.46)

f
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Fig. 3.29(b). A first-order high-pass filter circuit.
R,
C R
}‘—-l
vll'l

o

b s

»

Now let us consider the circuit shown in Fig. 3.29(b). Its voltage gain is
given by

R,

i
Rf14—
1( +j21szR1>

Equation (3.47) is of similar form to (3.44) and by comparing the two we
may write

A,= —R,/(R;+1/i2nfC)= — (3.47)

A= —Ry/R,
or

[Avol=R,/R, (3.48)
and

fo=1/2nCR, (3.49)

Therefore the circuit illustrated in Fig. 3.29(b) is a high-pass filter whose
cutoff frequency is determined by the circuit elements in the input path of
the operational amplifier.

Band-pass filters. A first-order band-pass filter can be obtained by
cascading a high-pass first-order filter section with a low-pass first-order
filter section. The cutoff frequency of the low-pass filter must be greater
than that of the high-pass filter and the difference between the frequencies at
3dB point will determine the bandwidth of the band-pass filter.
Band-reject filters. A first-order band-reject filter can be obtained in a
similar fashion as above by cascading a low-pass filter section with a high-
pass filter section, but in this case the cutoff frequency of the low-pass filter
must be smaller than that of the high-pass filter and the difference between
the frequencies at 3dB point will determine the bandwidth of the band-
reject filter.
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Fig. 3.30. A general infinite gain multiple feedback second-order

circuit.
Iy
I
-
| o
. J
Y, ——'—"’4
0 v
I & \
4

3.2.6.2 Infinite gain multiple feedback (IGMF) second-order
circuits
Multiple feedback circuits have second-order voltage transfer
functions. A general circuit that may be used to realise voltage transfer
functions with a single pair of complex conjugate poles, and with zeros
located only at the origin of the complex frequency plane or at infinity is
shown in Fig. 3.30. In order to obtain the transfer function of the circuit we
shall use Y parameters for the passive elements in the circuit. Each of the
elements represents a single resistor or a single capacitor. By observing the
circuit we may write
1
v,=—1I,+0v, (3.50)
Y,
Now let us assume that the input impedance and the differential mode gain
of the operational amplifier are both infinite, then we may write the
following expressions

Li=1,+1,+1, (3.51)

I,=Y,0, (3.52)

1,=Y,(vo—0,) (3.53)
and

I,=Y00=—Ysv,=14 (3.54)

From (3.50)-(3.54), the voltage transfer function of the multiple feedback
circuit can be obtained
- Yl Y3

%2 _ (3.55)
0, YoV 4+ Y 4 Ys+ Y+ 157,
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Fig. 3.31. A second-order low-pass filter circuit.
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The passive elements of the circuit can be readily chosen so as to obtain
voltage transfer functions for low-pass, high-pass or band-pass filters.
Low-pass filters. The voltage transfer function that will give the required
response is given by

2
AvowO

—_— 3.56
52+ wooS + wy? (3.56)

%2(5)=

51
where A4,, is a positive real constant which specifies the gain in the pass
band, i.e. the d.c. and low frequency gain in this case. The transfer function
has two complex conjugate poles which will cause the gain to fall at a rate of
40 dB/decade in the stop band. Now to make the general circuit work as a
low-pass filter we must choose the passive elements such that the voltage
transfer function of (3.55) becomes similar in form to that shown in (3.56). It
is obvious from these equations that the elements Y,, Y, and Y, must be
resistors whereas in order to generate an s? term in the denominator Y, and
Y5 must be capacitors. The circuit thus obtained is shown in Fig. 3.31.
Substituting Y, =1/R,, Y,=sC,, Y;=1/R;, Y,=1/R, and Ys=sC, in
(3.55) we obtain

1 1
R
2(5)= Ry CaCs (3.57)*
e (L L by,
C,\R, " Ry, ' R,)  R4R,C,Cs
By comparing (3.57) with (3.56) we get
1
A L 35
voWo R1R3C2C5 ( 8)

*  The negative sign in the equation means that the circuit produces a signal

inversion.
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(o (3.59
“o=c\R TR, TR, )
and
0t —— L (3.60)
® 7 R3R,C,Cs '
From (3.58) and (3.60)
A,,=Ry/R, (3.61)

The magnitude response of a second-order low-pass filter for several values
of o (where /2 is the damping factor) is shown in Fig. 3.32. The gain of the
filter is unity and it has been plotted in dB against the normalised frequency
in a log scale. It can be noted that in the pass band the ‘maximally flat’
Butterworth response occurs when a=\/§.

From (3.56),

s=[—woot + /(0o —4w,?)]/2

Therefore we can say by observing the above expression that o should be
less than 2 in order to yield complex conjugate poles.

Worked example 3.19

Design a second-order, low-pass filter having a maximum gain of
10 and a 3dB frequency of 1kHz. The filter should have a maximally flat
response in the pass band and an input impedance of 10kQ.

3.32. The gain response of a second-order low-pass filter for several
values of « where a/2 is the damping factor.

A,, dB

#

-40 L
0.1 1 N —— f, Hz

(log scale)
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Solution

Consider the circuit of Fig. 3.31, a=\/§ for maximally flat
response. For input impedance of 10kQ, R, = 10kQ (say) therefore from
(3.61)

R,=10x10kQ=100kQ

From (3.59), substituting for «, w,, R, and R, we obtain,
1 1 1 1
2x2rx1000=— ——— 4+ — +
V/2x2mx 100 c, (10>< 0° " & T 100x 103>
Choose C,=0.1 uF and the above expression becomes

1
V2x2mx1000x 0.1 x 1076 =10"*+ 2 1077
3

. R;=1.285kQ
From (3.60):
1
Co=— ——
37 RyR,C,004°

1
T 1.285x10% x 100 x 103 x 0.1 x 1076 x 27 x 27 x 10°

=1973nF

Ifimpractical values of R and C are obtained then we can revise the choice
of C, and repeat the calculations.

Worked example 3.20
Design a fourth-order, low-pass, maximally flat response filter
with a gain of 20 and corner frequency 4 kHz.

Solution
From the table given in Appendix E, the transfer function for
fourth-order L.P.F. having corner frequency of 1rad/s and gain of 1 is

1
(s2+0.765s+ 1)(s* + 1.848 5+ 1)

This transfer function can be achieved by cascading two second-order
filters having transfer functions

1 1
d
210765541 ¢ ST 18485+ 1
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First consider

1
s2+0.765s+ 1

From (3.61)

R,/R, =1
Choose

R,=10kQ

. Ry =10kQ
From (3.59):

. 1 /1 + 1 + 1
Wett=—|—+—+—
7 C,\R, "R; R,
Choose

C,=01x10"2F

. _ 1 -4 1 -4
..0.765—0.1)(10_2(10 + - 10 >

3

or
R;=1.7kQ
From (3.60):

1

= X 1P x T0x 10° x 0.1 X 10-2

=59 uF

The frequency level is changed to wo=2nx4x10® by dividing the
capacitor values by the new w,.
Thus

C,=0.1x10"2+21x4x103=0.039 uF
and
Cs=59%x10"%=-21x4x103=23nF

.. The first stage is as shown in Fig. €x.3.20(a).
Now consider

1
s?2+1.848s5+1
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Fig. €x.3.20(a)

S

1

(@)

From (3.61):
R,=R;=10kQ (assuming R, =10kQ)
From (3.59):

1.848= 10‘4+L+10'4>

1
0.1 x 10-2< R,
(assuming C,=0.1x 1072)
or
R,=607Q
From (3.60):

1
Cs= 0T 10X 107 x 0.1 x 10

- =0.165x 103F

Forwy=2nx4x 10*rads ™! C, becomes 0.039 uF and C becomes 6.5 nF.
Therefore the second stage is as shown in Fig. ex.3.20(b).

A gain of 20 is obtained by using an amplifier (here an inverting amplifier
has been used).

Fig. €x.3.20(b)

10k -4 6.5nF

10k

607 —>
0.039 u T

(h)
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Fig. ex.3.20(c)

20k
L 6.5nF

Vou

Figure €x.3.20(c) shows the complete low-pass filter circuit.
High-pass filters. The voltage transfer function that will give the required
response is given by

Vio 0.039 4

v Y
=y
Uy

- — 3.62
52+ awgs + gy (362)

where A,, is a positive real constant which specifies the gain in the pass
band, i.e. the high frequency gain in this case. The transfer function has two
zeros at the origin and two complex conjugate poles the vector of which
gives the cutoff frequency. ’

Now we must choose the passive elements of the general circuit in such a
way that the voltage transfer function of (3.55) becomes similar in form to
that shown in (3.62). Again it is obvious from the two equations that the
elements ¥, and ¥, must be capacitors in order to generate an s? termin the
numerator. After a close examination of the two equations we may also
conclude that the s? term in the denominator can only be generated by
having a capacitor for Y,. The other two passive elements must be resistors.
The high-pass filter circuit thus obtained is shown in Fig. 3.33(a).
Substituting Y, =sC,, Y,=1/R,, Y;=5C;, Y,=sC, and Y;=1/R; in
(3.55) gives

—s2C,/C,
1 + 1
C,C.R, | CoC.R,R,

Now comparing (3.62) with (3.63) we may write the following expressions
A,,=Cy/Cy (3.64)
oo =(C;+C3+ C,)/C;3C,R; (3.65)

1
Wy = \/<—_—C3C4R2R5> (3.66)

2 (5)=
31

(3.63)

s2+s5(C,+C3+C,)

and
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Fig. 3.33(a). A second-order high-pass filter circuit and (b) its gain

response.
A.. dB
100
[ R0 Op. amp. open
loop response
* 60
Filter response
v: 40+ I
! 20k '
1 2
= l—— Pass band -—( \
@ %o dB/dec f. Hz—e
rise (log scale)

(h)

The gain response of the high-pass filter circuit is shown in Fig. 3.33(b). It
should be noted that at very high frequency (much above f;;) the closed loop
gain curve meets the open loop gain curve of the operational amplifier and
follows the latter.

Worked example 3.21

Design a second-order, maximally flat, high-pass filter with a gain
of 6 in the pass band and a corner frequency of 8 kHz. A distorted 2kHz
sinusoidal input has a third harmonic content of 1.2 Vprp, what would be its
amplitude at the output of the filter?

Solution

Consider the circuit of Fig. 3.33(a)
For ‘maximally flat’ response in the pass band «=./2. Choose
C,=C;=0.014F.

From (3.64)
C, 001x10°¢
= = ——=1. F
C, A, 6 1.7n
From (3.65)

C;Cam,

(0.01+0.01+0.0017) x 10~6

=001 %10 5 x 00017 x 10 5x JZx 2rx Bx 105 1 00KE
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From (3.66)

1

R,=———
2 RC;C,m,°

1
T 1796 x 10° x 0.01 x 10~ ° x 0.0017 x 10~ © x (2n x 8 x 10%)?

=1.3kQ
The frequency of the 3rd harmonic is 6 kHz and gain
A
G — vo
- (@o/w)? —ja2
7))

A, B 6
V= (@o/0) P + o (wo*/w?)}  J{[1- @Y +2x &)}
=295

Therefore 3rd harmonic output=1.2x2.95=3.54 Vprp

Band-pass filters

In the voltage transfer function of this filter we must have a pair of
complex conjugate poles the vector of which is equal to the centre frequency
of the band-pass filter and a zero located at the origin. Therefore the
following expression will give the required response.
—A,,008
v, SP 40w+ wg? (367)
where A, is a positive real constant and A4, /x= M is the magnitude of the
gain in the pass band. The magnitude response rises at a rate of
20dB/decade from very low frequency to the centre frequency, f, after
which, due to a pair of poles at f,, the gain drops at the rate of
—20dB/decade. In effect a —40dB/decade slope has been added to the
+20dB/decade slope at f,. Now if we choose Y,=1/R,, Y,=1/R,,
Y;=5C,, Y,=5C,4 and Y;=1/R; for the basic circuit and then substitute
these in (3.55) then the voltage transfer function becomes

—5/C4R,

2(5)=

.68
o sz+sL —+ : + : L+—1* e
Rs\C, ' C,) TR.C,C,\R, "R,
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Fig. 3.34. A second-order band-pass filter circuit and its gain

response.
A,, dB

100

80 Op. amp. open

loop response
60t
Filter response
40t T
20F M, Af3 a8
| 1/
g ™
(a) (b) (log scale)

which is similar to (3.67). Figure 3.34 shows the band pass filter circuit and
its magnitude response. By comparing (3.67) with (3.68) we get

1 1 |
o reela %) o

1
o= =z (3.70)
41\
1 1 1
- {4~ 3.71
0= R <03 * c4> G711

o [t L)) o

where Q is the quality factor. For band-pass filters it is an important
parameter and is given by the ratio of the centre frequency, w, to the 3dB
bandwidth of the filter, Aw, 4g. Filters with high Q (i.e. 9 » 1, typical value
of Q is 10, it can be as high as 100) are referred to as narrow-band filters.

In practice the resistor R, is very much larger than the resistor R, and we
can use R, to trim the Q factor. Then the centre frequency can be adjusted
by simultaneously varying R, and Ry by the same percentage.

Worked example 3.22

Design a second-order infinite gain multiple feedback band-pass
filter with a centre frequency of 20kHz and a Q of 5. The gain should be 2 at
the centre frequency.
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Solution
Given

M 2
My=2, .. A,=aMy= ?O =3

Consider the circuit of Fig. 3.34(a). Choose C;=C,=0.001 uF.
From (3.70)

1 1

R = A uC, ~ Tx 27 % 20 < 10° x 0.001 x 10~ =199k
From (3.71)
R5=_1_<L+L>= 1 <1o6+106>
awo \C; C,) 1x2nx20x10*\0.001 0.001
=79.6kQ
From (3.69)

R,=1/(RsC3C400° — 1/Ry)

= 1/|:79.6 x 103 x 0.001 x 1076 x 0.001 x 107°

1
3\2 _
x (21 x 20 x 10°) 199)(103]

=829Q.

Sallen and Key circuits. Another configuration that can be used to construct
low-pass, high-pass and band-pass filters is the Sallen and Key (VCVS -
voltage controlled voltage source) circuit. Figure 3.35 shows a general

Fig. 3.35. A general noninverting configuration (Sallen and Key) that
can be used to construct second-order low-pass and high-pass filters.

Yy

Parameters
Filters

Yoo oo i ¥y Y5 Y,

Low pass R R Cy C, R R,

High pass C G R R R R
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Fig. 3.36. A biquad low-pass filter circuit.

Rs
—{ 1
_".r .
[ -
- SN Ry & .

1
L_
1

noninverting configuration that can be used to construct second-order low-
pass and high-pass filters of both the Butterworth and Chebychev
responses. However, the IGMF (infinite gain multiple feedback) design is
more popular because it requires one less component than the VCVS
design, and it has low output impedance.

Multiple operational amplifier biquad circuits. A low-pass filter of the
popular biquad design is shown in Fig. 3.36. Although this design requires
three operational amplifiers, its gain and cutoff frequency can be easily
adjusted by varying the resistances R, and R respectively. From the figure
it can be noticed that both inverted and noninverted outputs are available
from this circuit. The gain of the filter is given by the ratio of R4 to R,. The
gain is changed by varying R,, whereas, both the gain and the cutoff
frequency are varied by adjusting R.

3.2.6.3 Switched-capacitor filters

Switched-capacitor (SC) filters are analogue data sampling sys-
tems comprising high quality MOS capacitors, operational amplifiers and
switches. A capacitor and two switches simulate the circuit behaviour of a
resistor as shown in Fig. 3.37. The capacitor is switched between terminals

Fig. 3.37. A switched-capacitor circuit and the MOSFET gate pulses.

o o o LML
A T 1 B .,
} }
V) C !
| T iI Anlinlinlini
= e —
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A and B by the two switches. When the capacitor is connected to terminal A
it charges to the input voltage V|, then when it is connected to the other
terminal B the capacitor discharges. The amount of charge which flows into
or from terminal B is therefore equal to C(V,— V). If the switches are
operated at a clock frequency f, then the average current flow from A to B
will be

C,—"y)
T,

<

=C(V,=Vf (3.73)

where T, is the switching period. By observing (3.73) we may say that the
circuit is equivalent to a ‘resistor’ having a value

1
=L

This equivalence is only valid when the input signal frequency is much
lower than the clock frequency. If they are of the same order, then sampled
data techniques have to be used and the input signal should be band-limited
according to the sampling theorem. A switched-capacitor resistor of 1 MQ
value can be implemented by switching a 1 pF capacitor at a rate of 1 MHz.
This capacitor will need a silicon area of approximately 0.01 mm?, whereas,
to implement this resistor using a polysilicon line or diffusion, an area 100
times larger will be required. Another advantage of using SC techniques is
that the elimination of resistors reduces power consumption. Figure 3.38(a)
shows a simple first order RC low-pass passive filter. The transfer function
of the circuit is given by

1

v, SC, 1
Z2(9)= = 3.75
v, )= R ¥1/sc, “T+sC.R, (3.75)

R

(3.74)

Fig. 3.38. (a) A simple first-order RC low-pass passive filter and (b)
its switched-capacitor implementation.
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Fig. 3.39. (a) A simple first-order RC high-pass passive filter and (b)
its switched-capacitor implementation.

C o
o 1 Py L o
} = i f‘——h I
v, R Vs ry
v, — v
L l C — )
| |
4
(@ (h) i
and the 3-dB bandwidth of this filter is
1
framrey= m (3.76)

The switched-capacitor implementation of this circuit is shown in Fig,
3.38(b). By substituting the effective resistance of the switched-capacitor C
from (3.74) into (3.76) we obtain the 3-dB bandwidth of the switched-
capacitor filter as

J3amso)= 21_7[ fc(é) (3.77)
It can be observed from (3.77) that the 3-dB bandwidth can be varied
simply by changing the clock frequency.

A simple first order RC high pass passive filter is shown in Fig. 3.39(a)

and the switched-capacitor implementation of this circuit is shown in Fig.
3.39(b).
Switched-capacitor low-pass filters. A second-order switched-capacitor low-
pass filter will now be developed starting from a passive LC network. Fig.
3.40 shows a second-order low-pass passive filter network. Its transfer
function is

1
Vou sC 1
__out = = Wiik
Vin () 1  S’LC+SCR+1 (3.78)
R+SL+ <

*  The values of the inductor and the capacitor for this passive prototype.
filter can be found from standard design tables for a normalized low pass
filter.
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Fig. 3.40. A second-order low-pass passive filter circuit.

i
— R v L

We can describe the network by equations containing integrations as
shown in (3.79). Switched-capacitor integrators which will be discussed in
the next section can then be used to realise the network. By observing the
network in Fig. 3.40 we may write

Vl = Vin_Ri
|
= S_L(Vl - Vout) (379)
1
d Vo= —i
an out SCl

Since the operational amplifiers which will be used to realize this circuit are
voltage controlled voltage sources we multiply the current i of the
expressions (3.79) by a scaling resistance R, to convert it into voltage,
V=iR,. Thus the expressions (3.79) become

R
Vi=Vy— —V
1 in Rx
R,
V= SL(VI - Vout) (380)
1
and Vout— WV

These equations can be represented by the schematic arrangement shown in
Fig. 3.41 which has two integrators. The transfer functions of the
integrators are

V 1
m(s)= E (3.81)
R,
and
V. 1
out (§) = (3.82)

Vv SR,C
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Fig. 3.41. The schematic diagram of low-pass filter circuit using active

integrators.

R/R,
M

\J

v, g J\ —
in® V| I J vV J
R, 1
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Vin == V=Vou SL Sk.C
X

And they have unity-gain bandwidths R,/L and 1/R,C respectively in
radians/s.

Switched-capacitor integrators. The basic switched-capacitor concept can
be used to replace the resistor of an integrator circuit as shown in Fig.
3.42(a). The MOS switches turn on and off with the rise and fall of the clock
pulses. Let us assume that a step voltage is applied to the input terminal.
During the period T,/2 when capacitor C is connected to the input terminal
it charges toward the input voltage and the output voltage remains
constant. During the next half cycle of the clock when capacitor C is
connected to the inverting input terminal of the operational amplifier the
charge transfers from C to C, immediately and the voltage V,,, changes
accordingly. The output voltage is given by

.

Vo= — —=V, :
= =50 Vi (3.83)

and has the waveform shown in Fig. 3.42(b), the time constant being
Ci/Cf.e.

Fig. 3.42. (a) A switched-capacitor integrator circuit and (b) its output
voltage for a step input.
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Fig. 3.43. A switched-capacitor implementation of the schematic
diagram of Fig. 3.41. Here differential integrators have been used, the
first one acts as a subtracting integrator whereas the second one acts
as a single input integrator since one input is grounded.

Cs
—

L. i
I Vl_:JC4T+ Low pass

Band pass

e

i—

A switched capacitor implementation of the schematic arrangement of
Fig. 3.41is shown in Fig. 3.43. This circuit simultaneously provides second-
order low-pass and band-pass filtering, from different points in the circuit.

The RS Components RSMF10 is a dual switched capacitor filter
integrated circuit fabricated in CMOS technology. In each channel it has
two non-inverting switched capacitor integrators and other necessary
components to enable one to construct a complete second order state
variable type active filter capable of providing low-pass, band-pass, and
high-pass outputs simultaneously.

Worked example 3.23

Design a fourth-order low-pass filter with a gain of 45dB and the
cutoff frequency at 1.5 kHz using a RS MF 10 dual switched-capacitor filter
integrated circuit. (See Appendix for schematic diagram of RS MF10 and
the design equations.)

Solution

Let us choose a two-stage filter each stage having the same cutoff
frequency. From the information sheet of RS MF10 circuit,

Jeu

n
or

clock frequency = 100 x cutoff frequency
=100x 1.5kHz=150kHz

Now the gain45dB=177.8 =12 x 14.7 (say), i.c. the first stage has a gain of
12 therefore if R; =1kQ from the expression Ho p= — R,/R, we obtain

R,=|HoplR =12 x 1k=12kQ
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Fig. ex.3.23
\_/
1 20 Output
15.7k 8k P
2 19
14.7 k
Lk 3 18
Input -} 12k 4 RS 17 T
— 5 MF10 16
= 6 15 j—_l
+6V 7 14 B
8 13 -6V
9 12 —o
[ ‘ 1
= 10 11 =
SS~———y
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For maximally flat response assume Q= for the first stage, then

t
0.765

1

I'he second stage has a gain ot 14./.
For this stage we may again choose R, =1k, then

Ry=|HgplR,=14.7x 1k=14.7kQ

and assuming Q=

1
1848 for the second stage

1
R.,=0R,=—— Jk=
3=0R, 848 14.7k=8kQ
It should be noted that the first stage gives underdamped response whereas
the second stage gives overdamped response, thus overall frequency
response being the Butterworth one.

Figure €x.3.23 shows how the above components have to be connected to
the RS MF10 IC.

3.2.7 Pulse and waveform generators
3.2.7.1 Astable multivibrators

These circuits, also known as free running multivibrators, can be
used to produce square waves. It should be mentioned here that there are
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Fig. 3.44. An astable multivibrator circuit.
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digital ICs which are cheaper and much better in performance. An astable
multivibrator switches repetitively between two unstable states. In the
circuit of Fig. 3.44 the operational amplifier together with the positive
feedback resistors R, and R, form a basic comparator circuit. The output of
the circuit saturates at ¥ and V;. From the circuit it can be observed that
the output will switch states from positive to negative and vice versa when
the voltage at the inverting input terminal, v, becomes equal to gV} and
BV respectively where f is the feedback factor and given by

R,

=—1 3.84
R, +R, (3.84)

B
Let us consider that the output voltage is at positive saturation Vatt=0.
The capacitor C charges towards V' through R. When the potential at the
inverting input terminal, v, reaches the potential of the noninverting input
terminal, vy = BV, the positive feedback forces regenerative switching. The
output changes from positive saturation to negative saturation V;. The
voltage across the capacitor falls exponentially towards ¥ as shown in the
diagram and when the potential v, reaches the potential, vg=gV, the
output changes from negative saturation to positive saturation. The
process is repeated and a square wave is obtained at the output.
We can find the frequency of oscillations from the ‘charging up’ and
‘charging down’ times of the capacitor C. The time periods T, and T, are
given by

Vi—bBVu

T,=CRI1
AR 17

(3.85)
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and

Vu—BVy

T,=CRIn———=
2= CRIn ey,

(3.86)
respectively.

It is apparent from the expressions that if the positive saturation voltage
is equal in magnitude to that of the negative saturation voltage,

148 2R,
T,=T,= = — .87
=T, CRlnl—ﬁ CRln<1+ R2> (3.87)
Thus the frequency of oscillations is
1 |
f= (3.88)

I+, 2CR1n<1 + 2&>
R,

In the above circuit we have a 50% duty cycle, i.e. the mark—space ratio is
unity. By having different magnitudes of positive and negative supply
voltages we may have mark—space ratios other than unity. However, the
circuit shown in Fig. 3.45 is more commonly used where two diodes are
connected between the output of the circuit and the capacitor via the
potential divider, Ry + Rs. Here when the output is positive the diode D, is
forward biased and diode D, is reverse biased. So the capacitor charges up
via the lower part of the potential divider with resistance Ry, until the circuit
switches over, and the output is at negative saturation. The diode D, will
now be forward biased and diode D, will be reverse biased, hence the
capacitor will discharge through the upper portion of the potential divider

Fig. 3.45. An astable multivibrator circuit with variable mark-space
ratio and its output waveform.

Dy
Uout
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Ru D, Vi
/
< V —
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K for 1V 1=1 |
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T =CRyIn (1 +B/(1-B))
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with resistance Rg. By adjusting the potential divider the mark—space ratio
of the output waveform can be varied. It should be noted that since the total
resistance Ry + Rg remains constant at all conditions, the frequency of
oscillations will not change.

Worked example 3.24
Design a circuit which will provide a 10 kHz square wave signal of
+ 10 volts magnitude with a duty cycle of 40%.

Solution
Consider the circuit of Fig. 3.45

Ty:Tg=4:6 or, Ty=0.67T;
also
Tu+ Ts=1/(10 x 103s)
From the above two expressions

1
Is=T67x10x 10°

=0.06 x 10735
Choose
C=001uF, R, =1kQ, R,=10kQ
Then from (3.84)

R, 1
= = =0.09
b R,+R, 11

From Fig. 3.45

T, 0.06 x 10~3
Rs= 1+8 1.09
In—r  001x10"¢in——
Clny— X P01

=33.2kQ
and

Ty 0.06 x 10~3 x 0.67
Ru= 1+§ 1.09
T 00110 6 In——
Clnl—ﬂ 0.01 x an'91

=223kQ
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Several zener diodes with total zener voltage of 9.4V with forward
voltage of 0.6 V connected across the output terminal and ground back to
back will give +10V amplitude. A resistor has to be inserted between the
output terminal of the operational amplifier and the zener diodes to limit
the current flowing through the diodes.

3.2.7.2 Monostable or one shot multivibrators

The monostable multivibrator circuit can produce a rectangular
pulse of predetermined duration when a trigger pulse is applied to the input
terminal. This circuit as shown in Fig. 3.46 is similar in form to that of the
astable multivibrator with the exception of a diode connected here in
parallel with the capacitor in such a way that the inverting input terminal
remains always positive at a potential equal to the forward voltage drop of
the diode. The network consisting of Cy, Ry and D, provides a negative
trigger pulse to the noninverting input terminal whatever the duration of
the input pulse.

Let us consider that the amplifier output is held at positive saturation
voltage, Vy. The potential divider R; and R, feeds back SV} to the
noninverting terminal. The inverting terminal is clamped at approximately
0.6V (forward voltage drop of the diode) by the diode D,. Thus the
potential at the inverting input terminal is less than that at the noninverting
input terminal, and the output is held at V};. Now suppose a negative pulse,
vy, of a magnitude greater than SV is applied at X and the potential
becomes negative at the noninverting input terminal. Thus v, becomes
greater than vy and the output switches to the negative saturation voltage
V.. Now R, and R, feed back a negative voltage to the noninverting
terminal. The capacitor starts discharging from +0.6V towards V.
However, when the potential v, reaches the value SV the inverting input

Fig. 3.46. A monostable multivibrator circuit and the trigger and
output waveforms.
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terminal becomes more negative than the noninverting input terminal and
the output switches back to V.
The time period T, is given by,

Vi—Vp
T,=CRIn——— 3.89
1 nVL—ﬂVL ( )
where
P
R, +R,

We may neglect the forward voltage drop of the diode, ¥y, and the time
period of the rectangular pulse is

T,=CRIn <1 + &> (3.90)
R,
As soon as the output changes state to the positive value, the capacitor
starts charging towards V. The time period T is the time the capacitor
takes to charge to Vp,. During this period a negative trigger pulse. may not
initiate the circuit. Therefore in order to obtain a train of rectangular pulses
from a train of trigger pulses the time interval between two pulses should be
at least equal to the sum of the recovery time 7’ and the time period T',. The
recovery time 7' is given by

Va—BVL

= R
T'=CRIn Vs Vs

(3.91)
A differentiating circuit formed by R and C; blocks any d.c. voltage or
slowly varying signal and ensures that only rapidly varying pulses can
initiate the monostable circuit.

Worked example 3.25

Several trigger pulses are consecutively applied to the circuit of
Fig. 3.46. What should be the minimum time interval between any two of
these pulses so that the circuit functions properly? Given that C=0.1 uF,
R=470kQ, R, =1kQ, R,=10kQ and the forward voltage drop of the
diodes is 0.6 volt. The output saturation voltages are +12 volts.

Solution

From (3.89)

Vi—Vo _ —12-0.6
= ———=0.1x10"°x4 10—
T CRanL—ﬂVL 0.1 x107°x470x 10 n—12+0.09><12

=6.72ms
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Fig. 3.47. (a) A triangular waveform generator made of a comparator
and an integrator and (b) their output voltage characteristic.
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and from (3.91),

Vy—BV, _ 12-0.09(—12)
T'=CRIn-2 "L =01x10"5x470x 103ln——— =
CRInp =5~ =0.1x1077x 470> 10%In =755

=6.46ms

‘. time interval=T+7'=13.18 ms.

3.2.7.3 Triangular wave generator

The circuit shown in Fig. 3.47 generates a triangular wave with the
help of a regenerative comparator and an integrator. Let us assume thatata
particular instant the output of the comparator is at negative saturation;
since the operational amplifier is connected in the inverting mode the
output of the integrator will rise linearly until the feedback voltage to the
noninverting terminal of the comparator becomes equal to V. The positive
feedback immediately forces regenerative switching and the output of the
comparator goes to positive saturation. At this stage the output voltage of
the integrator v, reaches V. (say) and starts decreasing. It will fall linearly
until at a value of v, =V, the feedback voltage to the comparator input
terminal is equal to Vy.

Using the superposition theorem, from the figure we may write

VA_ : Rl VmaxRZ

VR=V+=
R,+R, R,+R,
R, +R, R,  _
Voo =——=Vog——V .
max R2 R R2 A (392)
Also
Vooy s VAR VaRs
R,+R, R;+R,
R,+R R
v ki PN (3.93)

min = R2 - R2
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It can be seen from (3.92) and (3.93) that if Vx=0, then

R
Vo= ——Va~
max R2 A
and
R
Vmin=_R_lVA+

When the comparator output reaches ¥, * the integrator output starts to
fall from V,,, at a rate — V,/CR volts/s.
The time taken by the integrator to reach the voltage V,;, from V, is

CR CR{ R,. _ R,
T= - (Voux— Venin) = = === Va 4+ V.7
VA( max mm) VA( Rz A +R2 A )
CR _ R, RR,
=—"2-—V,=2C
Va "Ry " R,

Therefore the frequency of oscillation is
1/2T=R,/ACRR, (3.94)

Worked example 3.26

Draw the output waveform of the circuit of Fig. 3.47 if Vy=0,
R,=39kQ, R,=10kQ, R=68kQ, C=001uF and V,*=~V,~ =12V,

Solution
R, .. _  39x10®
V. =——1. =————— x—12=468V
=" Va 10x10° 8
R 3.9%10°
V. =—"t.prt=_" _ x12=—468V
min= "R A 10x10° *
From (3.94) the frequency,
R,
=1/2T=
f=172 4CRR,
_ 10x 103
" 4x0.01x107°x68x103x3.9x10°
=943 Hz

and

T=0.53ms
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Fig. ex. 3.26

Vo
— +4.68V

— —4.68V
——{0.53 ms |=—

3.2.8 Inverse function generators

It has been shown in the earlier section that two logarithmic
amplifiers in conjunction with one antilogarithmic amplifier can multiply
two quantities expressed as voltages or currents. Various inverse function
generators can be built by using such or any other multipliers in
conjunction with operational amplifiers. Let us first consider the basic
configuration of an inverse function generator which is shown in Fig. 3.48.
The rectangle in the feedback path of the circuit showing f( ) represents a
function generator whose inverse may be obtained at the output of the
circuit. Assuming ideal operational amplifier performance we may write

I,+1,=0
and
I,=v,/R
From the above three equations
SWou)= — iy
or,
Dou=f (= Vin) (3.95)

Fig. 3.48. The basic configuration of an inverse function generator.

——— R
. — 1+ /0
1
—J
f R __7
>

Uin
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Fig. 3.49. A divider circuit.

& .

v 0

=3

Hpd— &~

Thus the inverse of the function f{ ) is obtained by using this circuit. It will
be shown now that by having a multiplier in the feedback path various
circuits which can perform division, square rooting and RMS operations
can be obtained.

3.2.8.1 Divider

In this circuit as shown in Fig. 3.49 the output is fed back to one of
the two input terminals of the multiplier and one of the two input signals is
applied to the other terminal of the multiplier. Thus the output of the
multiplier itself is

Um= szvout

where A4 is the multiplier constant.
Now applying the Kirchhoff’s laws to the input terminals of the
operational amplifier we may write

Ul vm

JLTm o

Rl R2
or

Av,
1% /R + —  Uou _0
1 1 R2 1
or
R, 1 1 (v,
Uout 4R, E(_Ul) _§<Z>
AR

where B is ! Therefore

2

Uou € (01 +03) (3.96)
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Fig. 3.50. A square root circuit.

Invertforv, >0

Um

Vou

dps—

Thus a dividing circuit is obtained by using a multiplier in the feedback
path. If the signal v, is negative, then positive feedback will take place and
the circuit may be unstable. So the input signal v, must be positive, if not
then an inverter should be used after the multiplier to make the v,,, negative.

3.2.8.2 Square root circuit

In this circuit the output is fed back to the two input terminals of
the multiplier simultaneously as shown in Fig. 3.50. The multiplier output
is proportional to the square of the output voltage vy, i.€., v, = Av,,>.
Unless the polarity of v, is changed (assuming the input signal, v,, is
positive) a positive feedback will occur and the circuit would be unstable.
Therefore an inverter must be placed after the multiplier. Now from the Fig.
3.50 we may write making usual assumptions for an ideal operational
amplifier performance

v, = — Av,,,> (3.97)
and
vin U2
_ 98
R, 'R, 0 (3.98)

From (3.97) and (3.98)

1 R,
Uou = _\/<ZR—1 vin) = —k\/vin (399)

For this circuit to be stable v,,, should be negative and consequently the
input signal has to be positive.
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If the input signal is negative then the inverter following the multiplier is
not needed. In this case

Uy = Avgy,? (3.100)
and
Uin Uy
——+—==0 .101
R, + R, (3.101)

From (3.100) and (3.101) we get

1 R,
=— [[—=2p._}|=— . A
vout \/< 4 R1 vm) k\/vm (3 02)

This circuit yields the same expression as in the case of a positive input
signal. Thus we obtain the square root of a voltage by using a multiplier as a
squarer in the feedback path.

3.2.8.3 Root mean square circuit

The operational amplifier acts as a summer to the outputs of three
multipliers M ;, M, and M ; which have multiplier constants A, 4, and A4,
respectively. The input signals v, and v, are applied to multipliers M, and
M,, whereas, the output v,,, is inputted to multiplier M, as shown in Fig.
3.51. From the figure we can easily write, after making usual assumptions,

v3=A,0,°
U4=A2022

_ 2
Ve = _A3voul

Fig. 3.51. A root mean square circuit.

M,

2
I Uy =y Vg 1

R,

Um

Ry

M;

Uy = l)22 i
Uy M2

Uout

Ap—
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and

Vs | Ya 0_6_0

IRt (3.103)

From the above equations we obtain, assuming 4, =4,= A4,
R,
Dout” = R—1(012 +0,%)

or

Vout = -\/(RZ/R1)~\/(UIZ+UZZ)= _k\/(U12+1)22)

The voltages at terminals ‘3’ and ‘4’ are positive, and v, is also positive,
whether the input signals are positive or not. Thus v,,, will always be
negative.

Worked example 3.27

Show how operational amplifiers can be used in conjunction with
multipliers to build a circuit which will provide the following function.

Uoutm3/2\/(012 +02)

Solution

A low cost integrated circuit analogue multiplier type RS 1495 can be used
for dividing, squaring and square rooting.

Fig. ex.3.27
R
v, AV V¢ ||R
RA -V, o
V. N . —kyJVE+Y,
+ K
: R R + .
J- —(VE+Vy) k2 (V7 +1h)?

Summary

1. The full bandwidth of an operational amplifier circuit can be
calculated from the formula

N
2nVyp

f=

where S is the slew rate of the operational amplifier and defined as the
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maximum change in the output voltage per unit of time and V is the peak-
to-peak output voltage.

2. Error voltages appear at the output of an operational amplifier circuit
due to the presence of input offset voltages and input bias currents. The
worst case error voltage at the output of an inverting amplifier due to the
input offset voltages and bias currents can be calculated using the formula

Vos(total) = Vio}zl%&' +1, R,
1
In an inverting amplifier the input bias currents can be compensated by
adding a resistor at the noninverting input terminal. The worst case error
voltage at the output then becomes

R;+R
Vos(total) = Vio% + IosRZ
1

where I is the difference between I, and I,~ and typically is one fifth of
the bias currents.

3. Accircuit can be compensated for both the input offset voltage and the
bias current, but only at one temperature. Any change in température will
cause an error in the output voltage. The error is given by

AV, R,+R, (Al
=2} AT- -2 4+ ("2 )-AT-R
o= (i or B+ (5 ) o

4. The voltage gain of an ideal operational amplifier should be
independent of frequency, but in reality it decreases at a rate of
20dB/decade as the frequency increases due to the stray and junction
capacitances present in the circuit.

5. An operational amplifier circuit is unstable, i.e. produces oscillations,
if the loop gain of the circuit has a phase shift of 360° at unity gain. One can
determine whether a circuit is stable or not by using a Bode plot of the
operational amplifier’s open loop gain curve and the closed loop gain curve
and examining the rate of closure at their crossing. A stable circuit has a rate
of closure of 20 dB/decade on both sides of the crossing (here the loop gain
is unity since log Af=log A—log 1/8=0dB), whereas, a rate of closure of
40 dB/decade on both sides of the crossing gives rise to an unstable circuit.
A circuit with a minimum allowable phase margin of 45° has a maximum
possible bandwidth and the rates of closure of 20 dB/decade on one side and
40 dB/decade on the other side of the crossing.

6. An unstable circuit can be made conditionally stable by adding a
capacitor (lag compensation method) or a capacitor in series with a resistor
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(limited lag compensation method) to the operational amplifiers. The
limited lag compensation method gives larger bandwidth than the lag
compensation method.

7. Many operational amplifiers are internally compensated by the
manufacturers and can be used for any closed loop gain. However, their
useful bandwidth is very narrow.

8. The output of many transducers is a very small differential voltage
imposed on a large unwanted common-mode voltage which may be a d.c.
level or a noise pick-up. It is possible to amplify the differential voltage only
to an acceptable level with the help of an instrumentation amplifier which is
basically a precision differential amplifier with a very high input impedance
and gain.

9. An instrumentation amplifier may be balanced before its use to
produce zero output voltage for zero input voltage, various changes
produce an offset error voltage at the output. The error voltage is
determined using the following expression.

AEOS AEOS AEos
Eos(wlal):iTT_.ATiAV AV, + At <At
Al
+R,—=-AT+AE
TUSAT -0

AE, AE, AE,
AT’ AV,” At
supply variation and time,

where

are offset voltage drifts with temperature, power

Al . s
A—;,f is the offset current drift with temperature,
AE, is the output noise voltage

and

R, is the source resistance.

10. Comparators are used to compare the magnitude of a signal with
that of a reference voltage which may be fixed or varying. Operational
amplifiers without any feedback act as comparators because of their very
large gain. Regenerative comparators which change states very rapidly but
at different input voltage levels (hysteresis) have many applications one of
which is to clean noisy digital signals.

11. Diodes or transistors are used in the feedback path of the operational
amplifier circuits to construct logarithmic amplifiers. For antilogarithmic
amplifiers they are placed in the input path. These are themselves used to
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build circuits to provide at the output various functions of one or more
input signals.

12. Another use of operational amplifiers is in analogue computers
which can be used to solve linear differential equations describing various
physical and electrical systems.

13. One of the most important applications of operational amplifiers is
in active filters which do not require any inductors. Low-pass, high-pass,
band-pass and band-reject filters mainly with Butterworth response have
been discussed in this text. The rate of decrease in gain in the stop band
depends on the order of the polynomials of the voltage transfer functions of
the filter circuits. Switched-capacitor filters have also been discussed, these
are available in integrated circuit form and the cutoff or centre frequencies
can be varied easily by varying the frequency of switching the capacitors
which act as resistors in the circuits.

15. Various waveform and function generator circuits employing oper-
ational amplifiers have been briefly discussed.

Problems

3.1. A 741 type operational amplifier has a slew rate of 0.5V/us
and is used in an inverting amplifier with a gain of 250. Calculate the time
required for the output to reach 50% of its steady state value if a step
voltage of 10mV is inputted to the amplifier. If the input is a sinusoidal
signal of 100 kHz, what is the maximum amplitude of the output voltage
without distortion?

3.2. Astep input of 60 mV is fed to an inverting amplifier which has a gain
of 80. If the time required for the output to reach within 0.05% of its final
value is 8 us, calculate the slew rate of the operational amplifier used in the
circuit.

3.3. A sinusoidal signal is applied to the circuit mentioned in Problem 3.2.
The typical slew rate of the 741 type operational amplifier is 0.5 V/us.
Calculate the frequency of the signal if the maximum amplitude of the input
without having any distortion of the output is 20mV.

3.4. The worst case offset voltage at the output of the operational amplifier
in the circuit of Fig. 3.2(c)is +0.4V.If R, =2.2kQ and R, =56kQ, what
will be the maximum input offset voltage?

3.5. InFig. 3.2(c), the maximum input offset voltage is 2.5 mV . If the circuit
has a gain of unity, calculate the maximum output offset voltage. If the
operational amplifier has I, =60nA and I ,,=15nA and the resistors R,
and R, are 1 kQ and 47 kQ respectively, estimate the total maximum output
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offset voltage without and with bias current compensation. What will be
the value of the compensating resistor?

3.6. The worst case values of the output offset voltage of the operational
amplifier in the circuit of Fig. 3.3(a), with and without bias current
compensation are 54mV and 58 mV respectively. If the compensating
resistor is 2.117kQ, R; =2.2kQ and the input offset voltage is 2mV,
calculate the input offset current and the bias current of the operational
amplifier.

3.7. The error voltage at the output of the circuit of Fig. 3.3(a) due to a
temperature change of 20 °C from room temperature is § mV. Calculate the
input offset voltage temperature coefficient at room temperature given that
R,=22kQ, R,=100kQ and Al /AT=1nA/°C at room temperature.

3.8. The bridge circuit shown in Fig. 3.11 has a differential voltage
AV=10mV for ¥=4.5V and R=10kQ. Calculate AR. The output of the
bridge is connected to an instrumentation amplifier as shown in Fig. 3.12. If
n=25, Rg=20kQ and R,=1kQ, what is the output voltage of the
amplifier?

3.9. An integrated circuit instrumentation amplifier has the following
specifications at a gain of 800: AE,/JAT= +8mV/°C,Al ,/JAT= +2nA/°C,
AE JAt=+4mV/24h,AE,=5mV rmsand AE,/AV,= +50mV/V. If this
amplifier is balanced to zero output for zero input before being connected
to the bridge described in Worked example 3.9 and the power suply needed
for the amplifier is + 12 V, after what period of time, the offset error voltage
would be +250mV? Assume that the temperature change during this
period of time is 20 °C and the variation in the power supply is 2%.

3.10. An instrumentation amplifier connected to a bridge circuit
with R=8.2kQ and AR=2800Q, has the following specifications at
a gain of 1500: AE /AT=110mV/°C, AE,/AV,=+50mV/V,
AE JAt=+579nV/s, Al /JAT= +1nA/°C and AE,=6mV rms. What
would be the output offset error voltage of the amplifier after 4 weeks
operation if the temperature fluctuation during this period is +10°C and
the + 15V power supply varies by +5%?

3.11. Thelow frequency differential mode gain of the operational amplifier
used in the circuit of Fig. 3.3(a) is 100dB and has corner frequencies at
10 kHz and 100 kHz. What is the minimum gain the amplifier could have if
the circuit is lag compensated with the help of a capacitor of 1.592 uF and
the output resistance of the preceding stage at the compensating point is
1kQ?
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Fig. P.3.13
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3.12. The limited lag frequency compensation is applied to the circuit of
Problem 3.11 to make it critically stable. Find the values of the compensat-
ing elements. What is the advantage of using this method of compensation
over the lag compensation method?

3.13. The operational amplifier used in the circuit shown in Fig. P.3.13 has
corner frequencies at 3kHz and 30kHz, and a low frequency differential
mode gain of 120dB. Examine the stability of the circuit and if necessary
apply limited lag frequency compensation. The output resistance of the
preceding stage at the compensating point is 15kQ.

3.14. What are the maximum and minimum input voltages required to
switch over the output voltage levels of the circuit of Fig. 3.15(a)? Given
that V=15V, Vp=—15V, R, =1kQ, R,=68kQ and the reference
voltage, V =4V.

3.15. A sinusoidal signal of +10V amplitude and frequency 1kHz is
applied to the input of the circuit of Fig. 3.15(a). Draw the output voltage
waveform if the operational amplifier has a slew rate of 1 V/us. Given:
R, =1kQ, R,=15kQ, V=3V, Vy=18V and V' =—18V.

3.16. An operational amplifier has a slew rate of 2 V/us and is connected as
acomparator circuit as shown in Fig. 3.15(a) with an input of +5V, 10kHz
triangular wave. Draw the output voltage waveform.

3.17. Draw the output voltage waveform for a 100 Hz square wave input of
4Vprp amplitude applied to the circuit of Fig. 3.17(b). The silicon diodes
have leakage currents of 100nA and R, =1kQ and R,=10kQ.

3.18. Design a full wave rectifier to deliver 12V d.c. with a 0.4 Vpyp ripple
into a resistive load of 2 kQ, the input signal being the same as that given in
Worked example 3.13.

3.19. Twosilicon diodes having leakage currents of 8 uA are connected in a
circuit as shown in Fig. 3.17(b). If R, /R, has a ratio of 0.21, draw the output
voltage waveform for a 150 Hz sinusoidal input voltage of 0.707 V rms.
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Design a full wave rectifier to deliver 10V d.c. with a ripple of 0.2 Vpp fed
into a resistive load of 3kQ.

3.20. What should be the input voltage of the logarithmic amplifier circuit

of Fig. 3.21 to give an output voltage of —300mV. Given R=10kQ and
Iy=2pA at an ambient temperature of 27 °C.

3.21. The logarithmic amplifier shown in Fig. 3.21 has R=100kQ and
Is=1pA at an ambient temperature of 19 °C. Calculate the output voltage
for an input voltage of 100 mV. If a voltage amplifier with a gain of 100 is
connected in between the input signal and the logarithmic amplifier, what
would be the output voltage of the logarithmic amplifier?

3.22. Whatis the value of resistor R in the circuit of Fig. 3.22, if the output
voltage is —300mV for an input voltage of 100mV at an ambient
temperature of 27°C? Given: Rg=33kQ.

3.23. Design an analogue computation circuit to solve the differential
equation
d3x _d*x _dx

— —8—5 +5—+6x+4=0
3dt3 a e O
3.24. The fuel consumption of a motor vehicle with a fuel tank having a
volume of 1.5m? and a height of 0.3 m is at a rate of 0.03 m*/s. Design an

analogue computer to indicate the level of fuel in the tank.

3.25. Thelow pass filter shown in Fig. 3.31 has a maximally flat response in
the pass band with o= ﬁ Calculate the maximum gain, the 3-dB
frequency and the value of C,. Given: Ry =12kQ, R;=1.2kQ, R, =150kQ
and C,=0.22uF.

3.26. The fourth order, low pass, maximally flat response filter shown in
Fig. P.3.26 has a gain of unity in the pass band. Find the cutoff frequency of
the filter and the values of capacitors Cs and C5.

Fig. P.3.26
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3.27. Design a second-order low pass filter having an input impedance of
5 k€, a maximum gain of 10 and a 3-dB frequency at 1 kHz. It should have a
maximally flat response in the pass band.

3.28. A distorted 3 kHz sinusoidal input having a second harmonic content
of 1.6 Vppp is applied to a second-order, maximally flat, high-pass filter
circuit as shown in Fig. 3.33(a). The filter has a corner frequency of 12 kHz.
If the amplitude of the third harmonic content at the output of the filter is
3.2Vprp, find the value of C;, C, and R,. Assume C,=0.022uF and
R,=27kQ.

3.29 Design a second-order, maximally flat, high-pass filter with a gain of
10 in the pass band and a corner frequency of 4kHz. A distorted 1kHz
sinusoidal voltage which has a 0.2¥ppp, third harmonic component is
inputted to the filter. What would be the amplitude of the third harmonic
component at the output of the filter?

3.30 A second-order infinite gain multiple feedback band pass filter circuit
as shown in Fig. 3.34(a) has a centre frequency of 10 kHz. Find the gain at
the centre frequency and the value of Q, if R,=980Q, R;=270kQ2 and
C,=C,=0.001 uF.

3.31. Design asecond-order infinite gain multiple feedback band-pass filter
with a centre frequency of 100kHz and a Q of 5. The gain at the centre
frequency is 1.25dB. Use the circuit shown in Fig. 3.34(a).

3.32. Design a fourth-order, low-pass, switched capacitor filter using a RS
MF10 type integrated circuit. The filter should have a gain of 40 dB and the
cutoff frequency at 1 kHz. See the appendix for the data of the integrated
circuit.

3.33. The square wave signal generator shown in Fig. 3.45has R, =2.2kQ,
R,=12kQ, C=0.022 uF, R,,=20kQ and Rg=33kQ. Calculate the output
frequency.

3.34. Using the circuit shown in Fig. 3.45, design a generator which will
produce square-wave signals of + 10V magnitude at 15kHz with a duty
cycle of 30%.

3.35. In the circuit shown in Fig. 3.47, R, =3.9kQ, R, =22kQ, R=51kQ
and C=10nF. Draw the output waveform of this circuit if V=0 and
Viyt=—-V,"=12V.

3.36. Design a circuit which will provide the following function:
Vo= k1\/(av1 +bv,%)—k,v,?

by using operational amplifiers in conjunction with multipliers.
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Oscillators

Objectives
At the end of the study of this chapter a student should be:

familiar with the conditions of sinusoidal oscillations
able to understand the principles of LC oscillators
familiar with the principle of operations of RC oscillators
4. able to construct crystal oscillators.

W=

In electronics periodic signals of various shapes such as sinusoidal,
triangular, rectangular and pulses are often needed to perform different
types of operation. Although the term oscillator is generally referred to a
generator of sinusoidal signals, while a rectangular-wave generator is more
commonly known as a multivibrator, an oscillator generates an a.c. output
signal without requiring any form of input signal. Sinusoidal oscillators are
mainly used in radio frequency transmitters and receivers. Square-wave or
pulse generators are used in almost every type of digital equipment. In this
chapter we shall mainly concentrate on sinusoidal oscillators.

4.1 Criteria for oscillation

An oscillator circuit is basically an amplifier, but a positive
feedback from its output to the input enables it to sustain the output
without the need for an external signal. Fig. 4.1 illustrates an amplifier with
a gain of A and a feedback network having a feedback fraction of g.

Fig. 4.1. An amplifier with a gain of 4 and a feedback network
having a feedback fraction of .

Ui AI\
A -0 Ug
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Firstly let us consider the amplifier on its own. Suppose an input signal v,
is applied to it, its output v, will be then given by,

Vo= AU, (4' 1 )

Now if we connect the feedback network to the amplifier as shown in the
figure and can somehow make the input v; equal to the output of the
feedback network so that they have identical magnitude, phase and
frequency, then the circuit will not need any external signal. In other words,
the circuit will act as an oscillator if

v; = B, “4.2)
Substituting for v, from (4.1) into (4.2) we obtain
v;=Av,f
Ap=1 4.3)

The above relationship is known as the Barkhausen criterion.

Thus the magnitude of the loop gain should be unity and the phase shift
of the loop gain should be 0° or a multiple of 360° at the frequency of
interest, since both the magnitude and phase shift of the loop gain are
functions of frequency.

If we substitute the value of the loop gain into the gain expression for a
closed loop circuit applying positive feedback

A;=A/(1—AB) 4.4)
where A; is the gain of the feedback circuit, then
Ag=A/(1-1)=00

A gain of infinity implies that there is an output voltage even when no input
signal is present, i.e., the circuit oscillates.

Worked example 4.1

In the circuit of Fig. 4.1 the gain of the forward amplifier A4 is
frequency dependent and given by 4= —9x105/jw. If the feedback
fraction B is 6 x 10%/(3 x 10° +jw)? will the circuit oscillate? If so, at what
frequency oscillations occur?

Solution
The loop gain

—9x10°%x6x 103

AB =
P B 10°+j0) 3 X 10°F )
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3 —54x10°
T jox9x108—6x w? x 10 —jo?

(1)
So that the phase shift of the loop gain is 0, the imaginary part of the
denominator should be zero.

Jwx9x108—w3)=0
or

w=3x10%rad/s
Substituting this in (1) we have

_ —54x10° B
T —6x10°x9x10°

Ap

The conditions for oscillations are satisfied. The circuit will oscillate at
477.7Hz.

4.2 LC oscillator

The most common oscillators are of the tuned radio frequency
type with inductance L and capacitance C. They produce a sinusoidal
output at the resonant frequency of the tuned LC circuit. If the tuned circuit
is placed in the feedback path of a feedback circuit, then the latter satisfies
the Barkhausen criterion at the resonant frequency of the tuned circuit.
Therefore, oscillations only occur at one frequency.

Figure 4.2 shows a general form of LC oscillator circuits. The active
device may be a bipolar transistor, a field effect transistor or an operational
amplifier. Let us assume that the device has an infinite input impedance, a
gain A, and an output resistance R,. The feedback network comprises a

Fig. 4.2. A general form of LC oscillator circuit.

Ro—te
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capacitor C and an inductor L. From the diagram we may write, assuming
that there is no output current,

v, =0,+ R,i
=v,+ R, (v,/joL +v,jwC)
=v,(1 + R,jwC+ R, /jwL) 4.5)
The loop gain of the feedback circuit is given by
A=A, v /v, 4.6)
From (4.5) and (4.6) we may write
Ap=A,/1+R,jwC+ R /jwL)
=A,/(1+]jR,(wC—1/wL)) 4.7)

In order to satisfy the phase shift condition for oscillation the imaginary
quantity in the denominator of (4.7) should be equal to zero. Equating R,
the output resistance of the forward amplifier to zero in the imaginary part
makes the feedback network gain independent of frequency, and the circuit
oscillates at any frequency, therefore the quantity inside the bracket of the
imaginary part,

oC—1/wL=0
or
f=1/2n/(LC) 4.8)
Thus oscillation only takes place when the feedback circuit is at resonance.
Worked example 4.2

What value of L is needed with a C of 47 pF for a tuned radio
frequency oscillator frequency of 22.7 MHz?

Solution
From (4.8)

fo=1/21/(LC)
or
L=1/47%,2C = 1/4n2(22.7 x 108)? x 47 x 10" 12=1.04 uH

The Hartley oscillator

~ The Hartley oscillator has a tuned LC circuit with a tapped coil for
inductive feedback as shown in Fig. 4.3. The circuit oscillates at the
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Fig. 4.3. The Hartley oscillator.

L=Ly+LyN

frequency 1/211\/ (LC), C is a variable capacitor and can be adjusted to
produce oscillations of different frequencies.

Transistor Q, forms a common emitter amplifier with the resistors R;, R,
and R, determining its d.c. bias. The tuned circuit forms the collector load
and Cj; is the emitter bypass capacitor. The d.c. voltage is supplied to the
collector of the transistor via the tap at point A on the tuning inductor
Ly + Ly. The radio frequency choke L, does not allow the oscillator
frequency to reach the d.c. power supply. Capacitor C, bypasses the radio
frequency to ground. Therefore, for the oscillator signal the point A4 is
effectively at ground potential. Thus the voltage Vy, is opposite in polarity
to the voltage V', which is in fact the output of the circuit. Since there is a
phase shift of 180° between the base and the collector of the transistor, the
total phase shift of the complete loop is 360° or 0°. Therefore the circuit is an
oscillator that produces an a.c. output at the resonant frequency of the
tuned circuit. The feedback fraction of the circuit is given by Vya/Vua
which is usually of the order of 0.3.

The frequency range for this type of oscillator is from 100 kHz to a few
MHz. The restriction in the range is mainly due to the physical size of the
tuning capacitor and the tapped coil. At low frequency, a tuning capacitor
may be too large, whereas, in the very high frequency range it may be too
difficult to tap a very small coil.

The Colpitts oscillator

The principle of operation of this type of oscillator is similar to that
of the Hartley oscillator except that in this case capacitive feedback is used
instead of inductive feedback. So the mark of the Colpitts oscillator is a
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Fig. 44. The Colpitts oscillator.

L
+ Vee Cn
. R 4

capacitive voltage divider as shown in Fig. 4.4. The capacitors Cy, and Cy,
connected across the inductor L form the resonant circuit. Since the
junction of Cy; and Cy is grounded, V¢, the voltage developed across Cy is
exactly opposite in phase to Vy, the voltage developed across Cy. Vy is
fed back to the base of the transistor via the coupling capacitor C,. L, isa
radio frequency choke providing a low-impedance path for the d.c. supply
but acting as an open circuit to the oscillator output.

The Colpitts oscillator is tuned usually by varying the value of L since the
capacitance of the resonant circuit is divided. This can be achieved by either
adjusting a variable inductor or switching in coils of different values. The
Colpitts oscillator is used for low radio frequencies and also for the very
high frequency band up to 300 MHz. Thus it covers the frequency ranges
which the Hartley oscillator can not for the reasons mentioned earlier.

Worked example 4.3

The transistor in the Colpitts oscillator of Fig. 4.4 has a mutual
conductance of 5 x 10~ 3 Siemens, a base-emitter resistance of 1.5 kQ, a base
spreading resistance of 100Q and an output impedance equal to 10kQ.
Calculate the values for Cy and Cy which will just cause the circuit to
oscillate at 10/2r MHz. Given Rg=R,/R,=1.3kQ and L=1mH.

Solution

The high frequency small signal equivalent circuit of the oscillator
is as shown in Fig. ex.4.3(a):
At radio frequency the RF choke has very high impedance, simplifying the
circuit of Fig. ex.4.3(a) to give Fig. ex.4.3(b)

where
R=Ry//(roy +7v¢)
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Fig. ex.4.3
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Thus loop gain

gmRR
" R,—R,w*LCy+R—0?LC\R+joCyRR, —j? LCyCyRR, +jwRCyR, +joL

Ap

For a phase shift of 0° the imaginary part in the denominator should be
Zero.

W[RR(Cy+ Cy) + L — *LCyCyRR,]=0

or
o2 CutCn N 1 _ Cu+Cy
" LCNCy  CNCuRR, ~ LC\Cy
we [[CutCn
"V LCyCy
1 [[cy+C
f= il M N (1)
2n LC\Cy
Also
gmRR
AB= =1
b R,—R,w?LCy+R—w?>LC\R
or
Cu , ,Cn
RR=R, M +R X
gm O OCN + CM
or
o 1.3%x 103 x 1.6 x 103
S5x1073x10x 103 x 39X 10°
Cy 1.3x1.6x10C
=10x10° % N
ey T T29x10°C,
or
Cu? Cu
M _359M40072=0
Col Cy T

Cy _ 3.59+./(12.88—0.288)

=3.57 or 0.02
Cn 2 or
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Substituting the values of fand L into (1)

10x10° 1 Cr+ Cx
2n 2m\\1x1073C,Cyx

or
Cu+Cx _10'
CnCu
Let us take
Cu
— =3.57
Cn

then Cy=12.8pF and C,,=45.7pF.

4.3 RC phase-shift oscillator

In order to obtain oscillation at audio frequencies from LC
oscillators the component values have to be very large, which may be rather
inconvenient for most applications. On the other hand RC oscillators use
resistors and capacitors of acceptable sizes to produce the required phase
shift at very low frequencies. Figure 4.5(a) shows a simple circuit which
satisfies the conditions for oscillation. The transistor Q, together with R,
Rg, R;, R, and Cg form the forward amplifier. The voltage divider formed
by R, and R, supplies the forward bias to the base of the transistor Q,. The
oscillator output from the collector of the transistor is fed back to the base
of the transistor via the RC network. The forward amplifier causes a 180°

Fig. 4.5. (a) The RC phase-shift oscillator and

+ Ve

(@)
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Fig. 4.5(b) RC network.
C C
/i

BEL

()

phase shift to the input signal applied to it and the phase shift network
provides another 180° phase shift at the frequency of oscillation thus
fulfilling the phase shift condition for oscillation.

By making all the resistors equal to R and the capacitors to C in the RC
network, which has been shown separately in Fig. 4.5(b) for convenience,
we may write,

1
jw—CII+R(Il—12)=Vo 3

1
R(I,—1,)+ —I,+R(U,—1,)=0
(2 1 ch 2 (2 3) > (49)

1
R(I,—1 ——I,;+RI,;=0
(s 2)+j(1)C 3t Rl

—RI3= Vf

J

Say a=1/wCR, then the expressions (4.9) can be rewritten as
—jal,+1,~1,=V, R
I,—I,—jal,+1,—15=0
I;—1,—jal;+1,=0
—I,=V{/R

(4.10)

From the expressions (4.10) it can be shown that

Vi _ ! (4.11)

V, —145a*+j(60—a?) '
The ratio is the feedback fraction f§ of the RC network. Since the phase shift
due to this network should be 180°, f must be real. In other words the

imaginary part of the denominator must be equal to zero. So we may say,

6a—a3=0

or

1=/6 (@.12)
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or
wCR= 1/\/6
1
f= 2n,/6RC

4.13)
Now substituting the value of « from (4.12) into (4.11),

B=V/Vo=1/(—1+5x6)=1/29

4.14)
In order to satisfy the magnitude condition for oscillation |4 =1, it is

therefore required that |4| should be at least 29.
Worked example 4.4

Design an RC phase-shift oscillator to operate at a frequency of
250 Hz.

Solution

From (4.13)
f=1/2n/6RC

Let C be 1 uF, then R=1/21fx 107 x /6 =259 Q.

*Now from (4.14) B=1/29, so the gain of the forward amplifier has to be
atleast 29. Let us use an operational amplifier as the active device instead of
the transistor as shown in Fig. ex.4.4. The gain is given by,

R,/R, =29

If we choose R, to be 10kQ to prevent R, from loading the R of the RC
network then R, =29 x 10 x 10> =290kQ.

Fig. ex.4.4
Ry
c ¢ C R
——o Output
R R R’

<

*

Since 259 Q would cause high currents from the op.amp. let us use 100 nF
and 2.59kQ for C and R respectively.
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The value of the last resistor of the RC network has to be recalculated so
that this in parallel with R, gives the required value of 2.59 kQ for exact
oscillation frequency. Say it is R’ then

R x10x 103

R+ 10x10° ~29x10°

therefore

R'=3.5kQ

4.4 Wien-bridge oscillator

The Wien-bridge oscillator is another type of RC feedback
oscillator. It is very popular and most often uses an operational amplifier
for the forward amplification as shown in Fig. 4.6. Resistors R; and R,
connected to the inverting input terminal of the operational amplifier
determine the gain of the amplifier and are selected so that the magnitude of
the loop gain is unity. The parallel combination of C, and R, and the series
combination of Cy and Ry form the feedback network which is connected to
the noninverting terminal of the operational amplifier. This positive
feedback gives rise to the oscillation. In order to determine the frequency of
oscillation let us first find the feedback fraction B. From Fig. 4.6 we may
write

B=Z\[(Zp+Zy) (4.15)
R, x X L
A7 joC, A7 joC, 1
1 B SoC
Ro+- ot

R
JoC, AT JoCy

_ R, A R
14jwCsR,/ \1+joC, R, '~ ° " jwCy

_ joR,Cy

" jwCgR,+ (1+jwC AR )jwCgRg + (1 +jwC AR )

Fig. 4.6. The Wien-bridge oscillator.

p———o Output
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_ wR,Cy
"~ wCgRA+ wCyRy+ wC R, +j(@?CoRACxRg—1)
In order to meet the phase shift condition for oscillation f§ should be a real

quantity. Therefore the imaginary part of the denominator of (4.16) must be
zero. So we have

@?CACyRARy—1=0

(4.16)

or

1
~ CACyRARy

(1)2

In practice we make R,=Rg=R and C,=Cyz=C.
Thus the frequency of ‘oscillation becomes
f=1/2RC (4.17)
Substituting the value of f from (4.17) into (4.16) we get

B=1/3

Another condition to allow oscillation to occur is to make the magnitude of
the loop gain unity, i.e. |48 =1. This can be achieved by making

A=1+R,/R,=3
or
R,=2R, (4.18)

Continuous variation of frequency can be achieved by varying either one of
the capacitors only or both simultaneously. The frequency range is
normally changed by switching in different values for the two identical
resistors R.

Worked example 4.5
Design a Wien bridge-oscillator that oscillates at 25kHz.

Solution
Let C,=Cg=1nF, and R,=Ry;=R. Then,

1
= 108= —
S22 A0 = R Tx 107

1
R=
2ax 1x 1079 %x25%x 10

Let R, =10kQ. Then from (4.18),

. =6.36kQ

R,=2R,=2x10x10*=20kQ
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Note: Because of the component tolerances R, is not exactly equal to Ry
and similarly C, is not exactly equal to Cy. Therefore R; should be made
adjustable so that the loop gain can be set as necessary to sustain
oscillation.

Worked example 4.6
Design a Wien-bridge oscillator which would be able to operate
over a frequency range from 500 Hz to 50 kHz.

Solution
From (4.17),

1

/= 3Re

or

1
R=
2nfC

Using the upper value of a single turn trimmer capacitor of swing 6.5 pF
to 65 pF, for the lowest frequency, i.c., S00 Hz,

1

R= =4,
27 % 500 x 65 x 10712 49MQ

When the capacitor is set at 6.5 pF the oscillator frequency will be 5kHz.
Now for the frequency range of SkHz to S0kHz,

1

R= —49
27 x 5000 x 65 x 10712 0k

At this value of R, when the capacitor is set at 6.5 pF, the oscillator
frequency will be 50kHz.

Fig. ex.4.6

20k

o f—
!
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Now for the gain assume
R, =10kQ
Then from (4.18),
R,=2x10x10*=20kQ

For a closed loop gain of 3, at 50 kHz, an operational amplifier of the 741
type may be used.

Rs and Cs are ganged resistors and capacitors. R is switched from 4.9 MQ
to 490 kQ to change from one frequency range to another and C is varied
continuously from 6.5 pF to 65pF to cover all the frequencies in these
ranges.

Amplitude stabilization of Wien-bridge oscillators

A modified Wien-bridge oscillator is shown in Fig. 4.7. This
provides a stable sinusoidal output, independent of any change in supply
voltage. The resistor R, of the circuit of Fig. 4.6 is replaced by the FET Q,.
The output is fed back to the gate of the FET after rectification and
smoothing by the diode and the combination of R and C respectively. The
dynamic resistance of the FET varies linearly with V¢ for small values of
drain-source voltage. Therefore any variation in supply voltage, which
apparently changes the output voltage, will change the dynamic resistance
of the FET thus keeping the output constant. The frequency of oscillation of
the circuit shown in Fig. 4.7 is

f=1/21x4.7x10%x 6800 x 10~ 12 =5kHz

Fig. 4.7. An amplitude stabilized Wien-bridge oscillator.

—o Output

2N4148
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Variation in frequency of the circuit shown in Fig. 4.7 has been found to be
only 0.02% with a 30% change in supply voltage.

4.5 Crystal oscillator

A crystal oscillator provides a very stable frequency output. It uses
a piece of quartz which looks like frosted glass. It is cut and polished to
vibrate at a certain frequency. Quartz has a piezoelectric effect, i.e. a strain
generates a low voltage output at the surface of the crystal. Conversely if a
voltage is applied to the quartz, it will be distorted physically. Because of
this when a quartz crystal is properly mounted deformations take place
within the crystal and an electromechanical system is formed. If a voltage is
now applied to the electrodes plated on to its opposite surfaces then the
system will vibrate at a specific resonant frequency. The resonant frequency
and the Q (f,/Af; 4p. quality factor) depend on (a) the crystal dimension, (b)
the orientation of the crystal surfaces with respect to its axes and (c) the
method of mounting the crystal. A typical frequency range is 10kHz to
30 MHz. Oscillators with very high Qs in the range 1000-100000 can be
obtained using quartz crystals.

Typical crystal length or width is 15-30mm. A typical value for the
thickness is 4 mm. The frequency of oscillation of a crystal depends on its
thickness. The thinner it is the higher the frequency of oscillation.

A crystal can be represented as shown in Fig. 4.8. L, C and R are the
analogue equivalents of the mass, the compliance and the viscous damping
factor of the mechanical system, and C’ represents the electrostatic
capacitance between the two electrodes with the crystal as a dielectric. Thus
the equivalent circuit consists of two capacitors, giving a pair of closely
spaced series and parallel resonant frequencies. R which is of the order of a
few kQ is very small compared with the reactance of the capacitor C and
inductor L whose typical values can be 0.05pF and 3H respectively.
Therefore if we ignore R the impedance of the crystal becomes a reactance
and from Fig. 4.8 we may write,

Fig. 4.8. The symbol of a_quartz crystal and its equivalent circuit.

Symbol
- 1N :
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1 1
<ij+ .—>Xf . wz—i
Y= JoC joC _ LC
B e L1 T TeC 111
JOET 6 T jeC \cTc
1
: f2—42— : 2 42
I nLC Tk
27fC’ e 1 l+i 2nfC" [ —f,2
4n’L\C C

The above expression shows that the crystal can have both series and

parallel resonance. The series resonant frequency, f,=1/2n,/(LC) and the
/1 1

parallel resonant frequency, f,=1/2n \/ [Z(E + 6)]

Figure 4.9 shows that the reactance changes rapidly with frequency.
Since the value of C’ is very much greater than C, f, is approximately equal
tof;. A typical difference between the values of f, and £, is 0.3%. In practice a
crystal works as a parallel resonant circuit, therefore operates nearer to f,
than f.

By examining Fig. 4.9 we can say that the reactance is inductive within
this frequency range. A crystal can therefore be used instead of the inductor
in a Colpitts oscillator as shown in Fig. 4.10. This circuit known as the
Pierce crystal oscillator is very popular since it provides highly stable
frequency and uses only a very few components. The circuit only oscillates
when the crystal behaves as an inductor and hence the oscillation frequency
has to lie somewhere between f, and f,. The crystals available on the market
have frequencies typically in the range from 32.768 kHz to 20.0 MHz. Their

Fig. 4.9. Reactance versus frequency characteristic of a quartz crystal.
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Fig. 4.10. The Pierce crystal oscillator.
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typical tolerance at 25°C is 20 ppm and temperature stability is 50 ppm
within the temperature range of — 10 °C—+ 60 °C. Doublers and triplers are
used to double or triple the frequency of a crystal oscillator output. Again
digital counters can be used to divide the frequencies in order to obtain
lower values of frequencies.

Worked example 4.7

A quartz crystal used in a Colpitts oscillator has the following
parameters: L=3.3H, C=0.065pF, R=10kQ and C'=4 pF. What is the
frequency at which the oscillator will operate?

Solution

The resistance R is low compared to the reactance at RF and we
may ignore it. The series resonant frequency,

1

}= tmgizo)

1
T 21 /(33x0.065x 107 12)

=344kHz




Summary 167

The parallel resonant frequency,

f_1 1 1+1

P L\C C

RN B WO B
T 2n+[3.310.065x10712 T 4x 10712

=347 kHz.

The oscillator will operate at a frequency within the range 344 to
347kHz, the percentage difference being 337 x 100=0.8%.

Summary

1. A feedback circuit produces oscillations provided the magni-
tude of the loop gain is at least unity and the phase shift of the loop gain is of
a multiple of 360° at the frequency of oscillation. The conditions are known
as the Barkhausen criterion.

2. LC oscillators provide radio frequencies needed for radio receivers
and transmitters. They oscillate at the resonant frequency of the LC tuned
circuit. Hartley and Colpitts oscillators are popular LC oscillators. In the
former one a tapped coil is used in the tuning circuit to provide the feedback
voltage from the output phase-shifted by 180°. This phase shift and the
phase shift due to the forward amplifier produces a total phase shift of 360°
or 0. The frequency range for this type of oscillator is from 100 kHz to a few
MHz. In Colpitts oscillators capacitive feedback is used. It operates at low
radio frequencies and also in the VHF band up to 300 MHz. The frequency
of oscillation is given by 1/[27,/(LC)].

3. RC phase shift oscillators operate at audio frequencies. An RC ladder
network is used in order to obtain 180° phase shift. The frequency of
oscillation is 1/[2n,/6RC]. The feedback fraction for this circuit is 1/29,
therefore, in order to satisfy the magnitude condition of oscillations the
gain of the forward amplifier has to be at least 29.

4. A Wien-bridge oscillator can provide a wide range of low frequencies
using variable resistors and capacitors in the feedback path. Most often an
operational amplifier is used for the forward amplification. The amplitude
stabilization of Wien-bridge oscillator outputs has been discussed in this
chapter.

5. Very stable frequency is obtained from a crystal oscillator. It uses a
quartz crystal which has piezoelectric properties, and oscillates at the same
frequency as the frequency of vibration of the quartz crystal. If necessary,
frequencies can be increased by using doublers and triplers, or reduced with
the help of divider circuits.
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Problems

4.1. The gain of the forward amplifier, 4 in the circuit of Fig. 4.1 is
—107/jo. If the circuit oscillates at 1 kHz find the feedback fraction g.

4.2. In the circuit of Fig. 4.1, the gain of the forward amplifier is given by
A= —4x107/jw. If the feedback fraction 8 is 3.2 x 10%/(4 x 10° +jw)? will
the circuit oscillate? If so, what is the frequency of oscillation?

4.3. The Hartley oscillator shown in Fig. 4.3 has Ly=3mH and
Ly=35uH. Determine the range of capacitance values for the variable

capacitor C for the case where the frequency of oscillation is varied between
47kHz and 2.5 MHz.

4.4. The Hartley oscillator shown in Fig. 4.3 has a fixed capacitance of
2 pF. What will be the value of centre-tapped inductor to make the circuit
oscillate at 3.7kHz?

4.5. A Colpitts oscillator is designed with Cy,=4.7 nF and C =100 pF and
a variable inductor. Determine the range of inductance values if the
frequency of oscillation is to vary between 47 kHz and 2.5 MHz.

4.6. The transistor in the Colpitts oscillator of Fig. 4.4 has a mutual
conductance of 3 x 1073 siemens, a base-emitter resistance of 1kQ, a base
spreading resistance of 75Q and an output impedance equal to 12kQ.
Given: R;//R,=14kQ, L=2mH, Cy=75pF and Cy=22pF, find the
frequency at which the circuit oscillates.

4.7. Design an RC phase-shift oscillator incorporating an operational
amplifier to operate at a frequency of 1.5kHz.

4.8. Design a Wien-bridge oscillator incorporating an operational
amplifier to operate at 20.5kHz.

4.9. Design a Wien-bridge oscillator which would be able to oscillate over
a range of frequencies from 950 Hz to 20.5kHz.

4.10. A quartz crystal used in a Colpitts oscillator has the following
parameters: L=2.5H,C=0.047pF, R=15kQand C'=6.8 pF. Whatis the
range of frequencies over which the oscillator operates?
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Phase-locked loops

Objectives
At the end of the study of this chapter a student should be:

1. familiar with three basic functional blocks of a phase-locked loop

2. familiar with the principle of operation of a phase-locked loop as a
whole

3. able to determine important PLL parameters such as lock range
and acquisition range

4. familiar with typical applications, both in electro-mechanical and
telecommunication systems.

The phase-locked loop (PLL) s a very useful and versatile building block
in the frequency domain. It is available from manufacturers as a single
integrated circuit. It helps to synchronise the output signal of an oscillator
with a reference signal in both frequency and phase. While synchronised in
frequency, the phase difference between the output signal and the input
signal is zero, or very small. It works in much the same way as a general
feedback loop which acts in most control systems, e.g., electronic,
mechanical, as shown in Fig. 5.1. Here the input is a function of the desired
output. If the output is different from the desired value, the mixer produces
an error signal which is then amplified and corrects the output. Although its
concept has been known since 1932, its application was restricted until the
1960s, when it first became available in an integrated circuit form.

Fig. 5.1. A general feedback loop.
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Fig. 5.2. Components of phase-locked loops.
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5.1 Components of phase-locked loops

The PLL contains a phase detector, a low-pass filter and a voltage-
controlled oscillator in an arrangement as shown in Fig. 5.2. It is similar to
the general feedback loop shown in Fig. 5.1. The PLL makes w,, the
frequency of the output signal v, of the voltage-controlled oscillator equal
to w,, the frequency of the reference signal v,, by negative feedback under
steady state conditions. Note: frequencies will be specified in rads~! for
convenience in this chapter. If the frequencies are not the same then the
voltage output of the low-pass filter acts on the voltage-controlled
oscillator so that the frequencies become identical. Once the two frequ-
encies are made equal, the error signal from the phase detector becomes a
function of the phase difference between the two signals, and the phase
difference is then controlled.

5.1.1 Phase detector

Various circuits can be used to build a phase detector. The one we
will discuss here is an analogue multiplier that forms the product of two
input signals. One of these signals is the reference signal and the other is the
output of a limiter circuit into which the output of the voitage-controlled
oscillator is fed. Figure 5.3(a) shows the block diagram of the phase
detector. Let us consider that the reference signal is given by

v, =V, sin(wg + @) (5.1)
and the output of the voltage-controlled oscillator is given by
v,=V,sinwgt (5.2)

where w, is the frequency in rad/s under steady state condition (i.e. the
frequency of the reference signal, @, =the frequency of the output signal
from the VCO, w,=w,) and ¢ is the phase difference between the two
signals.
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Fig. 5.3. (a) Block diagram of a phase detector and (b) the input and
output voltage waveforms of a limiter circuit.
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A comparator with clamping diodes at the output and the reference
terminal connected to zero may be used as the limiter circuit yielding an
output of +1V whenv,>0,and —1V when v, <0. Figure 5.3(b) shows the
input and output voltages v, and v, respectively of such a circuit. Thus v,’ is
a square wave with an amplitude of 2 V and can be expressed in a Fourier
series as follows,

v, =2x%x2/n-sinwt+2x2/3n-sin3wt+ ... (5.3)

Since the phase detector is followed by a low-pass filter which will attenuate
all the terms with higher harmonics than the fundamental, for simplicity we
may write (5.3) as,

v, =4/n-sinwgt (5.4)

The reference signal v, and the limiter output v,’ are put into the multiplier
and thus the output of the phase detector is given by

vy =K 0,0, (5.5)

where K, is the multiplier constant.
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Substitution of the values of v, and v,’ from (5.1) and (5.4) into (5.5)
yields

. 4 .
vy’ =K,V sin(wt+¢)- - sin wt
2. .
=K.V, ;[2 sin(wyt + @) sin wt]

=KmV1%[cos¢—cos(2wst+¢)] (5.6)

Therefore if the peak value of the reference voltage is constant then the
multiplier output can be made proportional to the cosine function of ¢
provided the higher frequency term cos 2wt + ¢) s filtered out with the aid
of a low-pass filter.

The conversion gain of a phase detector is the ratio of the change in the
magnitude of its output to the change in the phase difference between the
two inputs, and therefore, it is expressed in volts rad ~*.

5.1.2 Low-pass filter
The performance of a phase-locked loop is influenced not only by

the type of phase detector used, but also — to a certain extent — by the type of
the low-pass filter. Although there are different kinds of analogue filters
available, both active and passive, a simple RC first-order low-pass passive
filter as shown in Fig. 5.4 will be considered here because this type is quite
suitable for most applications.

The output of the phase detector v, is fed to the filter whose output v, can
now be expressed as

1
S eC .t
= P, =
° 1 %~ 1+jwCR™
R+ —
JoC

v, v,

Jo G -G

Fig. 5.4. A first-order low-pass passive filter.

5.7

’ [———
Uy Vo
R 4L

-[c




Components of phase-locked loops 173

From (5.7) we may observe that the cutoff frequency w, pr is equal to 1/CR.
The values of C and R should be chosen so that w, pg is considerably less
than 2w,, thus enabling the filter to attenuate the higher frequency
component, cos(2w.t+¢) of v, in accordance with (5.7). For the low
frequency component of the voltage v,, w=¢, and since ¢ < w, (5.7) yields,

V=0, (5.8)
Substituting for v,’ from (5.6) into (5.8) we obtain
vo=K,Vi2/n-cos¢p=V,cos ¢ (5.9)

where V, =k, V 2/n.
The output of the low-pass filter is therefore a cosine function with a peak
value of V', which is, in turn, proportional to the input signal amplitude V.

5.1.3 Voltage controlled oscillator

The voltage controlled oscillator is an essential part of a phase-
locked loop. It may generate either sinusoidal or square waves. Earlier we
assumed a sinusoidal function for v,, the output of the VCO. Here we will
consider an astable multivibrator as shown in Fig. 5.5(a) whose frequency
of oscillations can be controlled by a d.c. input, in this case, the output of
the low-pass filter. In the absence of any input, the oscillator runs at a free-
running frequency w, as shown in the dynamic curve of the VCO in Fig.
5.5(b). As the output voltage of the low-pass filter v, increases, the coupling
capacitors charge up more rapidly and the frequency of oscillations w,
increases; again with the reduction in the output voltage of the filter w,
drops. The VCO works over a limited range and its transfer curve is

Fig. 5.5. (a) A voitage controlled oscillator circuit and (b) its dynamic

curve.
Input v .
+Vee
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v 0
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approximately linear. We may express the relationship between the
oscillatory frequency and the d.c. input to the voltage controlled oscillator
as follows:

w2=w0+chovo (510)

where K, is the gain of conversion of the VCO and its unitis rad V™ !. The
output of the voltage controlled oscillator, v, is fed to the phase detector to
complete the loop.

This particular circuit is linear over a small range and therefore, if
necessary, a more sophisticated circuit may be used. In integrated circuit
form some PLLs include a VCO such as type NES6S, but it is common
practice to use a separate VCO integrated circuit chip such as type 4024
with a phase detector type 4044 to form a phase-locked loop.

A current controlled oscillator is used in some PLLs instead of the VCO.
In these cases the input signal is obtained from a current controlled source
rather than a voltage controlled source.

The conversion gain of a VCO is the ratio of the output frequency change
to the input magnitude change and is expressed in rad V™!, In the case of

current-controlled oscillators the unit is radamp ™.

5.2 Principles of operation

The plot of the output of a low-pass filter versus the phase
difference between the input signal frequency and the oscillator frequency is
shown in Fig. 5.6. It can be noted that the low-pass filter output is zero
when the phase difference is +90°. It can also be observed that the former
has its maximum value when there is no phase difference between the
signals. Let us consider that the reference signal frequency and the

Fig. 5.6. Filter output vs. phase difference between the input signal
frequency and the oscillatory frequency.

vo =V cos ¢, volt

90
Vo=Kn Vi = \\.‘ Non-zero value to correct @,
V1 l\ \\ /
T / 11 (180 — ¢, degree

PLL works in this _l ‘.‘

linear region under Ad
steady state condition.
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oscillator frequency are perfectly synchronised with the free-running
frequency of the VCO. This will make the output of the low-pass filter zero.
So we may write

v,=V,cosp=0
or,
¢ =90°

Hence a PLL normally operates in the region where the phase difference is
90°. This region may be considered to be linear. If the frequency of the
reference signal w, now changes from «, then, v, will adjust and settle to a
non-zero value thus making w, equal to the new value of w, and
maintaining the frequency lock. It can be observed from the figure that ¢
will be shifted by an amount, A¢, from the reference phase angle of 90°. We
may redefine ¢ as ¢ =90° + A¢ for simplicity and the output voltage then
becomes

2
vo=KnV—cos 00" +A¢)= —K, V%(sin Ad) (5.11)

Thus v, becomes a negative sine function. Figure 5.7 shows the time
waveforms of v, for small and large input signals. Let us first consider the
case when the input signal frequency o, is equal to the VCO output signal
frequency w,. v, is negligible for both small and large input signals when

Fig. 5.7. Time waveforms of filter output for small and large input
signals and also small and large phase differences.

vg Yo
o = p .
A¢g=0° ¢ 0
vo Vg
W, =W, 0 ! 0 !
Ap = 90°
vy Vg
o # t /\ t
Ag =Aar O _ 0
Aw@is small \_/
o % Vo v
A¢ = Awt
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Fig. 5.8. A plot of filter output as a function of phase difference.

vg, volt

+Kn V| 3 _—
T

90

—90 ) A¢. degree

—_— KV 2
Fis

A¢ ~0, but, obviously, has a finite d.c. value when A¢ #0. The magnitude
of the d.c. voltage depends on the input signal magnitude V', and A¢.

Now suppose @, is not equal to w,, then A¢ is proportional to the
difference between the input signal frequency and the oscillator frequency
(A¢p=(w, —w,)t) and v, becomes a sinusoidal quantity whose magnitude
and frequency depend on V, and A¢ respectively.

A plot of v, as a function of A¢ is shown in Fig. 5.8. Since a PLL normally
operates in the linear region (i.e., around A¢ =0°) we may write,

vo=slope at 0° x A¢

do, d < 2. >‘><Ad>
= xAp=——| —K_,V,—sinA¢
dA¢ [A¢=0 dA¢ 'n Adp=0
2 2
= KoV =c0s Adlap=0 X Ap=—K,V, A (5.12)

Therefore when @, and w, are synchronised, the output of the VCO is
proportional to any shift in phase difference.

5.2.1 Lock range (w,)

The useful frequency range over which a PLL can track an input
signal is called the lock range or tracking range. A PLL can only stay locked
onto an incoming signal of frequency w, over a finite range, as shown in
Fig. 5.8, i.e., from A= —90° to A¢ = +90°. It can be observed from the
illustration that at A¢p = —90°, v, is maximum and is given by

Vomax) = Km2V /7 (5.13)
and at A¢p=90°, v, is minimum and given by

Vomim = — Km2V1/m. (5.14)
Under steady-state or locked condition

w1=w2=wO+KVC000 (515)
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By observing (5.13) and (5.15) we may say that the maximum value of the
frequency an input signal may have in order to stay in the locked condition,
is given by

O1(max) = Do + Kycoloman = Do + KycoKml Vi /7 (5.16)

Similarly, the minimum frequency an incoming signal may have in order to
stay in the locked condition, is given by

O 1 (miny = Do + Kvcolominy = ©o — KvcoKm2V1/n (5.17)
Therefore, according to the definition, the lock range of the PLL is,
4
W, = Wy max) ~ Dimin) = 2KycoKm2Vy/n =; ‘KycoKnV (5.18)

By observing (5.18) we can say that the lock range is determined primarily
by the maximum frequency swing possible in the voltage-controlled
oscillator.

5.2.2 Acquisition range

The frequency range over which a PLL can acquire an input signal
is denoted as the acquisition range or capture range. It is limited to a value
less than the lock range. Let us consider an input signal whose frequency w,
varies with time as shown in Fig. 5.9. The oscillator frequency tracks the
incoming signal frequency as long as the latter is within the lock range w, ,
however, as soon as the incoming signal frequency drifts outside the lock
range the oscillator frequency w, fails to track it further and settles down to
Wy, the free-running frequency of the oscillator. Thus the PLL becomes
unlocked and we may consider that the link between the VCO and the LPF

Fig. 5.9. Operation of a phase-locked loop over a period of time
during which the input signal frequency varies significantly.
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Fig. 5.10. The phase-locked loop may be assumed to be broken when
the input signal frequency is outside the lock range.

o] PD
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LPF j—-—«» vo
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]

v (g rad sh
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p

is broken as shown in Fig. 5.10. The output of the phase detector due to the
input signal, V), sin w,t, and the oscillator signal, 4/7 sin wyt, is then given
by

. 4 .
vy =K,V sinw,t —sinw,t
T

=K V1(2/n){cos(w; — wy)t —cos(w +wy )t} (5.19)

When the signal v, passes through the LPF the higher frequency term is
attenuated yielding,

vo=K,V(2/n)cos (0, —wo)t =K, V,(2/n)cos Awt (5.20)

where @, —w,=Aw.

Since w, # w,, ¢ does not exist.

Assuming that the LPF has a cutoff frequency w pr we may write the
peak value of v, as,

1
\/[1 + (Aw/wypp)*]

Now let us consider that the input signal frequency drifts back towards
the lock range. As it approaches the lock range Aw becomes smaller thus
making V,, larger. The output of the LPF sinusoidally modulate (frequ-
ency modulation) the VCO output according to (5.10). The acquisition
begins when the input signal frequency becomes equal to either w, .y, in
the case of drifting back from outside the upper limit of the lock range, or
®3(min)- 1N the case of drifting back from outside the lower limit of the lock
range. We may now rightly assume that the link between the VCO and the
LPF has been reestablished. By using 5.10 we may find the expressions for
®2(max) 80d ©3(min) as follows,

Voo=KunV,2/r

(5.21)

®2(many=Wo + KycoVop
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and
O 2(min) = Do — KvcoVop (5.22)

The difference between these two limits of the oscillator frequency must give
the acquisition range which can be expressed as,

wAQ = C02(max) - a)Z(min) = 2I<VCO Vop

4 L , (5.23)

R e
1+
Wrpr

4
Since ;K\,(X)K,,[,Vl:a)L and Aw=wm,qo/2 when the acquisition begins,

(5.22) can be rewritten as

Oy,

TG

Equation (5.24) shows that the acquisition range for a particular lock range
is set by the LPF cutoff frequency w;pr = 1/CR. As the output of the LPF
brings the oscillator frequency closer to the input signal frequency, the error
signal frequency at the output of the phase detector varies more slowly as
shown in Fig. 5.11 and we have asymmetrical error waveforms during
acquisition. It produces a non-zero average, i.e. a d.c. component at the
LPF output which gradually shifts the oscillator frequency toward the
input signal frequency until the PLL is locked. The time required for the
PLL to capture the input signal is known as the acquisition or pull-in time
as shown in Fig. 5.9.

(5.24)

Fig. 5.11. Phase detector output as the input signal frequency
traverses from outside the lock range to inside the acquisition range.

v A

Acquisition Lock
begins occurs
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5.2.3 ‘No-lock’ conditions and remedies

A lock cannot be established if the input signal magnitude is too
small to drive the VCO in order to produce the necessary deviation in the
oscillation frequency, or the input signal frequency is beyond the dynamic
range of the VCO. In order to obtain a lock, in the former case, V', should
be increased internally by employing an additional amplifier in the loop’
preferably after the LPF or, by adjusting upward the response of the LPF.
An amplifier external to the loop may also be used to increase the
magnitude of V. Next, considering frequency, the free-running frequency
of the VCO should be shifted closer to the input signal frequency by
adjusting the values of components of the VCO so that the maximum
possible frequency swing of the voltage controlled oscillator can embrace
the input signal frequency.

Worked example 5.1

A phase-locked loop comprises (a) 2 phase detector with an output
voltage equal to 0.0318[cos ¢ —cos (2wt + ¢)] for an input signal having a
magnitude of 0.05 V, (b) a simple low-pass filter having a cutoff frequency of
750 Hz and (c) a voltage controlled oscillator with a free-running frequency
of 1.5 x 10° Hz and a conversion gain of 1.5 x 10* HzV ~!. Calculate (i) the
lock range, (ii) the acquisition range and (iii) the steady-state phase error if
the input signal has a frequency of 1.5015 x 10° Hz.

Solution
Comparing (5.6) with the given output voltage of the phase
detector, we get,

K.V, 2200318
n

or
_00318xm
™ 2x0.05
From (5.18)
4

Wy = ;Kvaco Vi

4
= x 1x1.5%10*x 27 x0.05=6000rads ™!
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From (5.24)

Wy,
W= o 2
20y pp

a 2 2 2002
Waq” T40 pr"Wag* — 4w pr@ * =0

or

The above is a quadratic equation for w,q?. So solving for w,q? yields,

2 ‘_4(L)LPF2 i\/(l6wLpF4 +4 x 4 x wLpFZwLZ)
wAQ = 2

= —4(750 x 2m)? +/16(750 x 27)*

+4 x4 x (750 x 21)? x (6000)?
2

= +27.8x10° or —116 x 10°
taking the positive value for the solution,
Wae=5273rads ™!

From (5.11) the steady state error

7
Ap=sin'| ————
¢ =sin ( KV, vo> (a)
but
by 22720
Kvco

from (5.10). At steady state
@y =W,
sO

b @1— @ _ 27(1.5015—1.5) x 10°
7 Kyeo  2mx1.5x10*

=0.01 volt

Substituting this value into (a) above

L mx00 N
Ag=sin ( Ix1x005) = 18
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Worked example 5.2

Data for the phase-locked loop in Fig. 5.2 is:
7

Km=5, wo=10%rads*

w,=11x10%rads™ !, w, pp=10rads !

KVC0= 105 ra.ds_1 V—l

(i) The amplitude of the input signal V/, is relatively strong initially, then it
gradually fades to zero, and after a while it returns to full strength again. At
what values of ¥, is lock lost and then regained?

(ii)) Under steady state, calculate v, and the phase error if the input signal
has a magnitude of 10V.

Solution
Figure 5.9 shows that the lock is lost when w, —w, is about to

become larger than %, i.e., from the point of view of V|, when ¥V, is small

)
enough to make w, —w,= 7’“

4
From (5.18), o, = ;KmKVCOV1 or

_ mop X 2{w;—w,)
B 4I<mI(VCO B 4KmKVCO
_mx2(L.1-1)x10°

T 4xn/2x10°

Vi

=1volt

Therefore at ¥, =1 volt, the lock is lost.
Again Fig. 5.9 shows that the lock is reacquired when V', becomes large
enough to make

W p,
W, — W= —AQ

2
or
Waq=2(@; —wo)=2(1.1— 1) x 10
=2x10%rads™!
but according to (5.24)
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@y Wy Wy,

(1)) = = [ ——
Ao S S AN EEI AN
ZCULPF 2x 105

0L =/2040=1/2%2x10°=28x 10°rads

SO

Now with the help of (5.18) we can find the corresponding input voltage as
follows:

oy nx2.8x10°

V = =
V4K, Kyeo 4xm2x10°

=1.414 volts

Therefore the lock is regained when V| becomes equal to 1.414 volts. Under
steady state

W =w; =0+ Kycolp
or

0, —wo (L.1—1)x 10°
= = =1 volt
Vo KVCO 105 voO

From (5.11) the steady state error

e

Ap=sin"1—
¢ =sin KV,

Now substituting for v, we have

ax1 N 1
X _gin Tl — =57
2xa2zx10 o T 10

A¢=sin~!
5.3 Applications

DC motor speed control

Many electro-mechanical systems, such as magnetic tape drives,
require precise speed control, particularly during start and stop operations.
This can be achieved by incorporating the motor within a phase-locked
loop as shown in Fig. 5.12. When the motor rotates, the tachogenerator
produces an a.c. signal whose frequency, w, is proportional to the speed of
the motor. This signal is then fed to the phase detector together with the
control signal with a frequency w, where w, is proportional to the desired
speed of the motor. The phase-locked loop detects any difference between
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Fig. 5.12. Control of motor speed with the help of a phase locked
loop.

PD LPF AMP

Uy

(@ rad s7') r — - T =7

[
Tachogenerator

| = -+— Corresponds
to VCO

v, (@ rad s")ll_ ______ J

@, = desired rotation speed

o, and w, and drives the motor so that there is a cycle-for-cycle correlation
between the control frequency and the speed of the motor.

A slotted opto-switch comprising an infra-red source and sensor may be
used in order to obtain an a.c. signal proportional to the speed of the motor.
In this case a low-inertia disc with evenly spaced holes along its
circumference is mounted on the shaft of the motor as shown in Fig. 5.13.
The switch is so placed that the edge of the disc passes through the slots and
the holes are aligned with the path of the infra-red beam. As the disc rotates
the disc-holes combination alternately breaks and transmits the infra-red
beam, and produces a train of pulses whose frequency is directly
proportional to the speed of the motor. A Schmitt trigger is commonly used
after this stage to obtain a clean square wave, the frequency of which is then
compared with the desired frequency of the input signal in the phase
detector. Any difference between these frequencies gives an error signal
which after filtering yields a d.c. voltage. The latter is amplified to boost the
power for the motor so that the speed can be corrected. Eventually the
system settles at zero-velocity error.

The accuracy of this system depends mainly on the quality of the device
which converts the speed of the motor into an a.c. signal. With the help of a
microprocessor and a suitable program a system can be set up so that a

Fig. 5.13. A slotted opto-switch.
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Fig. 5.14. Block diagram of a frequency synthesizer.

fro—— 1N PD LPF
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crystal
oscillator)

VCO

= fm

motor can be run at several speeds during different time intervals over a
period of time.

Frequency synthesizer

Frequency synthesizer is another important application of the
PLL. Discrete frequencies can be generated from a single stable source,
these being fractional multiples of the frequency of the source. Figure 5.14
shows a block diagram of a frequency synthesizer. Here a quartz crystal
osillator has been used as the reference source. Its frequency is divided by N
with the help of a divide-by-counter, before the signal is fed to the phase
detector. It is compared with the fractional multiple of the output signal
frequency which is obtained by dividing the output frequency by another
divide-by-counter. In this case the output of the VCO is the output of the
synthesizer. Under steady state conditions the frequencies of the two inputs
to the phase detectors must be the same, i.e.

fo o
N M
or,
M
f;)ut = 'ﬁfk

we may obtain various frequencies by varying N in powers of 10 and M in
steps of 1. In order to obtain a frequency multiplier (integral), we set N =1,
in other words, we feed the input straight to the phase detector. With the
help of a computer the values of M and N can be chosen and using
programmable counters any of a large number of frequencies fractionally
related to fy can be synthesized, each having the stability of the single
reference source. Frequency synthesizers are used in FM radios and TV
receivers. Crystal oscillators, in the range of 1-10 MHz are commonly used
as the reference source.
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Fig. 5.15. Block diagram of a frequency modulator.

D.C. biase——— PD

Modulated signal

Modulating veo
signal

Frequency modulator and demodulator

The PLL is inherently a frequency modulator or demodulator. In
order to generate a frequency modulated signal, part of a phase-locked loop
may be used. In this case, the free-running frequency of the voltage
controlled oscillator is the carrier frequency. The modulating signal is
encoded on to the carrier as shown in Fig. 5.15. Here the VCO acts as a
frequency modulator and the phase detector as a buffer amplifier. The value
of the d.c. bias determines the gain of the amplifier.

One of the methods of recovering the modulating signal from the
modulated signal using a phase-locked loop is shown in Fig. 5.16. Here the
PLL is brought into lock with the input signal according to the PLL
dynamics already discussed. Thus the control voltage of the VCO is the
desired demodulated signal. The cutoff frequency of the LPF should be
close to the range of the frequency of the demodulated signal.

Fig. 5.16. Block diagram of a frequency demodulator.

FM
modulated PD LPF
signal

Demodulated
signal

VvCO

AM detector

A synchronous amplitude-modulator detector can be designed
using phase-locked loops as illustrated in Fig. 5.17. The synchronous
detection needs a reference signal whose frequency and phase are identical
to those of the amplitude modulated signal. The first PLL is used to obtain
the required reference signal. It locks onto the carrier frequency of the
modulated signal. Its output has an inherent 90° phase-shift with respect to
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Fig. 5.17. Block diagram of an amplitude modulation detector circuit.
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PLL 1

the input as discussed in the theory of PLLs in Section 5.2. In order to
ensure that both inputs to the phase detector of the second PLL are in
phase, so that no phase errors occur, an intentional 90° phase-shift is
provided to the AM input before being inputted to the second PLL. The
phase detector of the second PLL multiplies the two inputs. The low-pass
filter removes the sum frequency component from the output of the phase
detector and the difference frequency component remains as the de-
modulated AM signal. Thus a signal directly proportional to the amplitude
of the input signal is obtained as shown in Fig. 5.18. Note that only the
phase detector and the LPF of the second PLL has been used and the loop
need not be completed. AM detection with PLLs offer a higher degree of
noise immunity than can be obtained by using conventional peak detector
type AM detectors.

The RS NES565 Phase-Locked Loop is a self-contained, adaptable filter
and demodulator for the frequency range from 0.001 Hz to 500 kHz. The
circuit comprises a phase comparator, an amplifier, a low-pass filter and a

Fig. 5.18. Time waveforms at various stages of the amplitude
modulation detector circuit.
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Fig. 5.19. Block diagram of phase locked loop type RS NES65.
(RS Components Ltd.)
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Fig. 5.20. VCO characteristics of the PLL type RS NES565.
(RS Components Ltd.)
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Fig. 5.21. Lock range as a function of input voltage for the PLL type
RS NES565. (RS Components Ltd.)
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voltage-controlled oscillator of exceptional stability and linearity as shown
in schematic form in Fig. 5.19. The free-running frequency of the VCO can
be adjusted externally with a resistor or a capacitor. The low-pass filter,
which determines the acquisition characteristics of the PLL, is formed by
an internal resistor and an external capacitor. Typical performance
characteristics are shown in Figs. 5.20 and 5.21.

Summary

4 1. Phase-locked loops are available in integrated circuit form and
are used as versatile building blocks in the frequency-domain.
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2. The main elements of a phase-locked loop are the phase detector, the
low-pass filter and the voltage controlled oscillator. If necessary an
amplifier may be included in the loop.

3. The phase-locked loop forces the frequency of the voltage controlled
oscillator to be synchronous with the input signal frequency. Under this
(steady state) condition the output of the low-pass filter is proportional to
the phase difference between the input signal and the VCO output and thus
the phase is controlled.

4. The frequency range over which a PLL can track an input signal is
called the lock or tracking range. This range is determined by the maximum
frequency swing possible in the voltage controlled oscillator.

5. The range of input signal frequencies over which the PLL can acquire
alock from an unlocked condition is somewhat smaller than the lock range.
The time required to acquire a signal is known as pull-in or acquisition
time.

6. A lock cannot be established if (a) the input signal magnitude is too
small to produce the necessary deviation in the VCO frequency, or (b) the
input signal frequency is beyond the dynamic range of the VCO. In order to
achieve a lock, an amplification of the input signal is required in the case of
(a), and the free-running frequency of the VCO should be shifted closer to
the input signal frequency in the case of (b) by adjusting the components of
the VCO.

7. Major applications of PLLs are in the fields of motor speed control
and telecommunications.

Problems

5.1. A sinusoidal signal having a magnitude of 5 volt peak is fed
into a phase-locked loop comprising a multiplier with a constant of one and
a voltage controlled oscillator having a conversion gain of 10*rads~!' V1.
Find the lock range.

5.2. A phase-locked loop comprises (a)a multiplier with a constant of 1.54,
(b) a voltage controlled oscillator which has a frequency—voltage character-
istic given by w, =w,+ 1.1 x 10v,rad s~ ! and (c¢) a low-pass filter. Find
the lock range for the phase-locked loop if the input voltage is 1 volt.

5.3. If the low-pass filter of the phase-locked loop of Problem 5.1 has a
characteristic

. 1
G(jw)= 7
1+ =
1500

find the acquisition range of the phase-locked loop.
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5.4. The multiplier of the phase-locked loop shown in Fig. 52 has a
constant of 0.95 and the voltage controlled oscillator has a characteristic
w,=1054+10%,rads™!. The phase-locked loop is under steady state
condition when a signal with a frequency of 1.1 x 10°rads™! is fed to it.
Suppose the amplitude of the signal gradually fades to zero. Determine the
amplitude of the signal at which the lock-in is lost.

5.5. The low-pass filter of the phase-locked loop of Problem 5.1 has a
characteristic

. 1
G(jo)= ;
14+ 21—
108
If the magnitude .of the input signal is gradually decreased, the lock is lost.
Find the magnitude of the signal at which the lock would be regained?

5.6. Calculate the phase-error under steady state condition for the phase
locked loop of Problem 5.4, when the input signal is 5sin 1.1 x 10¢.

5.7. A phase-locked loop comprises (a) a phase detector with output
voltage equal to 0.0636[cos ¢ —cos (2wt + ¢)] for an input signal having a
magnitude of 0.01 volt, (b) a low-pass filter with a cutoff frequency of 1 kHz
and (c) a voltage controlled oscillator with a free-running frequency of
10° Hz and conversion gain of 10* Hz V™ !. Calculate (i) the lock range, (ii)
the acquisition range and (iii) the steady state phase-error if the input signal
has a frequency of 1.0015 x 10° Hz.

5.8. Examine whether an input signal with a frequency of 10° Hz can be
tracked by a phase-locked loop comprising a voltage controlled oscillator
which has a frequency-voltage characteristic given by

»,=10*+10%,rads !
The output of the low pass filter in this case is 4.75 volt.

5.9. For the phase-locked loop shown in Fig. P.5.9, the input voltage has a
peak value of 0.5 volt and the oscillator has a peak voltage of 1 volt. The

Fig. P.5.9
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amplifier gain is 1000. The frequency—voltage characteristic of the voltage
controlled oscillator is w, =wy+200v,. The low-pass filter is of the form
shown in the figure. Determine the lock range and the acquisition range.

5.10. Design a phase-locked loop whose acquisition range is 9kHz and
lock range is 10kHz.



6

Modulation in
communication systems

Objectives
At the end of the study of this chapter students should be:

1. familiar with radio frequency carrier waves and low frequency
information signals

2. familiar with the principles of different types of modulation

3. ableto choose a suitable method of modulation for transmission of
a particular signal.

In a communication system radio frequencies are used to carry
information which is most often of low frequencies from one place to
another mainly because of the ease with which the high frequency waves can
propagate around the world by multiple reflections from the ionosphere
and at very high frequencies antennae of modest size can form narrow
beams. Ranging from roughly 3kHz to 300 GHz radio frequencies are
widely used in telephone systems, radio and television broadcasting,
satellite communications and also in radio detection and ranging. Usually
the information is at audio frequency and is transposed onto the radio
frequency to be carried from one point to another. The process of
transposition is known as modulation. There are several ways to modulate
a radio wave. In this chapter we will discuss different types of modulators
and also demodulators. The latter are used to recover information from
modulated waves at the receiving point.

6.1 Amplitude modulation

In this type of commonly used modulator a sinusoidal carrier wave
is made to vary in amplitude in sympathy with the magnitude of the low
frequency information signal. The information signal is also called the
baseband signal or the modulating signal. Let us consider that a simple
sinusoid carrier wave c(t) of a constant amplitude A, is modulated by a
composite baseband signal m(t). The carrier wave and the baseband signal
are expressed as follows,

c(t)=A cosw.t 6.1)



Amplitude modulation 193

Fig. 6.1. Amplitude modulation.
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and
m(t)= B, cos wt+ B, cosw,t + B3 cos w;t (6.2)

where A, B,, B, and B are the peak amplitudes of the respective frequency
components, @, is the carrier frequency and w,, w, and w; are the
frequencies of the sinusoid components which make up the baseband or
modulating signal.

Figure 6.1 shows an example of amplitude modulation. It can be
observed that in accordance with the amplitude of the modulating signal
the modulated signal magnitude varies between two curves. These are
called the envelope of modulation and in fact show the shape of the
modulating signal. Let us assume that the modulated output is given by
v(t). Then it follows from the principle of amplitude modulation that

v(t)=[A.+m(t)] cos wt
= A, cosw.t+m(t) cos w.t

=A_ coswt+ B, cosw tcosw.t+ B, cosw,tcosw.t
+ B3 coswstcoswt (6.3)

Now using the trigonometric relations for the product of cosines, we have

B B
v(t)=A coswt+ 71cos(wc +w )+ ?cos(wc—a)l)t

B B
+ 2 cos(w, +wy)t+ =

3 > cos(w,—wy)t

B B
+ —;cos(wc+a)3)t+ icos(wc—a)_@)t (6.4)
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Fig. 6.2. Frequency spectra of modulating signal and amplitude
modulated signal.
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Equation (6.4) shows that the output consists of an unmodulated carrier
and two groups of frequencies each of three components symmetrically
positioned about the carrier frequency w,. The ‘sum frequency’ compo-
nents constitute the upper sideband (USB) and the group containing the
‘difference frequency’ components is called the lower sideband (LSB). The
bandwidth of the modulated signal is thus given by [(w, + w3)— (0w, — ®3)]
with a centre frequency at w.. It should be noted that information is
contained in the sideband components only. Figure 6.2 shows the
frequency spectra of the modulating signal m(¢) and the modulated signal

v(t).

Index of modulation

The index of modulation for a sinusoidal modulating signal is
given by the ratio of the maximum deviation of amplitude from the
unmodulated value to the amplitude of the unmodulated signal. For
instance if the modulating signal is B cos wt and the carrier is 4, cos w t as
shown in Fig. 6.3 then using the principle of the amplitude modulation as
before the modulated output can be given by

v(t)=(A.+ Bcoswt)cos wt= A1+ B/A,cos wt)cos w,t 6.5)

From (6.5) we observe that the index of modulation is B/A.. The percent
modulation of an amplitude modulated wave is obtained by multiplying the
index of modulation by 100. In practice modulation is maintained close to
100% thus allowing most of the baseband signal to be recovered by the
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Fig. 6.3. Index of amplitude modulation.
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detector circuit at the receiving point. However, overmodulation, i.e.
percent modulation greater than 100% switches off the carrier signal for
part of the time as shown in Fig. 6.3(c) and hence distorts the modulating
signal.

6.1.1 Modulation circuits

Modulation can be carried out at low power level or high power
level. Both methods have their own advantages and disadvantages. In the
former case relatively small modulating power is needed but the recovered
information signal may be badly distorted. In high level modulation the
baseband signal is amplified and the modulation takes place at the final
stage. The method is efficient and there is little distortion in the recovered
signal, but appreciable modulating power is necessary in order to achieve
near 100% modulation.

Figure 6.4 shows a block diagram of low level amplitude modulation. A
stable carrier frequency is provided by the oscillator which is isolated by a
buffer so that any loading effect on the stability of the oscillator frequency is
reduced. The intermediate power amplifier supplies the power gain needed

Fig. 6.4. Block diagram of low level amplitude modulation.

RF f Intermed- Final Antenna
P Buffer fata power
oscillator 1at> amp. amp,

Modulating m
signal ly




196 Modulation in communication systems

Fig. 6.5(a). A plate modulator for high power amplitude modulation.
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to drive the final power amplifier. In order to obtain highest efficiency, class
C amplifiers are used in the final stage. Figure 6.5(a) shows a plate
modulator for high power modulation. The circuit works as a class C
amplifier. The modulating voltage v, (t) appears across the secondary of
transformer T and thus is in series with the d.c. power supply V.. The
effective power supply voltage v, is then the sum of v,(t) and V.. Let us
consider that v, (t)= B cos wt, then

v.=V..+Bcoswt (6.6)

The output will be proportional to the effective power supply and since the
input is at carrier frequency we can write

vo(t)oc (V. + Bcoswt)cos w t (6.7)

where v, is the instantaneous output voltage of the modulator. Triode tubes
are used for modulation in the kilowatt range. For an output of up to 100
watts, transistors are generally used. Figure 6.5(b) shows a collector
modulator. The circuit works as a class C amplifier thus giving highest
efficiency.

Worked example 6.1

An amplitude modulated waveform has a carrier frequency of
71.867 kHz and an upper sideband which extends from 72.2kHz to 75 kHz.
What is the frequency range of the lower sideband? If the modulated
waveform has to be amplified what would be the bandwidth of the
amplifier?
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Fig. 6.5(b). A collector amplitude modulator.
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Solution
f+f1=72200 f.—f1=71867—-333=71.534kHz
f. =71867 fo—f3=71867—-3133=68.734kHz
fi= 333Hz Therefore the lower sideband ranges
fo+f,=75000 from 68.734 to 71.534kHz.
fo.  =71867 Bandwidth of the amplifier:
f3= 3133Hz 75000—68 734 =6.266 kHz.

6.1.2 Demodulation circuits

The modulated signal obtained from the antenna at the receiving
end is usually of the order of a few microvolts in magnitude and less than a
milliwatt in power. So the signal is first amplified with the help of a few
stages of tuned radiofrequency amplifiers as shown in Fig. 6.6. The diode D

Fig. 6.6. An AM demodulator circuit.

MM/\//\/




198 Modulation in communication systems

rectifies the amplified modulated signal. Assuming the diode to be ideal,
only the positive halves of the modulated signal appear at the input of the
low-pass filter as shown in the diagram. The rectified signal now contains a
d.c. component, a slowly varying component corresponding to the
modulating or baseband signal and also the carrier frequency. The low-pass
filter has a cutoff frequency much smaller than the carrier frequency, but
considerably higher than the modulating signal frequency. The diagram
does not truly demonstrate the difference between the carrier and the
modulating signal. In practice . is at least several hundred times larger
than w,, w, and w;. The low-pass filter thus filters out the carrier frequency.
Its output is then coupled to an amplifier by a capacitor which removes the
d.c. components of the demodulated signal from the input to the amplifier.

6.1.3 Frequency division multiplexing

In communication systems very often several signals are combined
together for simultaneous transmission over a single channel. This can be
achieved by sharing an allocated bandwidth between a number of
independent channels. ‘The method is known as frequency division
multiplexing (FDM). Figure 6.7(a) shows a FDM system where inputs
from 12 channels are fed to a single outgoing channel. The information
presented at various channels is amplitude modulated onto different carrier
frequencies and the modulated signals are added together to form a
composite signal which is then transmitted via a single channel. The
separation between two adjacent carrier frequencies should be large

Fig. 6.7(a). Frequency division multiplexing.
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Fig. 6.7(b). Spectral occupancy of various amplitude modulated
signals in the bandwidth (from ., to w.,,) after FDM.
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enough so that the upper sideband of one modulated signal does not
overlap with the lower sideband of another modulated signal. Since the
information can be retrieved from either of the upper and lower sidebands it
is usual practice to filter out one sideband from each modulated signal as
shown in the diagram, thus using less bandwidth per modulating signal.
Figure 6.7(b) shows the spectral occupancy of various amplitude modu-
lated signals in the bandwidth. Frequency division multiplexing is widely
used for line communications (telephone systems) and also radio systems.

Worked example 6.2

Twenty speech signals concentrated in the band 300 Hz to 3.4 kHz
are to be combined using frequency division multiplexing for transmission
over a single communication channel. Estimate the bandwidth of the
channel.

Solution
Allow a 4kHz wide sideband for each speech signal. For double
sideband transmission the channel should have:

20 x 4kHz x 2 = 160 kHz wide bandwidth

For single sideband transmission the channel should have
20 x 4kHz=80kHz wide bandwidth.

6.2 Frequency modulation

In this method of modulation the frequency of the carrier wave
changes in accordance with the amplitude of the modulating signal, but its
amplitude remains constant, which is just the opposite of what happens in
amplitude modulation. Although frequency modulation can be affected by
relatively high frequency noise it is practically free from most types of low
frequency noise which badly affects amplitude modulation.
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Fig. 6.8. Frequency modulation.
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Figure 6.8 shows how a carrier wave is frequency modulated by an
information signal. Let us suppose that the frequency of the carrier is
50kHz, then at the instant when the amplitude of the modulating signal is
zero, the modulated carrier frequency is 50kHz and hence is called the
centre frequency. With an increment of amplitude of the modulating signal
the frequency of the carrier increases. Say the carrier frequency reaches
75 kHz when the modulating signal is at its positive peak. If the modulating
signal is sinusoidal then at its negative peak the modulated signal frequency
decreases to 25kHz. Thus the frequency deviation from the centre
frequency is 25 kHz for this particular modulating signal. The amount of
deviation depends on the amplitude of the modulating signal.

The instantaneous frequency of a modulated signal is given by

w=0,+kBcoswyt (6.8)

where o, is the carrier frequency, k; is a constant which determines the
maximum frequency swing and Bcosw,t is the modulating signal. The
total deviation of the modulated signal above and below the centre
frequency is called the frequency swing. From Fig. 6.8 it can be observed
that the bandwidth required by a communication channel to pass a
frequency modulated signal is the sum of the maximum frequency swing
and twice the frequency of the modulating signal. So we may write

Bandwidth = 2[ (0 — @)y + 0p]
=2[m;+1]o, (6.9)

where m;, known as the index of modulation, is the ratio of the maximum
frequency deviation (@ — . )ma, produced by the modulating voltage B to
the modulating frequency w,,,. From (6.8) and (6.9) we may write

me= (0) - wc)max/wm = ka/wm

The above expression gives the relationship between the constant, k; and
the modulation factor, m;.
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Worked example 6.3

An FM signal has a frequency deviation of 30 kHz produced by a
3V audio signal at 3 kHz. Calculate the modulation index and the required
channel bandwidth.

Solution
O—w,
mp=———
wm
30 x 103
=3x10° 10

Bandwidth =2[m;+ 17f,,
=2[10+1]x 3 x 103
=66 kHz

6.2.1 Modulation and demodulation circuits
A modified tuned collector oscillator can be used in order to

achieve frequency modulation. The modulating signal is made to control
the inductance or effective capacitance of the resonant circuit and thereby
determine the instantaneous frequency. Figure 6.9 shows how a tuned
circuit is formed with an L and C in conjunction with a varactor diode D;.
The latter connected in paraliel with the capacitor C effectively control the
frequency of oscillations. In the absence of any input signal to the circuit the
oscillation frequency is the frequency of the transmitted carrier. However,
when an audio (modulating) signal is applied to the input the capacitance of
the varactor diode changes with its amplitude. The variation in the
capacitance changes the frequency of oscillations thus in effect modulating
the transmitted carrier.

The unmodulated resonant frequency f, of the LC circuit of Fig. 6.9 is
given by

fo=1/2n/(LC) (6.10)

Fig. 6.9. A frequency modulation circuit.

G

—]} -
1T b

Modulating / Modulated
signal D 7—C signal




202 Modulation in communication systems

If the varactor capacitance has a maximum change of +AC then
Jmin=1/20/[L(C+AC)] (6.11)

and

fmax= 1/27[\/[L(C_AC)] (612)

From (6.10) and (6.11) we find the peak frequency deviation on the lower
stde of the centre frequency as follows

fo—Fuin=fo—1/21[L(C +AC)] =f, —1/2n,/[LC(1 + AC/C)]
=/o—/o/\/I1+AC/C)]=/o—/o(1+AC/C)" "7
=fo[1—(1+AC/C)™ 1 ~f[1—(1-AC/2C)]
~foAC/2C (6.13)

Similarly, the peak frequency deviation on the upper side of the centre
frequency is,

Jrax—fo=1/27/[L(C—AC)] —fo=1/2n/[LC(1 -AC/C)] -,
=f,[(1—-AC/C)™ "2 —1]~f,[1+AC/2C—1]
~foAC/2C (6.14)

Therefore the peak frequency deviation is directly proportional to the
change in capacitance of the varactor diode, which in turn changes in
accordance with the amplitude of the modulating voltage. Now from the
definition of the frequency swing we may write

fmax '—fmin = (fmax _fO) + (fo _fmin)
Substituting from (6.13) and (6.14)

Jmax = fmin =foAC/C (6.15)

Equation (6.15) enables us to find the bandwidth of the modulated signal as
mentioned earlier in this section.

A simple demodulation circuit employing a phase-locked loop has
already been described in Chapter 5 and shown in Fig. 5.16. In order to
remove any amplitude variations on the FM signals caused by various low
frequency noises, a limiting circuit may be used preceding the FM
demodulation circuit.

6.3 Pulse modulation
In pulse modulation systems, a train of pulses is used as the carrier
to transmit a modulating signal from one point to another. The mark-
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space ratio of the pulses is considerably less than one, and this particular
characteristic of the system enables a transmitter to deliver high values of
peak power, the level of which can be several times larger than the average
output power rating of the transmitter. There are several types of pulse
modulation systems depending on the characteristics of the pulses, such as
the amplitude, frequency, spacing or width, which are made to vary in
accordance with the magnitude of the modulating signal.

Pulse amplitude modulation

Pulse amplitude modulation (PAM) is achieved by sampling the
modulating signal by a train of pulses of constant amplitude as shown in
Fig.6.10.1t can be noted that the signal is usually band limited with the help
of sharp cutoff low-pass filters before being sampled by the train of pulses in
order to avoid distortions (aliasing errors) in the recovered signals.
Shannon sampling theorem states that a band limited signal m(t) is fully
described by sampling its amplitude at a rate equal to twice the highest
frequency present in the signal. This can be easily explained with the aid of
the diagrams in Fig. 6.11 which shows a sinusoidal signal the frequency of
which we may assume to be the highest frequency appearing in a
modulating signal. In Fig. 6.11(a) the sampling points are at intervals of
greater than 1/2f,,,, and joining these points we obtain a trace which is not
at all representative of the true curve. On the other hand in Fig. 6.11(b) the
sampling points are at intervals of 1/2f,,,, and the line joining these points
produces a trace which roughly describes the sinusoid.

Fig. 6.10. Pulse amplitude modulation.
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Therefore it can be said that it is quite unnecessary to transmit a
modulating signal for all of the time, it can be present for only part of the
time as a series of pulses. The original modulating signal can be
reconstructed faithfully provided the sampling frequency is at least twice
the highest frequency present in the modulating signal. A low-pass filter
similar to one used prior to the sampling of the modulating signal can be
used at the receiving end to reconstruct the signal.

Pulse frequency modulation

As the name implies pulse frequency modulation (PFM) is
analogous to frequency modulation of a sinusoidal carrier. The repetition
frequency of fixed-amplitude pulses is made to vary in accordance with the
magnitude of the modulating signal. Figure 6.12(a) shows the form of pulse
frequency modulation. The signal can be recovered using a similar
technique to that used for frequency modulation of a sinusoidal carrier.

Pulse width modulation

In pulse width modulation (PWM) the width of the fixed-
amplitude pulses is made to vary with the modulating signal as shown in
Fig. 6.12(b). Low-pass filters can be used in this case in order to recover the
information signal by taking the average of the modulated signal.

Fig. 6.12(a). Pulse frequency modulation. (b). Pulse width
modulation. (c¢). Pulse position modulation.
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Pulse position modulation

In pulse position modulation (PPM) the pulses are of constant
width and amplitude. Each of the pulses is advanced or delayed relative to a
point within a time slot according to the amplitude of the modulating
signal. Figure 6.12(c) shows the form of this type of modulation.

6.4 Pulse coded modulation

In the last section all the different types of pulse modulation we
have discussed are analogue types, whereas pulse coded modulation is of a
digital form. At regular intervals the amplitude of the modulating signal is
sampled and then converted to a digital code made up of binary digits 0 and
1. Usually groups of four binary digits represent the amplitudes of a signal.
Thus 24 or 16 levels of amplitude can be transmitted by a serial string of
binary digits. In a group the absence of a pulse denotes binary digit 0,
whereas the presence of a pulse represents binary digit 1. Figure 6.13 shows
an example of pulse coded modulation. Since the train of pulses has only
two distinct levels of magnitude, i.e. ‘1’ and ‘0’, this system can provide
virtually error-free transmission in very noisy channels. In order to change
between analogue and digital signal, A-to-D and D-to-A converters are
used. Pulse coded modulation is widely used in transcontinental telephone
systems, where the signal is amplified many times along the way. Each time
before amplification, binary codes are reconstructed correctly, thus
avoiding any possibility of generating errors.

6.5 Time division multiplexing

In frequency division multiplexing, discussed earlier in this
chapter, an allocated bandwidth is shared by a number of independent
signals at all time. On the other hand, in time division multiplexing the
total bandwidth is available to all signals, but the time is shared by them.

Fig. 6.13. Pulse coded modulation.
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Fig. 6.14. Time division multiplexing.
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Figure 6.14 shows how a composite time division multiplexed signal for a
single channel can be obtained from four independent modulating signals
using an analogue multiplexer which can connect several input channels
sequentially onto a single channel with the help of a control circuit. The
principles of multiplexers will be discussed in detail in the next chapter.

Summary
1. Low frequency information signals are carried from one place
to another by radio frequency waves. Various types of modulation are used
to transpose low frequency information signals onto the carrier waves.
2. In amplitude modulation the amplitude of the information signal,
also called the modulating signal, determines the instantaneous amplitude
of the radio frequency carrier waves. The modulating frequency determines
the rate of amplitude changes in the carrier waves.
3. An amplitude modulated carrier has two groups of frequencies
symmetrically positioned about the carrier frequency. They are the sums
and differences of the carrier and modulating frequencies and are known as
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the upper sideband (USB) and lower sideband (LSB) respectively. Inform-
ation signals can be recovered at the receiving end from either of these
sidebands.

4. Index of modulation for amplitude modulation is defined as the ratio
of the maximum deviation of amplitude from the unmodulated value to the
amplitude of the unmodulated signal. For good quality transmission it
should be maintained close to one. However it should not be larger than
one otherwise overmodulation takes place thus giving rise to partial loss of
information.

5. The instantaneous output voltage of an amplitude modulator is
proportional to (V. + B cos wt) cos w t, where V. is the d.c. power supply,
B and w are the amplitude and frequency of the modulating signal
respectively and w, is the carrier frequency.

6. A low-pass filter in conjunction with a diode acts as a simple
demodulator for an amplitude modulated wave.

7. Frequency division multiplexing allows several signals to share an
allocated bandwidth and to be transmitted all at the same time.

8. In frequency modulation the amplitude of the modulating signal
determines the instantaneous carrier frequency, whereas the frequency of
the modulating signal determines the rate of frequency deviations in the
carrier.

9. In frequency modulation, the index of modulation is the ratio of the
maximum frequency deviation produced by the modulating voltage to the
modulating frequency.

10. A tuned collector oscillator can perform frequency modulation when
a varactor diode is added to the LC tuning circuit.

11. Inpulse modulation systems, a train of pulses is used as the carrier to
transmit an information signal from one place to another. The pulse
modulation enables a transmitter to deliver high values of peak power
which may be several times larger than the average output power rating of
the transmitter.

12. There are several types of pulse modulation systems depending on
the characteristics of the pulses such as the amplitude, frequency, spacing
and width which are made to vary in sympathy with the amplitude of the
information signal.

13. Pulse coded modulation uses digital codes made up of binary digits 0
and 1. It provides error-free transmission in noisy communication channels
and 1s extensively used in transcontinental telephone systems.

14. In time division multiplexing the total allocated bandwidth is
available to all signals, but the time is shared by them.



208 Modulation in communication systems

Problems

6.1. An amplitude modulator is driven by an 810 kHz carrier and
has an audio signal input containing frequency components between
150 Hz and 10 kHz. What frequency components are in the lower sideband
of the AM output and also in the upper sideband?

6.2. An amplitude modulated waveform has a carrier frequency of 290 kHz
and an upper sideband which extends from 291.2kHzto 292.5 kHz. What is
the frequency range of the lower sideband? What range of frequencies must
be included in the passband of an amplifier that will be used to amplify the
modulated signal?

6.3. A 10 volt RMS, 230 kHz carrier drives an amplitude modulator and is
modulated by a 2.5 volt RMS, 6kHz sinusoidal signal. What is the
expression for the modulated output?

6.4. A signal 0.9sin 27103 modulates a carrier of 10sin 27310 x 103 in
amplitude. What is the index of modulation as a percentage? Suggest a way
by which the index of modulation can be increased to 100%.

6.5. Eightspeech signals concentrated in the band 250 Hz to 3kHz, and ten
50 Hz distorted signals having up to 9th harmonic components are to be
combined using frequency division multiplexing for transmission over a
single communication channel. Estimate the bandwidth of the channel for
(a) single sideband and (b) double sideband transmission.

6.6. A communication channel with a band ranging from 20 kHz to 65kHz
is available to transmit audio signals from one point to another. There are
six signals which have to be transmitted and their frequency ranges are as
follows: 300-3400 Hz, 300-7500Hz, 300-3400Hz, 300-5000Hz, 300-
10000 Hz and 300-3400 Hz. Design a suitable frequency division multiplex
system,

6.7. Show, how a tuned collector oscillator, can perform frequency
modulation with the help of a varactor diode.

6.8. A frequency modulated signal has a frequency deviation of 25kHz
produced by a 2 volt peak audio signal at 3.5kHz. Calculate the
modulation index and the required channel bandwidth.

6.9. A modulating signal has an amplitude of 3 volt peak and frequency of
2kHz. The carrier wave has an amplitude of 4 volt peak and frequency of
50kHz. If the frequency modulation is used for transmission of the signal
write an expression for the modulated wave. The frequency deviation
produced by the modulating signal is 20kHz.
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Fig. P.6.10
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6.10. The pulse-width modulator in Fig. P.6.10 is driven by 150Hz
sawtooth. When v,, is + 2 volts the modulator output is a series of pulses
having widths equal to 1.5 us. What are the pulse widths when v, is +4.5
volts?
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Data acquisition and
distribution

Objectives
At the end of the study of this chapter a student should:

1. be able to design different types of digital-to-analogue (D-to-A)
converters

2. be familiar with various kinds of analogue-to-digital (A-to-D)

converters; their advantages and disadvantages and be able to

construct them

be familiar with the errors in the converters

4. be conversant with the design of discrete multiplexers and
demultiplexers and be familiar with their limitations and errors

5. be familiar with the principles of sample-and-hold circuit and be
able to design them

6. be able to develop a suitable data acquisition or distribution
system for a particular need and find the accuracy of such a system.

had

In order to process analogue signals which are continuous and of varying
magnitude over a period of time, with the aid of computers, conversion of
analogue currents or voltages into digital codes is essential. Again,
conversely, in order to control machines with the help of computers, digital
signals have to be converted into analogue currents and voltages. A typical
system is shown in Fig. 7.1. Here the analogue sensors measure physical
quantities such as temperatures, pressures, etc., and the analogue controls
switch on (or off) heaters, pumps and so on.

Sometimes it is necessary to acquire or distribute more than one signal
simultaneously. This can be achieved by using the time-sharing techniques.
The time required for acquiring data from many sources, or distributing
data to many controls can be reduced dramatically if a single channel is
time-shared for transferring data. In this chapter different types of circuits,
which are necessary to build a data acquisition or distribution system will
be discussed.
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Fig. 7.1. A typical data acquisition and distribution system.
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Digital-to-analogue (D-to-A) converters
A D-to-A converter is in fact a decoder. It converts a digital

(coded) signal X, into an analogue signal V, according to the expression

V,=VeX, 71.1)

where Vy is an analogue reference voltage. This is the basic transfer function
for a D-to-A converter. Figure 7.2 shows the transfer characteristic of a 4-
bit binary D-to-A converter. For such a converter, (7.1) can be rewritten in
the form,

Analogue
output
voltage,
W

1 1 1 1
Vx= VR |:§a1 + 2—202 + 2—3(13 + Eza“] (72)

Fig. 7.2. Transfer characteristic of a 4-bit D-to-A converter.
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where a,, a,, a; and a, represent the binary number ‘0’ or ‘1’. For instance,
if a;=a,=a;=a,=1, then we will have the maximum analogue voltage,

Veman = Vi <; 212 213 ! > Ve(1—=1/2%)~V, (7.3)
Thus V; determines the full-scale reading (FSR) of the device. In this case,
for the 4-bit converter, the least significant bit (LSB) in the binary code is
1/2*. For an n-bit converter the LSB will be 1/2". By observing (7.3) we may
say that the analogue voltage which is equivalent to one LSB in the binary
code is given by 1/2"-FSR.

7.1.1. Weighted-resistor D-to-A converter

This is the simplest and most straightforward of all D-to-A
converters. Figure 7.3 shows the circuit of an 8-bit converter which has the
same number of electronic switches (S, —Sg) as the number of bits. The
resistors connected to the switches have values in an increasing binary
weighted sequence. Each of eight electronic switches is controlied by one bit
line. When the bit corresponding to a switch is a ‘1°, then the switch
connects the reference voltage — Vi to the respective resistor, the other end
of which forms the summing point of an operational amplifier, and a
current flows through the resistor. If the bit is a ‘0’ then the switch connects
the resistor to the ground and hence no current flows through that
particular resistor to the summing point. If all the switches are on, currents
with magnitudes of

Fig. 7.3. An 8-bit weighted-resistor D-to-A converter.
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—Ve=(V) =Ve=(V) =WVe=(V))  =Ve=(V1)
2R 2R 2R 7T 2R

are generated. The operational amplifier has high input impedance and
very large gain, therefore, the two usual assumptions, i.e., no current flow
into the input terminals of the operational amplifier and zero differential-
mode voltage, can be used to obtain the analogue voltage V, as follows,

1 1 1 1
VX=VR/R<§+2—2+2—3+ ...2—8>R2 (1.4)

where R, is the feedback resistor of the amplifier.

Since the operational amplifier is being connected in the inverting mode,
a negative reference voitage — ¥ has been used in order to obtain a positive
analogue voltage at the output. By adjusting the factor Vx/R- R, we can
adjust the FSR of the device. The resistor corresponding to the most
significant bit (MSB) has a value 2R and that corresponding to the LSB has
a value 28R.

The overall accuracy of this converter depends on (i) the input offset
current and voltage of the operational amplifier, (ii) the tolerance of the
reference voltage supply, (iii) the tolerance of ratios of the resistor values
and also (iv) the error due to the ‘on’ resistance r,,, of the FET used in the
electronic switches.

The speed of conversion depends on the slew rate of the operational
amplifier and also the turn-on and turn-off times of the switches. The main
drawback of this type of converter is that it needs a very wide range of
resistor values. For an 8-bit converter the ratio of the largest to the smallest
resistor would be 28R/2R =27 = 128. In discrete circuits this may not cause
any problems, but in thin-film, or monolithic integrated circuits where
fabrication is carried out with material of one resistivity, it is difficult to
manufacture such a wide range of resistor. Therefore, this type of D-to-A
converter is used only for a relatively small number of bits. If the number of
bits is large, then a different type of D-to-A converter which will be
discussed in the next section should be used.

The electronic switches of the converter can be operated by connecting
two N type MOSFETs as shown in Fig. 7.4. When the digital inputisa ‘1’,
the FET T, is on and the FET T, is off since the NOT gate inverts the signal
to T,. Thus the reference voltage, V; is applied to the resistor, 2"R. On
the other hand, if the binary input is a ‘0°, then T, is offand T, is on. Thus
the resistor, 2"R is grounded. The FETs have finite ‘on’ resistances which
give rise to errors; however, the value of 2R is, in practice, much larger than
r.» and thus makes the error negligible.
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Fig. 7.4. Electronic switches for the converters.
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Worked example 7.1

The reference voltage for a 6-bit weighted-resistor D-to-A conver-
ter is obtained by using the breakdown voltage of a Zener diode. If the FSR
of the converter is 12 volts, the smallest weighted resistor has a value of
20kQ and the feedback resistance is 40 kQ, what is the breakdown voltage
of the Zener diode? If the converter has a binary input 101101, what would
be the output?

Solution
Assuming all the switches are on,

1 1 1
VR< + .. —>><40x103=12

2x10x10° T 2Zx10x10° T 25 x 10x 10°

or

140 x 10°
V“<1_ 2_6>10x Tl

Vo=V zenes = =3 volts

1 1 1
V,=V,
* R<2><10><103 T2 X10x10° T 2 x 10x 10°

* 26X 10x 10°
=33 +4+ &+ &) x4=8.4375 volts

1
)40 x 103

Worked example 7.2

In the circuit of Fig. 7.3 the value of the smallest weighted resistor
is 25kQ. What should be the maximum allowable FET ‘on’ resistance for
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an error of only 1%? Neglect the other factors which may also affect the
accuracy.

Solution
R+r,,
R

> x 100=100+1

or,
R+r,=10IR
7 =0.01x 25 x 10> =250Q

7.1.2. R-2R ladder D-to-A converter

In order to understand the operation of this type of converter, it is
essential to be familiar with the basic principle of the resistor-ladder
network as shown in Fig. 7.5. The main characteristic of this network is that
the resistance seen by any of the voltage sources is equal to 3R. Thus the
current flowing out from any source is equal to V/3R. By close examination
it can also be found that a current at each node divides equally into two
components. Current I, becomes I,/2 on either side of node N, and
subsequently becomes I,/22 after node N, and so on. Therefore, at each
node the current decreases in a binary weighted sequence. The total current
in the load resistor R is as shown in the figure.

Fig. 7.5. Resistor-ladder network.

114/2‘+11 122+ 1 122+ 1, 12

R =2R

14
= herel,:lz=lx=l4=§

A D-to-A converter circuit which uses this property of the R-2R ladder
network is shown in Fig. 7.6. The circuit consists of eight electronic switches
which are controlled by the binary input signal in a similar manner to that
in the weighted-resistor type. However, in contrast to the weighted-resistor
D-to-A converter, the precision resistors in the R-2R ladder D-to-A
converter have only two values, R and 2R. In practice, a value of 20k is
chosen for R in thin-film fabrication, the reason mainly being the size and
the availability of the material.
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Fig. 7.6. R-2R ladder D-to-A converter.

o Vi
(Output)

-W

(Input)

When a binary bit is a ‘1°, the corresponding switch is on and the
reference voltage is connected to the respective resistor, thus providing a
current I, = — Vg/3R through it. This current is divided equally into two
components at node ‘N,’. The component which flows towards the
summing point of the operational amplifier becomes divided equally again
at node N,_,. For instance, when the input terminal ag2 % has a ‘1’ the
current I3 = V;/3R is split into two equal components eight times, once at
each node, by the time it reaches the summing point of the operational
amplifier. Similarly, the current due to a ‘1’ at the binary input terminal
a,2”7 is split into two equal components seven times. By using the
superposition theorem we can express the total current flowing into the
summing point of the operational amplifier,

V=Vl 1 1 1
==t St tart - +ag (7.5)

Since an operational amplifier has a very high input impedance, all of the
current passes through the feedback resistor R, thus yielding an analogue
voltage at the output of the operational amplifier,
=Vl1 1 |
Vx=R21T=T 5+2—2+ +2—8 R, (7.6)

Again an operational amplifier has a very high gain and we may assume,
V,>»V,; then (7.6) can be rewritten as follows

Ve R 1
V,=-X* 2[1+i+...+—] (7.7)

3R |2 2? 28
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Fig. 7.7. Inverted ladder D-to-A converter.
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The FSR can be easily changed by varying the feedback resistor R,. The
scale factor error can also be reduced by varying R, as will be discussed
later in this chapter. Errors due to the input offset voltage and current of the
operational amplifier can be minimised by using standard operational
amplifier offset correction methods as discussed in Chapter 3. The main
advantage of this type of converter is that the ratio of the largest to the
smallest resistor required is only 2 which can be easily implemented by the
thin-film or monolithic integrated-circuit technology.

An inverted ladder D-to-A converter is shown in Fig. 7.7. Here the
reference voltage is connected to what is normally the output of a ladder
network, and the terminals used normally as the inputs are grounded. By
examining Fig. 7.7 we can see that this arrangement causes currents to flow
in a binary weighted sequence through the 2R resistors. Switches select the
appropriate binary fractions of currents according to a binary input code,
and these currents are then added together at the summing point of an
operational amplifier. Due to the high input impedance of the operational
amplifier, all of the total current flows through the feedback resistor thus
developing an analogue voltage equivalent to the binary input code. In the
circuit of Fig. 7.7 the reference voltage is —9V and the full-scale output
current is given by

Io=Vo/R[1/2+1/2% + ... +1/28]
= Vy/R[1—1/28]=9/20 x 10% x 255/256 A
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Fig. 7.8. Block diagram of RS DACO0800 type D-to-A converter. (RS
Components Ltd.)
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Fig. 7.9. Low input impedance output circuit for RS DACO0800 type
converter. (RS Components Ltd.)
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The RS DACO0800 type D-to-A converter works on this principle. It is an
8-bit high speed current output D-to-A converter. The digital inputs are
directly TTL compatible but simple circuitry enables the device to interface
with most common logic families. Figure 7.8 shows the block diagram of
the RS DAC0800. By adding an operational amplifier to its output as
shown in Fig. 7.9, a low impedance analogue output can be obtained. The
relationship between the output currents and related circuit variables for
the positive output operation is as follows,

IO+I_O=IFS (78)

Ies™ — Vipr/Rgep X 255/256 mA 7.9)
where

Rger is the reference resistance in kQ
Veer 18 the reference voltage in volts
and

I is the full-scale current
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The output voltage swing can be adjusted by varying R, to suit individual
requirements.

The D-to-A converter output takes a finite time, known as its settling
time, to reach a final output value and settle out within a specified band of
error whenever there is a change in the binary input code. The specified
band of errors is usually +1LSB. The worst case settling time is the
duration during which the output of a D-to-A converter changes from zero
to maximum value. The RS DACO0800 has a typical settling time of 100 ns.

Large switching transients, commonly known as glitches, occur at the
output even when the binary input code changes by only 1 bit, e.g. from
1000 to 0111. It happens, due to the fact that the switches’ turn on and turn
off times are always unequal. For this particular example, if the MSB
changes from ‘1’ to ‘0’ before the other bits change to ‘1’s from ‘0’s, then the
output of the D-to-A converter will momentarily drop to zero (0000) before
becoming equivalent to 0111 which is nearly the half of the FSR, thus
producing a very large transient.

Worked example 7.3

The output of the circuit of Fig. 7.6 is connected to an analogue
meter having a FSR of 10 volts. What is the maximum value the ‘R,’ can
have if the resistors used for the ladder network are of 15kQ and 30kQ
values and the reference voltage is —9 V?

Solution
Maximum ¥, is 10 V. From (7.7)

Ve R,[1 1 1
Vy=— 2[—+ +...+—-]

3R |27 22 28
Fig. ex.7.3
R,
15k 15k 30k
v
30k 30k 30k 30k
Sg Sa M
ﬂ a0y
J J
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or

9:R 1 1 1
-2 J gt

3-15-10%| 2 22 28

|

Therefore, the maximum value of R, is

45 x 10* 256
—_= kQ
9 255 =302

Worked example 7.4

The digital input 11011011 applied to a RS DAC0800 causes it to
produce an output current I,=4.275mA. Find the value of the D-to-A
converter reference current and the value of the complementary output
current I,,. Determine also the values of I, and I, for the digital inputs

10000001, and 01111110.

Solution

1 | 1 1 1
IO_IREF 2+“—+_5+_+

2 25 27
Given I,=4.275mA.

4.275 x 256
IREF = —21—§— =5mA

Io= 2& e =0.703mA
Digital input 10000001 gives:

1,1
Ioy=5x1073 5+ 5

] =2.52mA
and

I,=5x10"3x 428 =246 mA
Digital input 01111110 gives:

1 1 |

1
I,=5%x10" [22 +5+

=2.46 mA
and

I,=5x10"3x4122=252mA

1

28

1

Pty

]=

+

1

27

219
556 REF

|
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Fig. 7.10. Transfer characteristic of a 4-bit A-to-D converter.
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7.2 Analogue-to-digital (A-to-D) converter
An A-to-D converter is in essence an encoder. It converts an
analogue signal V, into a binary code X 4. They are related by the expression
V.

X,=—= 7.10

=7 (7.10)

where V4 is an analogue reference voltage and X, represents a fractional
1 1 1
binary number Xd=a1§ + a22—2 + ... +a,,§;

The transfer characteristic of a 4-bit A-to-D converter is shown in Fig.
7.10 from which we may note that the analogue signal can be approximated
with the digital output X, only to the smallest increment AV, where
AV,=1/2"- Vg since AX=1/2".

There are a great many circuits that can perform the A-to-D conversion.
In this section we shall discuss only a few types, some of which are very
simple to design and construct but not so accurate, whereas the others are
of complex nature but meet the demands of high accuracy.

7.2.1 Parallel A-to-D converter
This type of A-to-D converter is the simplest of all as can be seen
from Fig. 7.11. In this circuit the analogue voltage is fed simultaneously to
one input of each of several comparators, the number of which depends on
the desired number of bits in the binary output code.
The other inputs of the comparators are connected to equally spaced
reference voltages which may be obtained by connecting a series of resistors
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Fig. 7.11. Paraliel A-to-D converter.
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to a reference voltage Vy as shown in the figure. For this particular circuit
the reference voltages applied to the comparators starting from the top are
15V/16,13V¢/16, 11Vg/16... V3/16. The output of a comparator will be a
‘1’ when the analogue input voltage is greater than the reference voltage
applied to that comparator, otherwise it will be a ‘0’. The outputs from the
eight comparators are fed to a logic circuit in order to obtain the desired
binary coded output in three bits. A 74148 type encoder may be used as the
logic circuit as shown in the diagram. Very high conversion speeds can be
achieved with this type of converter by choosing extremely fast
comparators.

Worked example 7.5

What would be the resolution of the parallel A-to-D converter
shown in Fig. 7.11 if the number of comparators in the circuit is 16 and the
reference voltage is 10 volts?
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Solution

The difference between reference voltages applied to any two
adjacent comparators is

Ve o Va
32R 77 16

Therefore, the resolution in volts is 12 =0.625 volts.

7.2.2. Servo A-to-D converter
The servo A-to-D converter is the simpler of the two very popular
parallel feedback A-to-D converters which use D-to-A converters in their
feedback paths. It has a moderate speed of conversion and is a compromise
between the two for continuously changing analogue signals. The device
has three basic circuits: (i) a comparator, (b) an up and down counter and
(c) a D-to-A converter, as shown in Fig. 7.12. The comparator compares
V., the analogue input voltage with V;, the analogue output voltage of the
D-to-A converter. R/2R ladder type D-to-A converters are commonly used
by the manufacturers in the feedback path. The input of the D-to-A
converter is, in fact, the binary coded output, X, of the whole device. The
output of the comparator is connected to the up and down counter as
shown in the diagram. Suppose at an instant, V, is larger than Vi, i.e., the
binary coded output represents an analogue voltage smaller than the input
analogue voltage V, then the output of the comparator produces a ‘1°. This
makes the counter count up. It counts up until X, correctly represents the
analogue input voltage V. Then, of course, V; will be equal to V, within
1/2" of the analogue FSR of the device which is equivalent to the LSB of the
binary code.
If ¥, now decreases, V; becomes greater than V, and the comparator

Fig. 7.12. Servo A-to-D converter.
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output produces a ‘0’. It is converted to a ‘1’ by the inverter in order to make
the counter count down until X again becomes equivalent to V.

The conversion time of the converter is directly proportional to the input
voltage change. Only one clock pulse is required to record a change in
analogue input voltage equivalent to one LSB, whereas, 2"~ ! clock pulses
would be needed to record a full-scale change.

The output of the D-to-A converter can be incremented or decremented
by only a LSB during a single clock period. Therefore, its input should not
change by more than an amount equivalent to the LSB in one clock period.
Otherwise, errors will occur at the output of the D-to-A converter and
hence the output of the A-to-D converter. In other words we may say:

maximum rate of change in full scale input signal <1/2" FSR f,
d/dt (FSR/2s8in 27ft),. < 1/2" FSR f,

/e
2"n

Jimax < (7.11)

A finite time is required by the comparator to change state due to the slew
of the output of the operational amplifier used in the comparator, and thus
the slew rate of the operational amplifier imposes a limit on the clock
frequency applied to the counter. With high speed operational amplifiers,
clock frequency as high as several MHz can be used, but then the
propagation delay of the cascaded AND gates in the counter, and the r,, of
the switches and the parasitic reactances of the ladder network become the
limiting factors on the speed.

Worked example 7.6

The FSR of a 6-bit servo type A-to-D converter is 10 volts. A
sinusoidal signal of + 2 volts amplitude is applied to its input. What is the
maximum frequency the input signal can have if the clock frequency is
I MHz?

Solution FSR
Maximum rate of change in the input signal= —2n—j’c,

or

d . 10
dr 12 5in 27tft| ay = 76 X 108
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or
107
2 2nfmax = 2_6
107
Joax= T A 12440 Hz

7.2.3 Successive approximation A-to-D converter

The successive approximation A-to-D converter is also a parallel
feedback type A-to-D converter. Nearly all the A-to-D converters manu-
factured nowadays use the successive approximation technique. It is a
compromise between cost and accuracy. Here again the output binary code
is converted back to an equivalent analogue voltage, with the aid of a D-to-
A converter, to be compared with the input analogue voltage. The binary
code is made approximately equivalent to the input analogue voltage in a
sequence of successive steps the number of which depends on the number of
bits of the device. The method of conversion by this converter is similar to
the process of weighing on an ordinary chemist’s balance where in order to
find the weight of a substance all the reference weights are tried on the
balance one by one. First the heaviest weight is tried. If the substance
weighs more than this then the heaviest weight is left on the balance and the
next heaviest weight which is usually one half of the heaviest weight is put
on the balance. It is left on the balance or taken off depending on whether
the substance is heavier or lighter than these two weights added together.
Then the next heaviest weight, i.e., one quarter of the heaviest is tried. The
process is continued until all the available reference weights have been tried.
The sum of the reference weights left on the balance then represents the
closest approximate weight of the substance.

Similarly in a successive approximation A-to-D converter the most
significant bit is tried first during the first clock period. It is left in or taken
out from the storage circuit depending on whether the input voltage is
greater than the analogue equivalent of the output binary code or not. Then
during the next clock period the next most significant bit is tried. The
process is repeated until all the bits have been dealt with.

Let us now consider that an analogue voltage of 7.12 volts has been
applied to a 4-bit converter. Suppose the R-2R ladder D-to-A converter’s
reference voltage Vy is — 10 volts, then the feedback voltage from the D-to-
A converter for each of the four bits starting from the MSB is equivalent to
5, 2.5, 1.25 and 0.625 volts respectively. At first we try the most significant
bit. This means that the MSB is set to ‘1’ and all the other three bits are set
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Fig. 7.13. Successive approximation A-to-D converter.
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to ‘0’ which is equivalent to an analogue voltage of (5+0+0+40)=5V.The
input voltage is greater than this, so the MSB remains at ‘1’ and the next
MSB is made ‘1’, i.e., we try 1100 during the next clock period. Now the
feedback voltage is (5+2.5)="7.5 volts which is greater than the input
voltage. So this bit is made ‘0’ again (analogous to a reference weight taken
off the chemist’s balance). Now we make the next MSB equal to ‘1’ and the
binary output consequently becomes 1010. This gives us a feedback voltage
of the magnitude (5+0+1.25+0)=6.25 volts. This is less than the input
voltage and hence the third bit remains at ‘I’. We try now with the LSB
equal to ‘1’. The feedback voltage is now (5+0+1.25+0.625)=6.875 volts
which is smaller than the input voltage and the LSB remains at ‘1’. Since we
have no more bits to try the output binary code is 1011. It should be noted
that the difference in the analogue input voltage and the analogue
equivalent of the binary coded output is 7.12—6.875=0.245 volts. This
difference, i.e., the quantisation error which will be discussed later in this
chapter can be reduced by using a converter with a larger number of bits.

A typical successive approximation circuit consists of a comparator, a
timing generator, a sequence control and storage circuit, a D-to-A
converter and an output gating logic as shown in Fig. 7.13. The clock pulses
control and synchronise the operation of the circuit. The comparator
compares the feedback signal V; from the D-to-A converter with the input
analogue voltage V..

When the analogue voltage V', is greater than the feedback voltage V5, the
output of the comparator ¥, isa ‘0’. When V, is smaller than V; then V, is a
‘l’. The timing generator produces mutually exclusive n + 2 timing intervals
of constant periods for an n-bit converter. It can be implemented by n+ 2
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flip-flops interconnected as a shift register, and with an AND gate to set the
first stage to ‘1°, when all other stages are ‘0.

The sequence control circuit is made of NAND gates. It produces SET
and RESET signals for the storage circuits. The SET signals are generated
by gating the f°. with the timing intervals ¢, to t,, whereas, the RESET

signals are set by gating the ¥V, -f', with the timing intervals t, to t,.

For storage circuits, bistable latches (cross coupled NAND gates) can be
used. Whenever any of the SET inputs is ‘0°, the output is ‘1’. When any of
the RESET inputsis ‘0°, the output is ‘0’. The outputs of the storage circuits
are inputted to the D-to-A converter and at the same time fed to the output
gating logic.

There are n NAND gates which connect the outputs of the storage
circuits to the output of the whole device during the timing interval ¢, ,,
i.e., during the clock period just after the one when the LSB has been tried.
It is there to ensure that the output is obtained from the storage circuits
only after the end of conversion, but before the storage circuits are RESET
by the timing pulse ¢, ,, since the outputs of the storage circuits are
incomplete, or even in error, during all other times. The timing pulse ¢, , , is
fed simultaneously to the auxiliary reset inputs of the bistable latches in
order to start the next conversion.

The switches in the R/2R ladder D-to-A converter are driven by the
outputs of the storage circuits. The D-to-A converter’s output is fed back to
the comparator, thus closing the loop.

Usually clock pulses are differentiated digitally in order to obtain narrow
pulses which are then gated with V', and timing pulses to produce SET and
RESET pulses. Unlike the servo type A-to-D converter the successive
approximation type A-to-D converter requires n clock periods to complete
a conversion, regardless of the magnitude of the analogue input voltage, the
conversion process is not continuous as for the servo type A-to-D
converter. In this case the input voltage must remain constant during the
conversion process, otherwise there will be an error in the binary output
code at the end of the conversion. Because of this, it is a common practice to
precede a successive approximation type converter with a sample and hold
circuit, thereby holding the analogue input at a constant value during the
conversion period.

The RS 427 is an 8-bit successive approximation A-to-D converter 1.C.
Three resistors and one capacitor are required to construct an accurate
high speed A-to-D converter circuit suitable for many applications. The
internal block diagram of the 1.C. is shown in Fig. 7.14. Conversion is
initiated by a Start Conversion (SC) pulse which sets the MSB to ‘1’ and all
other bits to ‘0. The output data is valid when End of Conversion (EOC)
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Fig. 7.14. Block diagrams of RS 427 type SA A-to-D converter. (RS
Components Ltd.)
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Fig. 7.15. Connection of external components for basic operation of RS
427 converter. (RS Components Ltd.)
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goes HIGH and remains latched until the next SC pulse. Figure 7.15 shows
the connection of external components for basic operation.

Worked example 7.7

A 4-bit successive approximation type A-to-D converter has a FSR
of 10 volts. What are the bit values? If an analogue input signal of 8.3 volts is
applied to the converter, what will be the binary output code? What will be
the error? Draw a timing diagram for the conversion sequence.
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Solution

LR 10
M =—=—=5YV
SB 3 3 5

v

MSB=2—;‘=2.5V
v,

MSB=2—§=1.25V

1%
LSB= 2—} =0.625V.

The O/P code is 1101 which is equivalent to 8.125V

error = % x 100%

=2.11%

Worked example 7.8

229

Calculate the time required by (i) a successive approximation type
A-to-D converter and (ii) a servo type A-to-D converter to record a change
in analogue voltage of 6.25 V. The frequencies of the clock pulses applied to
the converters are 200 kHz and 500 kHz respectively. Both of them are 8-bit
converters with FSRs of 10V,
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Solution
(i) The conversion time for the S.A. type of A-to-D converter is

1 1
fxn=mx8=40us

1
(i1)) The servo type A-to-D converter takes — to record a change of 1 LSB

<
equivalent, i.e.

1 1 10

Therefore to record a change of 6.25V it will take

Vv

256 1 256 1
6.25 x W Xf_; =6.25x% W X W =320ﬂs

7.2.4 Dual slope A-to-D converter

This type of converter may be built at low cost for applications
where speed of conversion is not an important factor. It is extensively used
in precision digital voltmeters. Figure 7.16 shows the block diagram of a
dual slope A-to-D converter. The switch S, resets the integrator prior to the
start of each conversion. The input voltage may be kept constant with a
sample and hold circuit during each conversion period. With the Start
Conversion signal from the logic circuitry the switch S, opens and the
switch S, connects the input analogue voltage to the integrator. The
capacitor charges up linearly and at the end of a fixed period of time 7,
which can be set by the counter and control logic circuitry, the output
voltage of the integrator becomes,

T

Vo(T,)=— 1/RCJ v dt=—V,T,/RC (7.12)

0

Fig. 7.16. Block diagram of dual slope A-to-D converter.
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Fig. 7.17. Timing waveforms of dual slope A-to-D converter.
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Figure 7.17 shows the variation in the output voltage of the integrator with
time for three different input voltages. By examining (7.12) we can see that
the integrator output is directly proportional to the magnitude of the input
voltage since T, R and C are constant. The integrator output is fed to a
comparator whose reference voltage is zero. Thus as soon as the capacitor
starts charging up the comparator produces a ‘1’, and this after being gated
with the clock pulses enables the counter to start counting. At the end of T,
the logic circuitry makes the switch S, connect the integrator input to the
reference voltage ¥y which is of opposite polarity to that of the analogue
signal input. Now the capacitor steadily discharges until the integrator
output reaches zero. As soon as it does so, the comparator changes its
output state and the logic circuitry stops the counter from counting.-
Suppose it takes T, seconds for the output voltage of the integrator to reach
zero. From Fig. 7.17 we may write
T2
VO(T2)=V0(T1)—1/RCJ — Vi dt (7.13)
Ty
where V(T ) is the integrator output voltage at time T, and V(T,) is the
integrator output voltage at time T,.
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Now substituting for Vo (T,) from (7.12) and making V(7T,)=0, we get
from (7.13)

0= —V,T,/RC+Vg/RC(T,—T,)
or
T, =T,—T,=V/VeT, (7.14)

Thus the time T, = (T, — T,) is proportional to the analogue input voltage.
Usually the count representing 7, is chosen to be the full scale of the
counter, therefore by reading the final output we can determine V. Again it
may be possible to make the counter read ¥, directly by choosing a proper
value for Vy.

With moderately stable components the dual-slope A-to-D converter
achieves very good accuracy which does not depend on the tolerances of the
values of C and R since the RC product does not influence the counting
time, as can be seen in (7.14). The input analogue signal is averaged during
the measuring time, so any fluctuations in mains supply frequency or any
high frequency noises are averaged out, which is of course another
advantage.

Worked example 7.9

An 8-bit dual slope A-to-D converter has a clock frequency of
S50kHz. What is the conversion time for an input signal of 7.2 volts if the
reference voltage is 10 volts? Assume that it takes 1.5ms to zero the
integrator.

Solution
conversion time= T, + T, + time to zero the integrator
=T,+ V,/VxT, +time to zero the integrator
=(1+72/10)T, +1.5ms
but
T, is the time required to count full scale
or
T,=2"x1/f,=2%x1/50 x 10°
therefore the conversion time =1.72 x 256/50 x 10*+1.5ms
=8.81+1.5ms=10.31ms
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Fig. 7.18. Quantisation error.
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7.3 Errors in D-to-A and A-to-D converters

As mentioned in previous sections, various factors such as the
offset input current and voltage of the operational amplifiers acting as a
comparator, the imperfect resistance ratios in D-to-A converters and other
component imperfections give rise to errors and cause deviations from the
ideal transfer characteristics of the converters shown in Figs. 7.2 and 7.10.
In the following section different types of common errors are discussed.

(a) Quantisation error

If an analogue voltage is fed to an A-to-D converter and the output
is subsequently inputted to a D-to-A converter, then ideally the latter will
produce an analogue voltage exactly equal to the input analogue voltage.
However, in practice the output analogue voltage may have a maximum
deviation of + $FSR/2" from the input analogue voltage due to the fact that
for an A-to-D converter each of the output binary codes represents a unique
band of input voltage which is determined by the FSR and the number of
bits of the device. By examining Fig. 7.18 it can be said that this type of error
arises because the output of an A-to-D converter is only correct when the
analogue input voltage is precisely equal to the analogue equivalent of the
binary output code, and the maximum variation possible in input voltage
without changing the binary code is +1FSR/2" which is equal to + 1 the
LSB weighting. This type of error known as the quantisation error is
applicable to A-to-D converters but not to D-to-A converters. It is
expressed as a percentage, e.g., +0.02 per cent FSR.
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Fig. 7.19. Offset error.
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(b} Offset error

This, also called zero error, occurs in converters due mainly to the
input offset current and voltage of the operational amplifiers used in the
converters. In the case of D-to-A converters it is the value of the output
analogue voltage when all the bits of the input binary code are zero.
Conversely, in the case of A-to-D converters the offset error occurs when a
zero input produces a binary output code other than the lowest, which is of
course 00 ... 0. Figures 7.19(a) and 7.19(b) show the transfer characteristics
of D-to-A and A-to-D converters respectively with offset errors. Manu-
facturers often provide facilities to zero offset errors in high-resolution
converters.

(c) Gain or scale-factor error

The gain or scale-factor determines the slope of the transfer
characteristic of a converter. The gain or scale-factor error is, therefore, the
difference between the slopes of the actual and ideal transfer characteristics
of a converter when the offset error is zero. Figure 7.20 shows the transfer
characteristics of A-to-D and D-to-A converters with gain errors.

Fig. 7.20. Gain or scale-factor error.
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The reference voltage used in a converter partly determines its gain or
scale-factor. In D-to-A converters and feedback type A-to-D converters the
feedback resistor of the output operational amplifier contributes to the gain
as well, whereas, in single-slope or dual-slope A-to-D converters the input
resistor of the integrators does so. By adjusting all these variables the gain
or scale-factor can be set to any desired value. The adjustment must be
carried out after the offset error has been zeroed. This type of error is
usually expressed as a percentage deviation from the ideal value.

(d) Linearity error
Ideally the transfer characteristics of converters are linear. For an
ideal D-to-A converter a straight line may be drawn through all the D-to-A
- converter’s output analogue voltages. For an ideal A-to-D converter the
midpoints of each analogue voltage band may be joined together yielding a
straight line. The linearity error occurs when the actual transfer character-
istic of a converter deviates from the ideal characteristic as shown in Fig.
7.21. It is defined as the maximum deviation of the transfer characteristic
from a straight line joining the zero and the full scale value, when the offset
and gain errors have been reduced to zero. Unlike offset and gain errors
which can be nulled to zero, linearity errors can not be adjusted, therefore
its specification is quite important to the designer. This error is expressed in
LSB or as a percentage of the FSR.

(e) Monotonicity error

This error occurs when the slope of the transfer characteristic of
a D-to-A converter or feedback A-to-D converter changes sign as shown in
Fig. 7.22 due to errors in the weighting of the bit current increments. It is the
difference between the two adjacent output values of a converter at the step

where the slope changes its sign.
Of the five types of errors mentioned above, the gain, offset and linearity
errors are dependent on ambient temperature and power supply voltage.

Fig. 7.21. Linearity error. Fig. 7.22. Monotonicity error.
Binary Binary
output Ideal output
code Actual code Ideal
- —--'- Monotonicity
Actual a
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\ ‘ error
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The values of these parameters also change as a function of time. How these
various types of error contribute to the error of a total system, and hence
affect its accuracy will be discussed later in this chapter.

Worked example 7.10

The RS DACO0800 used in the basic voltage output DAC system
of Fig. 7.9 has the following error data: zero scale current (all
bits off, I,5)=2uA; non-linearity= +0.19% FS; full-scale temperature
coefficient (TClgg)= + 50 ppm/°C; power supply sensitivity (PSSIgs.,
PSSIgg_)=0.01%/%. The 777 type operational amplifier has the following
data: Vie=5mV; AV, JAT=30 uV/°C, I ,=40nA and
Al /AT=10.3nA/°C. The reference voltage of 10V has a tolerance of
+ 1% and a temperature coefficient (TCV ;) of £ 25 ppm/°C. The resistors
have tolerances of 0.5% and both R and Rgge are 4.7kQ. Calculate the
worst case errors before and after calibration. Assume that the maximum
change in temperature is from 25 °C to 70°C.

Solution
FSR

255 Vgr _10x4.7x 103

=356 Ren 0= aax10 OV

Worst case initial offset error
=+ Vit R 1R,
=4+5x10734+40x 1072 %x4.7x103+2x 107%x 4.7 x 103
=+14.6mV

14.6 x 1073 x 100
t

-— o
10 = +0.146% of FS.

The gain or scale factor is given by the ratio of the output voltage to the
numerical fraction determined by digital input code.

V 1

x —_—

I TesRy 353
2708 256

_ 255 Veer 256 _ Vaer

T 256 Rege  © 255  Regr

x R;.

Thus the initial gain error comprises Vyggs tolerance, + 1%, Rygps and Ry s
tolerances of +0.5% each, thus giving a worst case initial gain error +2%.



Multiplexers 237

Linearity error is specified as +£0.19% of FS. Thus the worst case error
without calibration

=+40.146+2+0.19= +2.34%.

After initial offset and gain errors are nulled to zero, the offset drift over the
maximum temperature change of 45 °C (70° — 25°) [note: no data available
for zero scale current-variation with temperature]

AV, Al

420k 454 Sloep vy
a7 XL R RS

=430x107%%x45+10.3 x107°x4.7x10% x45=+0.00352V
= +0.035% FS
The gain error over temperature change

+ TCl g x 100 x 45+ TCV,; x 100 x 45

50 25
= iﬁ x 100 x 45 + 10° x 100 x 45~ 4+0.34%

Linearity over temperature remains constant at 0.19%. Error over
power supply variation= +0.01 +0.01 =0.02%. Thus the total worst case
error after calibration

=+0.035%10.34% £ 0.19% +0.02% =0.59%.

7.4 Multiplexers

An analogue multiplexer is a device which switches a number of
different analogue input signals onto a single channel in a prescribed
orderly fashion. The input channels can be accessed in a sequence or
randomly by applying a proper digital address to the digital inputs. This
device helps to time-share a single channel for many signals thus reducing
the number of A-to-D converters, D-to-A converters and sample and hold
circuits which otherwise may be needed for a particular data acquisition or
distribution system. A multiplexer is basically an array of a number of
analogue switches. At any particular instant only one switch is closed thus
allowing the corresponding input signal to pass on to the single output
channel. A 2" channel multiplexer has 2" input lines, one output channel
and n control inputs. Figure 7.23 shows a simple 8 channel multiplexer. It
needs a 3-bit (23 = 8) channel address. Channel addresses are inputed to the
decoder from the counter in a cyclic order. The timing waveforms show the
input and output waveforms for the multiplexer. The clock frequency must
be chosen so that an input channel remains switched on to the output



238 Data acquisition and distribution

Fig. 7.23. (a) A simple 8-channel multiplexer and (b) its input/output
timing waveforms.
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Fig. 7.24. Block diagram of a 16-channel multiplexer.
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channel for a sufficient period in order to allow an A-to-D converter (which
usually follows a multiplexer in a system) to complete the data conversion.

The block diagram of a 16 channel multiplexer is shown in Fig. 7.24. The
4-bit address (4y—A;) allows an access of 2*, or 16 channels. The additional
digital input known as the enable input, En, allows ‘on—off’ control of all
the switches of the multiplexer. In systems where more than one multiplexer
is required this enable input is essential. The address input buffer has four
inverters and the decoder has sixteen 5-input NAND gates. These NAND
gates are so connected that they produce a ‘0’ (positive logic) at the outputs
in a desired sequence. If 4,=4,=A4,=A4,="0"and En="1" then the first
NAND gate will produce a ‘0’. All the other NAND gates will produce a ‘1’
at their outputs. These will all simultaneously be applied to the respective
switches.

Although there are several types of switches that are suitable for use in a
multiplexer made of BJTs, JFETs or MOSFETs, the most commonly used
one is the complementary MOSFET switch which is extremely small and
inexpensive. The MOSFET is preferred to the JFET because the insulated
gate of the MOSFET prevents the control voltage used to change the
device’s output state from entering the signal path. Since the ‘on’ resistance
of a MOSFET changes as a function of the input voltage, switches with a
complementary pair of MOSFETs as shown in Fig. 7.25 are used in the

Fig. 7.25. A complementary pair MOSFET switch.
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Fig. 7.26(a). Vge—Ip and Vpg—Ip characteristics of a P channel

MOSFET.
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Fig. 7.26(b). Vgs—Ip and Vpg—Ip characteristics of an N channel

MOSFET.
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multiplexer. Figure 7.26(a) shows the V¢ against I, and the Vg against I
characteristics of a P-channel MOSFET. It can be noted that the drain
current of the device is enhanced by negative gate voltage and a negative
gate-to-source threshold voltage is required for switching on the device.
The Vgs—Ip and Vig/I, characteristics of an N-channel MOSFET are
shown in Fig. 7.26(b). In this case a positive gate-to-source threshold
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Fig. 7.27. Truth table for 16-channel multiplexer.
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voltage is required to switch on the FET. Thus the channel resistance of
each FET is a function of the polarity and amplitude of the input signal.
However, because of the complementary action of the circuit, when the
channel resistance of one FET decreases, the resistance of the other FET
increases. Thus the effective resistance of the switch remains relatively
constant for bipolar input signals of any amplitude. By examining the
characteristics of the FETs we may say that large positive signals will pass
through PMOS, whereas, large negative signals will pass through NMOS
FETs. The ‘on’ resistance of the switch is typically 500Q and when the
switch is off it presents a typical resistance of 50 MQ.

The ‘0’ from the output of the first NAND gate of the decoder is applied
to the gate of the P-channel MOSFET thus switching it on. At the same
time the ‘0’ output is inverted to a ‘1’ and applied to the gate of the N
channel MOSFET thus switching it on as well. Thus both the P- and N-
channel MOSFETs are turned ‘on’ simultaneously producing very low
resistances between the drains and the sources and in effect connecting the
input of Channel 1 of the multiplexer to the single output channel. All other
complementary MOSFET (CMOSFET) switches are off during this
period. A truth table for a 16-channel multiplexer is shown in Fig. 7.27.

7.5 Demultiplexers

A demultiplexer takes an input and connects it to one of several
possible outputs, according to an input digital address, while the other
outputs are left open-circuited. The bilateral property of CMOSFET
switches allows us to use them in demultiplexers as shown in Fig. 7.28. Asin
the case with multiplexers, in this case also the digital address can connect
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Fig. 7.28. A basic 8-channel demultiplexer.
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the input to the outputs in a cyclic order, or at random one at a time. When
the input is not connected to an output channel, the output on that channel
falls to zero. Therefore a sample-and-hold circuit is needed on each channel
to hold up the voltage until replenished with the input voltage on the next
cycle.

7.6. Errors in multiplexers
There are mainly two types of error which are generated in
multiplexers. One is the static error and the other the dynamic error.

Static error

The static error in a multiplexer is caused principally by the ‘on’
resistance of the closed switch and the leakage currents which flow through
all the other switches which remain open. Let us consider that at an instant
the switch for the first channel is closed and the input voltage for that
channel is V,,. The equivalent circuit for the multiplexer is shown in Fig.
7.29. 1t is apparent from the circuit diagram that the output voltage V,, will
not be the same as V,,, but differ by an amount (N — 1)Ip e, Where N,
I'nesry and r,, are the total number of channels of the multiplexer, the
leakage current through the open switches and the ‘on’ resistance of the
closed switch respectively. This difference between the input and output
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Fig. 7.29. Equivalent circuit of a multiplexer in order to obtain the
static error.
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voltages is the static error of the multiplexer. If we take into account the bias
current of the buffer which may be part of the next stage and assume that the
bias current and the leakage currents are flowing in the same direction then
the worst case static error can be obtained as follows,

(N_I)ID(off)ron+1bron (715)

where 1, is the bias current of the buffer.

So far we have not taken into account the voltage drop due to the channel
on leakage current Ip,,,, from driver into the switch. Also if we consider the
source resistance R, then we may write the final expression for the static
error as follows,

[(N_ 1)ID(off)_*-ID(on)-f'Ib:I (Rs+ron) (716)

where I, is the ‘channel ON leakage current’ flowing from driver into the
‘on’ switch.

Dynamic error

The dynamic error occurs in a multiplexer due to the ‘on’
resistance of a closed switch and the various nodal and interelectrode
capacitances which are present in the multiplexer. If we have an input which
suddenly changes, then the output would be unable to follow the input
instantaneously, but have an exponential rise with a time constant, 1
determined by these capacitances and the ‘on’ resistance.

The magnitude of the dynamic error depends on the access time allowed
for each input channel. The access time for a channel comprises an
intentional delay time ¢4 which is introduced to avoid momentary shorting
between two input channels and the exponential rise time ¢, which is
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Fig. 7.30. Access time for a channel of a multiplexer.
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proportional to 7 as illustrated in Fig. 7.30. The dynamic error is the
difference between the magnitude of the input signal to be multiplexed and
the maximum value transferred to the output of the device at the end of the
access time.

Firstly let us consider the capacitances present in a multiplexer in order
to understand fully the cause of the dynamic error. When a switch is open it
can be represented by a network of capacitances as shown in Fig. 7.31. The
source-body capacitance of each CMOSFET forms the channel input
capacitance C,. It is the capacitance to ground looking into an ‘off’
switch. The drain-body capacitances of all the MOSFETs give rise to the
multiplexer output capacitance Cpg Which is the capacitance seen
looking into the output of the multiplexer. The drain-body capacitance of a
single CMOSFET is typically 3 pF and since the output capacitance Cpy,
is directly proportional to the number of analogue channels (off) of the
multiplexer; for a 16-channel multiplexer it is typically 45pF. The
capacitance between the source and drain of a ‘turned-off” switch is denoted
by Cpseerry- Its typical value is 1 pF and, therefore, smaller than the channel

Fig. 7.31. Capacitances across terminals and grounds for an open
switch of a multiplexer.
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Fig. 7.32. Equivalent circuit of a multiplexer in which the open
switches are replaced by capacitances.
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Fig. 7.33. Simplified equivalent circuit of a multipiexer.
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input capacitance and of course the multiplexer output capacitance. Figure

7.32 illustrates the equivalent circuit of a multiplexer in which the open

switches have been replaced by the capacitive networks. The circuit can be

simplified as displayed in Fig. 7.33 by neglecting the Cgr, and Cpgogry.*
The time constant is, therefore, given by

T= ronCTot

The time constant is directly proportional to the effective capacitance
between the ‘on’ resistance terminal and the ground. The capacitances
Csorry and Cpgefry) form series circuits which are then in parallel with the
C'prny- Considering the typical values of the capacitances we can ignore
the channel input capacitances and the source—drain capacitances.
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where Cr,, is the sum of C, ., the input capacitance of the buffer and Cp ),
the multiplexer output capacitance.

So far we have not taken the source resistance into account. If the source
resistance is given by Rg then the time constant becomes

T=(RS+ron)(CAmp+CD(off)) (717)

The source-body and body—drain capacitances also give rise to the
crosstalk between ‘off’ channels and an ‘on’ channel. The magnitude of the
crosstalk is a function of the frequency and also the magnitude of the signal
applied to the ‘off” channel. It is given by the ratio of the magnitude of a test
signal appearing at the output to the magnitude of the test signal applied at
the input of an ‘off’ channel. The ratio is more commonly known as ‘off
isolation” and specified in decibels. The RS HIS06 type multiplexer has an
‘off isolation’ of 75dB.

Worked example 7.11

A multiplexer is part of a 12-bit, 10-volt system. The CMOSFET
switches have leakage currents of 45 nA and ‘on’ resistances of 450 Q. The
multiplexer output capacitance is 44 pF. All inputs are scanned sequenti-
ally. (i) Calculate the number of input channels that the multiplexer has if
the maximum static error is one-eighth of a least-significant-bit (§L.SB). (ii)
Find the maximum sampling rate per channel for a dynamic error equal to
the static error. In addition to the settling time, a further 0.05 usec must be
allowed to avoid momentary shorting between input channels.

Solution
1 1 1
1 1
=§ X o1z x 10=0.000305 volts

Say N is the number of channels, then the static error,
Ton{N — DI} axage = 0.000305

or
450(N — 1) x 45 x 10~°=0.000305

or

N=16

Now the settling time is given by
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Fig. ex.7.11

0V—ro —— S |

N
0.000305 V

10—-0
10— (10— 0.000305)

=450 x 44 x 10712 x In 32786

t.=RCln

=205.8 nsec
The access time is given by
ta=ty+t.=(50+205.8) x 10~ =255.8 nsec
For 16 channels the access time is given by
ty=255.8x107% x 16=4092.8 nsec

Therefore

1

sampling rate/channel = 4092-8x 10°°

=244300 samples per sec

Worked example 7.12

In a data acquisition system 64 signals are scanned sequentially
and are connected to an analogue-to-digital converter via nine multiplexers
as shown in Fig. ex.7.12(a). Each one has eight input channels. The leakage

Fig. ex.7.12(a)
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current is 10nA when a switch is at ‘off” state. The ‘on’ resistance of the
switch r,, is 250 Q. The output capacitance of each multiplexer is 50 pF.
Calculate the static error and approximate settling time if a dynamic error
of 0.1% is allowed.

Solution

At any particular moment only one channel of the multiplexer
among the first eight is on in conjunction with one channel of the ninth
multiplexer as shown in Fig. ex.7.12(b).

Fig. ex.7.12(b)

From the diagram,

Static error =r,, X Tl caxage + 27on X 3 caage
= 13ron X Ileakage

=13x250x10x10"°=0.032mV

In order to find the settling time the capacitances have to be taken into
account as shown in Fig. ex.7.12(c).

Fig. ex.7.12(c)

_ 1

The time constant for this circuit is approximately 3r,,Cr. Therefore

100-0

te:3ronCTln—100_(100_0.1)

=3x250x50x10"12x 6.9
=10.259 usec
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Worked example 7.13

Sixteen 16-channel multiplexers are used in a data acquisition
system as shown in Fig. ex.7.13(a). The ‘on’ resistance of the switch is 270 Q
the capacitance across the open switch is 1 pF and the output capacitance of
each multiplexer is 50 pF. To achieve an accuracy of 0.1% what would be
the maximum channel frequency that can be processed with all channels
having the same frequency bound? Also calculate the off isolation for the
multiplexer at 250kHz. The access time for each multiplexer is 300 nsec.

Fig. ex.7.13

241 Il(?CD(om

(@) )]

Solution
The delay time is given by

td=t4__te

=300x1072—270x 50 x 10~ 1'% x ln—lOO—_O—
100—(100—-0.1)
=207 nsec
Therefore the total access time
ta=t4+t,

=207x107° +r,, X 16 Cpeer) lnﬁﬂ
=207x107°+270 x 16 x 50 x 10712 x 6.9
=1697ns

Therefore the maximum sampling rate per channel is

1 1
256 xt, 256 x 1697 x 10

5 =2302
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According to the Nyquist sampling theorem a waveform is fully described
by sampling its amplitude at a rate equal to twice the highest frequency
present.

Therefore

2 X fiay = 2302
or
foux=1151Hz

In order to find the off isolation, we consider the circuit shown.

Ton Cbs (oft)
= 1 16Cp (o1, "/
‘of* Ch. 2 g dgp—o o
| Cps o I
n 1

e <

(©) (d)
Y., X !
" jol 6CD(off)
+ 1
Ton ™ T 7~
Vout - Jo16C o)
Vie L +r,, X
ijDS(off) 7 jol 6Cpofr)
1
Tont o7
J016Cp gy
oul ronijDS(off)
201og =20 log -
in 1 +jr ool Cosiotey + 16Cposry ]
=20logr, on®@Cpsote)

since
1> @ o[ Cpsiotr) + 16Cpyorr)]
". off isolation
=2010g270 x 2n x 250 x 103 x 1 x 10~ 12
=-—67dB
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7.7 Sample-and-hold circuits

In earlier sections of this chapter the need of using a sample-and-
hold circuit had been mentioned. Some A-to-D converters, such as the
successive approximation type, should have their input voltages constant
during the conversion periods otherwise erroneous results will occur. For a
12-bit 10-volt converter the variation in input during the conversion time
should not be more than +4 10/2!2 for a conversion uncertainty of less
than £+ LSB. If the conversion time for this particular A-to-D converter is
3 psec then the maximum gradient of the input signal should be

< 10 x ! Vs~! 7.18
T2127 3% 1070 (7.18)
If we consider a sinusoid of + 5V as an input signal, then its maximum

slope is given by
dV/dt| .. =527

substituting for dV/d¢|,,,, from (7.18) we get f<26 Hz.

Thus a sample-and-hold circuit is needed in front of the A-to-D converter
in order to maintain +4LSB accuracy for a signal frequency higher than
26 Hz.

The output of a sample-and-hold circuit faithfully follows the signal
present at the input upon command to ‘sample’, and upon a ‘hold’
command stores the input signal at the instant the ‘hold’ command is given.
The sample and hold command signals are usually the logic ‘0’ and logic ‘1.
The simplest form of sample-and-hold circuit is a switch and a capacitor as
shown in Fig. 7.34(a). When the switch is closed the capacitor charges
towards the applied input voltage at a rate determined by the time constant
of the capacitor and the sum of switch resistance and the source resistance.

The simple circuit of Fig. 7.34(a) has a drawback that any load on the
output will tend to discharge the capacitor. Therefore in practice a buffer is
used after the capacitor as shown in Fig. 7.34(b). During the ‘hold’ period

Fig. 7.34(a). Simplest form of sample-and-hold circuit.
(b). Practical sample-and-hold circuit.
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the output still may droop because of a finite bias current flowing into the
operational amplifier. An N-channel MOSFET is used as the switch which
can be operated electronically at a very high speed. The N-channel
MOSFET needs a positive logic ‘1’ to be turned on, thus connecting the
capacitor to the input. The capacitor charging rate is determined by the
time constant C(R,+r,,) where R, is the source resistance and r,, is the ‘on’
resistance of the MOSFET. When the MOSFET is on during the ‘sample’
period, the capacitor may cause a loading effect on the signal source by
drawing a large current to charge itself. A buffer amplifier with sufficient
output current may be used at the input to deliver a high charging current
to the capacitor and also at the same time to provide a high impedance to
the signal source. If the maximum current that the input buffer can supply is
I ... then the charging rate of the capacitor is given by

AV " fdt = (I —14)/C (7.19)

where I, is the bias current for the operational amplifier. Generally I, <1 ,,,
and we may write

dv,*/dt=1,,,/C (7.20)

The circuit can be further modified by feeding the output of the device, in
other words, the output of the second buffer back to the input buffer as
illustrated in Fig. 7.35. It eliminates the offset error produced at the output
of the previous circuit due to any offsets in the switch, input or output buffer
amplifiers. In the modified circuit the feedback forces the capacitor to
charge up at high speed to make the output of the sample-and-hold circuit
equal to the input voltage. The input buffer amplifier is usually a high
performance operational amplifier having an excellent slew rate. The

Fig. 7.35. Sample-and-hold circuit with MOSFET switch.
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output buffer amplifier has very high input impedance and needs extremely
low bias current.

During the ‘sample’ period the MOSFET switch is on and the ‘on’
resistance of the MOSFET switch, r,, forms a low-pass filter in combin-
ation with the capacitor. So if high speed signals are to be followed
accurately the capacitor has to have a small value. The maximum slew rate
of the input voltage is determined by the maximum charging rate of the
capacitor given by (7.20). Thus the slew rate of the whole sample-and-hold
circuit depends on both I, and r,,. During the ‘hold’ period when the
sample-and-hold circuit is off, the bias current of the output buffer amplifier
and the leakage currents of both the MOSFET switch and the capacitor
cause the capacitor’s voltage droop according to the expression

d Vc _/d[ = (Ib + Ileakage(sw) + Ileakage(C))/C (721 )

Therefore, the capacitor must be a precision capacitor, as large as possible,
with a very low leakage current to minimise the droop.

Instead of using a single MOSFET as a switch in the circuit a
complementary MOSFET switch can be used. This provides a low and
constant ‘on’ resistance during the ‘sample’ period whatever the polarity
and magnitude of the input signal is.

The MOSFET switches can also be replaced by a diode-bridge switch
driven by a pulse transformer as shown in Fig. 7.36. The diode-bridge
switches can be switched in a few hundred picoseconds. When the switch is
enabled, all the four diodes are on and the ‘on’ resistance is that of a single
diode usually of the order of tens of ohms. Typical sample-and-hold circuits
using this type of switch have sampling rates of 1 MHz, sample-mode
bandwidths of 45 MHz and output slew rates of 500V us™!.

Fig. 7.36. Sample-and-hold circuit with diode-bridge switch.
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Fig. 7.37. Ideal sample-and-hold operation.

Switch closed S H m H m Hﬂ H

Switch open
I !

]ll/“l\' o

Input | d/ | Output

Amplitude

Performance parameters

Figure 7.37 illustrates the perfect sample-and-hold operation, but
in reality there are some limitations in the performance of the sample-and-
hold circuits as we will discuss now.
Input impedance. This is the impedance presented to the analogue input
signal and depends greatly on the type of circuit used. In circuits with input
buffer amplifiers the input impedances are of the order of tens of MQ, but in
very high speed sample-and-hold circuits where input bufferings are
omitted, the input impedance has one value when the switch is closed and
another value when it is open.
Acquisition time. This is the time required, after the sampling switch is
closed, for the capacitor to charge to a full-scale voltage change and then
remain within a specified error band around the final value. It is mainly a
function of capacitor charging currents, time constants of the charging
circuit and the slew rates of the buffer amplifiers. Typical values are 50 ns—
10 us.
Aperture time. This consists of two parts: (i) the aperture delay time and (ii)
the aperture uncertainty time. The former is the period between the receipt
of the hold command and the opening of the sampling switch. It is typically
10 nsec. Due to sampling switch characteristics, the aperture time contains
asmall amount of uncertainty, i.e. the actual point in time of the opening of
the sampling switch varies from sample to sample. This time variation, or
jitter, specified as the aperture uncertainty time is typically 30-200 psec.
Droop. This is caused by the discharge of the capacitor during the hold
period. The droop rate depends on the leakage currents in the sampling
switch, the bias currents of the buffer amplifiers and the leakage of the
capacitor itself. A typical value for the droop rate is 50 uVs™*,
Feedthrough. This is a phenomenon that occurs after the switch has been
opened and the signal is being held. A small fraction of the input signal feeds
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Fig. 7.38. Practical sample-and-hold operation and performance
parameters.
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through the open-switch interelement capacitance. Since the coupling is
capacitive, it is a function of frequency and expressed in terms of dB over a
band of frequencies. A typical value is —50dB at 10 MHz.

Charge transfer. When the switch is opened a small charge due to the
capacitance of the switch terminal is transferred to the output terminal
together with the charge of the capacitor. It causes the output to drop as
illustrated in Fig. 7.38.

Gain. This is the ratio of the output voltage to the input voltage at the
instant the switch opens. It is usually less than unity because of the feedback
in the circuits. A typical value is 0.95.

Linearity. This is the maximum amount by which the input—output
characteristic of the sample-and-hold circuit deviates from a straight line
during the sample period. The linearity error is normally specified as a
percentage of the full-scale, a typical value being +0.25% maximum for
input signal changes of +1.25V.

Offset. This is defined as the amount of output voltage when the sampled
input voltage is zero. It is expressed in millivolts or as a percentage of full-
scale. However, since the d.c. offset can be adjusted to zero, manufacturers
do not specify it in data sheets, but the variation in offset with temperature
is an important factor and a typical value for output offset voltage drift is
S0 uv/°C.

Figure 7.38 shows the effects of dynamic parameters in exaggerated form.
Effects of all these are expected to be less than 3 LSB of the A-to-D converter
to which it may be connected, otherwise the main purpose of using a
sample-and-hold circuit would not be served.
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Worked example 7.14

The circuit in Fig. ex.7.14 is connected to a source with an output
impedance of 600 Q. The ‘on’ resistance of the FET switch is 250 Q. The bias
current of the operational amplifier is S0 pA. Find the acquisition time to
1% for a 10V change in the output if the value of the capacitor is 0.01 uF.
Find also the droop rate of the output voltage when the circuit is in hold
mode.

Fig. ex.7.14
600 250

Vo ut

.[. 0.01 uF

Solution
R=R_ +r,,
tacquClnﬁ— =(600+250) x 0.01 x 10~ °1n 100
10— (10-0.1)
=39.1 usec

When the switch is open

dv. I 50 x 1012
d —Towt b _ MRV
roop rate ar C = 00i%x10-% 5mV/s

Worked example 7.15

The sample-and-hold circuit in Fig. ex.7.15 has the following data:
C=0.1puF, maximum output current of the operational
amplifiers = 100 mA, amplifier bias currents = 10nA. Itisused ina 10V, 10-

Fig. ex.7.15

Input C==

Output
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bit system. Calculate the acquisition time and the droop rate. If the sample-
and-hold circuit is connected to an A-to-D converter what must be the
ADC’s maximum permitted conversion time; the largest permissible error
being less than 1/8 LSB?

Solution
From (7.19)

ch+ _Imax_Ib
d  C

10 I -1 ty
J ch—‘—_—maxAbJ' dt
0 C 131

neglecting I, since I, <1,,,,

C 0.1x107¢x 10
tz—tl—'lrax X 10=W=10ﬂs

From (7.21) ignoring I, w) + licak() droop rate

_dv,” I, 10x107°

d T Coixios 100mVs
-
1 11 1 1
ZLSB=--—- =1 _-10=0.
gLSB= g 55 FSR=£735-10=0.00122V

100 mV drops in 1s.
1.22mV drops in 0.01225s

so, the maximum conversion time is 12.2 ms.

7.8 System error analysis
The total accuracy of a data acquisition or distribution system is a
function of all the different error sources within it. These error sources
confine themselves to the elements in the system. If the inaccuracies or error
contributions of each stage in the system are considered separately, their
peculiar error sources would not seem particularly difficult, however,
studying the combined effect of all these individual sources can be very
complex. Hence a practical approach for error analysis must be adopted.
Two methods which are usually employed to analyse the errors in data
acquisition systems are the worst-case method and the total-statistical
approach. The first method assumes that all errors occur at their maximum,
worst-case value, in the same direction and at the same time; so the total
error is the algebraic sum of the worst-case values. However, the above
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assumption is highly improbable, since the error sources are affected by a
number of independent factors. The second method assumes that all system
parameters are statistically independent and behave randomly with respect
to one another. It further assumes that each parameter is a normally
distributed random variable. The total error due to all parameters
calculated using the second method is given by

n 1/2
Total error= [ Y 8"2] (7.22)
1

n=

where ¢, is the individual error source.
In order to calculate the system error it is appropriate to categorise the
different types of error encountered in the system into three classes:

(i) average errors: these are the nominal values of parameters such as
offset, bias and leakage. These are added algebraically.

(ii) systematic errors: these always vary as some definite function of
the system operating conditions such as temperature and power
supply. All systematic errors due to specific causes are added
algebraically to form parametric error functions.

(ili) random errors: these are mainly due to a random selection of a
manufacturer’s components. All the random errors are added
according to (7.22).

The total system error can be obtained by combining the above three errors
in the following manner:

k ! m 1/2
Total error= ) e, + [ Y et Y, a,m"':] (7.23)
k=1 =1 m=1
where
&, 1s the average error due to cause k,
&y i the parametric error due to cause /
and

&, 15 the random error due to cause m.

Although the quantisation error due to a converter is considered as a
random error, it is usually shown as a separate factor together with (7.23).

Worked example 7.16

In order to analyse a complex waveform the data acquisition
system shown in Fig. ex.7.16 is used. The error sources and average errors
in percentage are given in Table 7.1. The systematic errors due to
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Table 7.1
Systematic error
Average Random
errors errors Temperature Power supply
Elements % % A=+25°C A=+5%
1 Amplifier 4;:
Bias current +0.005 +0.01 +0.01 +0.01
Offset voltage +0.05 +0.01
Noise +0.048
Amplitude error +1.9 +0.04 +0.005
Gain non-linearity +0.437
2 RCLPF:
Amplitude error 0.5 +0.05 +0.01
3 Multiplexer:
Leakage current —-0.0015 +0.02 +0.02 +0.005
Offset voltage 0.0014 +0.01
4 Amplifier 4,:
Bias current 0.001 +0.01 +0.01
Offset voltage 0.001 +0.01 +0.01
Noise 0.001
Amplitude error 1.3 +0.01 +0.01
Gain non-linearity 0.0052
5 Band-pass filter:
Amplitude error 1.7 +0.01 +0.01
Crosstalk 0.006
Feedthrough 0.002
6 A-to-D converter:
Bias current 0.007 +0.01 +0.01 +0.01
Offset voltage —0.03 +0.01
Non-linearity 0.39
Quantization error 0.2
Fig. ex.7.16
ILPF 1
Al LPF MUX BPF ADC
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temperature change and power supply variation can be neglected. Assum-
ing that the random errors are approximately 10% of the average errors,
compute the system accuracy and express it in the form of (7.23).

Solution

Add the average errors algebraically.

0.005+0.05+0.048+1.9+0.437+0.5—0.0015+0.0014 + 0.001
+0.001 +0.001 + 1.3+ 0.0052 4 1.7 + 0.006 + 0.002 + 0.007
—0.03+0.39=6.32%

Add all systematic errors due to specific causes algebraically.
Due to temperature: —

gpr= £0.01 £0.005+0.01+0.024+0.01 +£0.01 +0.01 +0.01
= +0.085%
Due to power supply variation:
€pps= £0.01£0.005+0.01+0.01 = +0.035%
Root sum square all random errors with the parametric systematic errors: —
J[(0.085)% +(0.035) + (0.01)* + (0.01)* + (0.04)* + (0.05)*
+(0.02)% +(0.01)* + (0.01)* + (0.01)* + (0.01)*> + (0.01)*
+(0.01)* +(0.01)*]
=./[0.01385]1=0.117%
Total error=6.32% +0.117% +0.2%

T T T

average random quantisation
and
systematic

Summary

1. Two types of D-to-A converters have been discussed. The R—2R
ladder type is preferred to the weighted-resistor type for thin film or
monolithic IC technology.

2. Principles of operation of several types of A-to-D converters, some
simple and inexpensive, and some not so accurate but fast have been
described. The parallei type is easy to construct and can be made very fast
using comparators with large slew rates, but suffers from poor resolution,
whereas the successive approximation type is of complex nature and takes a
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finite time for conversion whatever the magnitude of the change of input
signal, but has a very good accuracy. For continuously but slowly varying
signals the servo type is the best in respect of cost, resolution and
conversion time. Another type which has been discussed in this chapter is
the dual slope A-to-D converter. It is rather slow, but converts the average
of an input signal thus removing any low frequency noises from the input.
3. The digital code consists of several bits which have weightings in a
binary sequence. The bit having the smallest weighting is called the least
significant bit. It is related to the analogue voltage reading as follows:

LSB= % -FSR
where n is the number of bits in the digital code.

4. Among various types of error which occur in converters, the gain,
offset and linearity errors are dependent on ambient temperature and
power supply voltage. The first two types of error can be nulled to zero,
whereas the linearity error cannot be adjusted. The errors are expressed in
terms of a least significant bit (LSB) or percentage of the full-scale reading
(FSR). Since the errors are mostly less than + 4 LSB, the converters with
larger numbers of bits produce smaller errors.

5. Multiplexers are arrays of electronic switches (made of complemen-
tary MOSFETs) which connect a number of different analogue input
signals onto a single channel in a sequence or at random thus reducing the
requirements of other devices in a data acquisition or distribution system.
Due to the bilateral property of complementary MOSFET switches the
multiplexers can also be used as demultiplexers which connect one input to
several output channels in a sequence or at random.

6. The sampling rate of the multiplexers and demultiplexers depends on
the time required to access the input signals. The access time in turn
depends on the ‘on’ resistance of the switches and the capacitances between
the terminals of the ‘off” switches and the ground.

7. In order to keep the input of some converters, such as the successive
type A-to-D converter, constant during the conversion period to avoid any
error, sample-and-hold circuits are absolutely necessary. Sample-and-hold
circuits are also used as deglitchers. Among many parameters the most
important ones are the settling time and droop rate. These should be as
small as possible and determine the component values of a circuit.

8. The total error in a system comprising various circuits can be
determined using two methods. One is the worst case method and the other
the total statistical approach. The accuracy for a system incorporating
most of the devices described in this chapter has been determined in an
example.
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Problems

7.1. A six-bit weighted-resistor D-to-A converter uses a Zener
diode having a breakdown voltage of 2.5 volts. If the smallest weighted-
resistor has a value of 15 kQ and the feedback resistance is 30 kQ, what is the
FSR of the converter? What would be the output of the converter if the
binary input is 100110?

7.2. The smallest resistor in the weighted-resistor D-to-A converter is
20k€ with a tolerance of +1%. The ‘on’ resistance of the FETs acting as
switches is 350 Q. Calculate the accuracy of the converter. Neglect the other
factors which may also affect the accuracy.

7.3. The output of the ladder type digital-to-analogue converter shown in
Fig. 7.6 is connected to an analogue meter having a FSR of 15 volts. What is
the value of R, if the resistors used in the ladder network are of 10kQ and
20kQ values? The reference voltage for the circuit is — 10 volts.

7.4. A digital input 10011001 is applied to an 8-bit RSDAC0800 type D-to-
A converter. Find the output current if the reference current of the
converter is SmA. What is the value of the complementary output current
7.5. Asinusoidal signal, 1.5 sin 27 x 15 x 103t is applied to the input of an 8-

bit servo type analogue-to-digital converter having a FSR of 12 volts. What
is the minimum frequency of the clock pulses?

7.6. For a 12-bit servo type A-to-D converter, the full-scale voltage is 10
volts and the clock frequency is | MHz. What is the largest permitted rate of
change of the input voltage?

7.7. The FSR of a 6-bit successive approximation type A-to-D converter is
9 volts. What are the bit values? If an analogue input of 6.9 volts is applied
to the converter, what will be the error at the output? Draw a timing
diagram for the conversion sequence.

7.8. Which of the two, (i) a successive approximation type or (ii) a servo
type A-to-D converter, will be faster to record a change in analogue voltage
of 3.79 volts? The frequency of the clock pulses applied to the converters are
100 kHz and 250kHz respectively. Both of them are 6-bit converters with
FSR of 9 volts.

7.9. A 10-bit dual slope A-to-D converter has a reference voltage of 9 volts
and a clock frequency of 100 kHz. What is the conversion time for an input
signal of 6 volts assuming that it takes 1 ms to zero the integrator?
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7.10. A D-to-A converter used in the system shown in Fig. 7.9 has the
following error data: zero scale current = 1 pA; non-linearity= +0.1% FS;
full scale temperature coefficient = 30 ppm/°C; power supply sensitivity =
0.01%/%. The associated operational amplifier has the following data:
Vie=3mV; AV, JAT=25uV/°C; I ,=45nA and Al /AT=12nA/°C. The
reference voltage of 10V has a tolerance of +0.5% and both R, and Rygg
are 6.8 kQ. Calculate the worst case errors before and after calibration.
Assume that the maximum change in temperature is from 15°C to 60 °C.

7.11. The CMOSFET switches of a 12-bit, 9V full-scale multiplexer have
leakage currents of 30nA and ‘on’ resistances of 250 Q. If the number of
input channels of the multiplexer is eight, calculate the static error.

7.12. The output capacitance of the multiplexer of Prob. 7.11is 35 pF. Find
the maximum sampling rate per channel for a dynamic error of 0.25 mV. All
inputs are scanned sequentially. In addition to the settling time, a further
0.03 us must be allowed to avoid momentary shorting between input
channels.

7.13. In a data acquisition system thirty-two signals are scanned sequenti-
ally and are connected to an analogue-to-digital converter via five
multiplexers as shown in Fig. P.7.13. The leakage current is 8nA when a
switch is at ‘off” state. The ‘on’ resistance of the switch is 350 Q. The output
capacitance of each multiplexer is 35 pF. Calculate the static error and the
settling time if a dynamic error of 0.25% is allowed.

Fig. P.7.13
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7.14. Twelve 8-channel multiplexers are used in a data acquisition system
as shown in Fig. P.7.14. The ‘on’ resistance of each switch is 300, the
capacitance across the open switch is 1 pF and the output capacitance of
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Fig. P.7.14
1
Mi
8
9
— m2
16 —
——o Olll'put
17
— m
24 —— ,
1
1
[}
89 — '
= mn—d
96 —

each multiplexer is 35 pF. In order to achieve an accuracy of 0.2%, what
would be the maximum channel frequency that can be processed with all
channels having the same frequency bound? The access time for each
multiplexer is 250 ns.

7.15. A 10-bit successive approximation type A-to-D converter with
conversion time of 20 us is used on a signal, v,,=2(1+cos2wt) volts,
(w=2nf, f=100Hz). The full-scale input voltage is 10 volts. Is a sample-
and-hold circuit needed before the ADC?

7.16 A sample-and-hold circuit is connected to a source with an output
impedance of 600 Q as shown in Fig. P.7.16. The ‘on’ resistance of the FET
switch is 370 Q. The bias current of the operational amplifier is 80 pA. Find
the acquisition time to 0.5% for a 9 V change in the output if the value of the
capacitor is 22 nF. What would be the droop rate of the output voltage in
‘hold’ mode?

7.17. The sample-and-hold circuit shown in Fig.ex.7.15isusedina9V, 12-
bit system and has the following data: C =47 nF, maximum output current
of the operational amplifiers=150mA and the amplifier Dbias
currents =40 nA. Calculate the acquisition time and the droop rate. If the

Fig. P.7.16
600 370
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circuit is connected to an A-to-D converter, what must be its maximum
conversion time, the largest permissible error being less than 1 LSB?

7.18 The sample-and-hold circuit in Fig. P.7.18 is connected to the input of
a 12-bit, 9V FSR successive-approximation type A-to-D converter which
has got a conversion time of 60 us. The circuit has the following data:
maximum output current of the operational amplifiers= 100 mA, amplifier
bias currents=10nA, leakage current of the switch=40nA. The acqui-
sition time is to be <1 pus. All other effects are negligible. Calculate the
maximum and minimum values for C which ensure satisfactory operation.

Fig. P.7.18
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Computer aided circuit
design

Objectives
At the end of the study of this chapter a student should be:

1. familiar with the modelling of different types of active devices

2. able to develop a suitable model of a device for a particular
computer analysis

3. familiar with nonlinear d.c. analysis, small-signal a.c. analysis and
large-signal transient analysis of simple electronic circuits

4. familiar with the Newton-Raphson algorithms and be able to
determine the d.c. operating points of circuits for further analysis,
and

5. familiar with the applications of some computer programs.

In recent years computational methods have been very popular for
analysing and designing electronic circuits. It is now possible to design
integrated circuits having thousands of transistors on a single chip. Such
designs cannot be carried out experimentally at the bench. As very large
scale integrated circuits make the fabrication of faster and cheaper
computers possible, computer aided design is being used more and more to
build such circuits. In this chapter, we will discuss various transistor models
and parameters needed for computer analysis, different types of analysis
and computer programs.

8.1. Computer aided design models

Renewed interest in transistor modelling took place in the sixties
and seventies with the advent of computer aided design. Various models
which had been developed during this period fell into two main categories,
the first being single lump models in which transistor terminal currents are
described in terms of quantities determined from terminal measurements;
the second category of models is completely described by five basic
transistor equations (two continuity equations, two current density
equations and Poisson’s equation) derived from the donor and acceptor
concentration pattern. One has to be careful in choosing the right model for
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computer aided design, because an over-simplified model may produce
inaccurate results, whereas, use of a model more complicated than
necessary will obviously increase computer time. In this chapter we will
consider mainly the most popular Ebers—-Moll model which has been
modified over the years to include various effects. One of the advantages of
using this particular model is that the parameters describing the model can
be easily measured.

8.1.1 Ebers—Moll models of bipolar transistors

The physical configuration of a junction transistor is that of two
p—n junction diodes back-to-back, with a thin n-type or p-type region
between them. Figure 8.1 shows the physical structure of an n—p-n
transistor made by diffusing p-type and n-type impurities into the n-type
material. The thin p-type region separating the two n-type regions, is
referred to as the base, whereas the n-type regions are referred to as the
emitter and collector.

Each of the emitter and collector currents is made up of two independent
components. One component of the emitter current corresponds to
minority-carrier injection or extraction at the emitter junction and is
controlled by the base-emitter voltage. The other component of the emitter
current is due to the transport of the minority-carriers across the base and is
controlled by the base-collector voltage. These two components of the
emitter current can be expressed as follows:

Tgp=Igg(e?™*T—1) (8.1)
Tgp=0glcx (8.2)
where

I 1s the emitter-base saturation current,
Vge 1s the base-emitter voltage,
ag is the common-base reverse current gain

Fig. 8.1. Physical structure of an n—p—n transistor.
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and

g, k and T are electron charge, Boltzmann’s constant and absolute
temperature respectively. oy may vary from near unity to very
much less than unity.

Similarly one component of the collector current corresponds to
minority-carrier injection or extraction at the collector junction and is
controlled by the base-collector voltage, whereas, the other component
results from transport of the minority-carriers across the base and is
controlled by the base-emitter voltage. These two components of the
collector current are given by:

Iep=1Ics(€®™ 1) 8.3)
Icp=0glge (8.4)
where
I is the collector-base saturation current,
Vge is the base-collector voltage
and

o is the common-base forward current gain. ay usually lies in the
range 0.9 to 0.995.

The subscripts F and R refer to the forward and reverse components of
currents controlled by the base-emitter and base-collector voltages respec-
tively. We may combine (8.1)-(8.4) in order to obtain the total emitter and
collector currents of an n—p—n transistor as follows,

Ig= —Igp+ Igp = — Igs ("™ — 1) + agl cs(€?"*T— 1) (8.5)
Ie= +Icp—Icg = aplgs(e™* " — 1) = I (™7~ 1) (8.6)

These equations have been derived by assuming an ideal transistor of
uniform cross-sectional area and neglecting the recombination of carriers
in the base region. The Ebers—-Moll model shown in Fig. 8.2 represents
these expressions with the aid of idealised junction diodes and dependent
current sources. The diodes have saturation currents Igg and I, and
account for the processes of injection or extraction of minority-carriers at
either junction. The current sources account for the processes of transport
of minority-carriers across the base region.

In this chapter analyses have been carried out considering only n—p-—n
transistors, however, similar treatments can be applied to p-n—p trans-
istors. For a p—n-p transistor the relationships between the voltages and
the currents are given by
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Fig. 8.2. Ebers—Moll model of an n—p—n transistor controlled by
diode currents or terminal voltages.
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VBE\-» B PR Vac

T =Igg(e” =" — 1) — ol o5 (¥ T — 1) (8.7)
Io= —aplpg(@®™ T — 1) + I g(e?"=*T—1) (8.8)

Sometimes it is desirable to transform the Ebers—Moll model to a form
where the dependent sources are controlled by ‘terminal currents’ instead of
‘diode currents’. The required expressions for an n—p-n transistor can be
obtained from (8.5) and (8.6) and are given by,

Ig= —oglc—Igo(e?™ 1) (8.9)
Ie= —oplg—Ico(e?™*T—1) (8.10)

where I is the reverse-biased emitter current measured with the collector
terminal open and can be expressed as

Tgo=1Igs(1 —apog). (8.11)

Similarly, I, is the reverse-biased collector current with the emitter
terminal open and can be expressed as

Ico=1Ics(1 — apog). (8.12)

Figure 8.3 shows a model which is controlled by terminal currents. It is
completely interchangeable with the one controlled by diode currents or
terminal voltages shown in Fig. 8.2.

Fig. 8.3. Ebers—Moll model of an n—p-n transistor controlled by
terminal currents.
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Fig. 8.4. Transport version of the Ebers—Moll model for an n-p—n

transistor.
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Development of the model

DC model. There are two versions of the Ebers—Moll model: the
Injection version and the Transport version. In the former case, which we
have just discussed, the reference currents used in the representation of the
dependent parameters are the diode currents injected at the junctions,
whereas, in the latter case the reference currents are those traversing the
base region. Since the functional dependence of the model parameters in the
latter version are more realistic from the physical point of view and at the
same time simplify the measurement techniques of the parameters, we will
use this version to develop the model.

The transport version of the Ebers—Moll model for an n—p—n transistor is

shown in Fig. 8.4. The reference current at the collector for this model is
given by

Icc=Is[exp(qVpe/kT)—1] (8.13)
and the reference current at the emitter is given by
Igc=1Is[exp(qVyc/kT)—1] (8.14)

and
where the transistor saturation current,
Is=aplgs=oglcs (8.15)

frand fy are the common-emitter large-signal forward and reverse current
gains respectively and are given by fr=o0g/(1 —og) and fg=ag/(1 —ag).
From Fig. 8.4 we may find expressions for the terminal currents for the
transport model,
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-1 1
— € JeetIge= —ICC<1 + —) +1gc (8.16)
Br Br

Now substituting for I, Igc and Ig into (8.16):

1—
Ig= O‘FIES[— (e — 1)<1 t aF) + (e — 1)]

F

IE=

1
=°‘FIES[_ a_(qundkT_ 1)+ (7T — 1)]

F

- —IEs(quBE/kT_ 1)+O£RICS(CqV“/kT— 1) (8.17)

Similarly,

—1 1
Ie= BEC —Igc+Iec= —IEC<1 + ﬁ_> +1cc
R R

= —Ics(quBC/kT_ 1)+aF1Es(quBE/kT_ 1) (8.18)

The emitter and collector currents given in (8.17) and (8.18) are identical to
those given in (8.5) and (8.6). Therefore the terminal currents for both the
transport version and the injection version of the Ebers—Moll model are the
same.

The transistor saturation current I, changes with temperature and can be
expressed as follows

L= 1Tl ) oo =B 7= 7) | @19

where
T is the analysis temperature in Kelvin,
T pom is the nominal temperature in Kelvin at which the transistor
data is obtained

and

E, is the energy gap of the semiconductor material of the transistor
in ev.

A second-order mechanism requires a modification of this model. The
mechanism, known as the base-width modulation, results from a voltage
dependence of the width of the collector junction space-charge region. This
causes the effective base width to be voltage dependent. We find the change
in base-width, W, due to change in the base-collector voltage, Vyc, by using
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the Taylor series expansion of the equation W=f(Vy) as follows,

dw
W (V)= W(O0)+ Vic- dr
BC

Vpc=0
where W(0) is the base-width at zero base-collector voltage, or,

W(so) _,, Voc dW

~ 8.20
W(0) W) dViac| vye=o0 (8.20)
Again
kT 1 dw
—_— = (8.21)
qg W) dVc 1

where # is the dimensionless base-width modulation factor. From (8.20)
and (8.21) we may write

W(Vge) q Vac
~ e~ 4 B¢
woy) Ve =ity
or,
Vac
W(Vyc)=W(0) 1+7 (8.22)
A

V, is known as the Early Voltage. It is proportional to the reciprocal of the
rate of change in base-width.

The saturation current I, and the common-emitter forward current gain
P are both inversely proportional to the base-width and using (8.22) we
can express them as follows,

I (Vac)=1,00)/(1 + Vgc/Va) (8.23)
Be(Vc) = Br(0)/(1 4+ Vc/Va) (8.24)

The effect of base-width modulation is accounted for in the model by
adding an output resistance r, and replacing the parameters I5 and fg by
(8.23) and (8.24) respectively. The output resistance r, is given by the ratio
of the Early Voltage V, to the collector current I,

ro=Va/lc (8.25)

Resistances r'y, ¥’ and ', have been included in the transistor model to
take into account the effects of bulk material in the base, collector and
emitter respectively as shown in Fig. 8.4. These are dependent on the
operating conditions, but for simplicity, we consider them constant.
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Fig. 8.5. (a) Ebers—Moll model and (b) its simplified form in the
forward active region.
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Simplified Ebers—Moll models

The regions of operation of a transistor are defined by the bias
voltage on the two p—n junctions. Because each p—n junction may be either
forward-biased or reverse-biased, four conditions of operation are possible.
Simplified Ebers—Moll models can be derived for each of these regions. The
n—p-n transistor model controlled by terminal currents as shown in Fig. 8.3
will be considered for this purpose.
The forward active region. The transistor is said to be operating in this
region when the emitter junction is forward-biased and the collector
junction is reverse-biased. In this case, if the collector junction voltage
exceeds a few k7T7/q, the expression for the collector current given by (8.10)
reduces to

Ic=—oaplg+1co (8.26)

The model shown in Fig. 8.5(a) represents the above equation together

with the expression for the emitter current given by (8.5). The current
source in parallel with the diode may be neglected since it is small compared
to the typical value of the emitter current for this region. This will result in a
model shown in Fig. 8.5(b).
The cutoff region. If both the emitter and collector junctions are reverse-
biased, the transistor operates in the cutoff region. Examination of (8.5) and
(8.6) shows that the terminal currents become independent of the voltages
and remain constant when the voltages are in excess of a few kT/q. The

Ebers-Moll model of the transistor for this case is drawn as shown in Fig.
8.6(a).

Fig. 8.6(a). Simplified Ebers—Moll model in cut-off region.
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Fig. 8.6(b). Simplified Ebers—Moll model in saturation region.
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The saturation region. The transistor operates in the saturation region when
both the emitter and collector junctions are forward-biased. The Ebers—
Moll model for this region is the same as that shown in Fig. 8.3. If we neglect
the current sources in parallel with the idealised diodes because of their
comparatively small values, then the model is simplified to the form shown
in Fig. 8.6(b).

The reverse active region. As the name implies, the transistor operates in this
region when the junctions are biased in the opposite way to the one in the
forward active region, i.¢., the collector junction is forward-biased and the
emitter junction is reverse-biased. The Ebers—Moll model for this case is
shown in Fig. 8.7(a). Again if we ignore the current source in parallel with
the idealised diode for the reason specified earlier the simplified model is as
shown in Fig. 8.7(b). Designers most often avoid this operating region
because the base-emitter junction cannot stand very high reverse-bias
voltage (typically it can stand only — 5 V). The area of the collector junction
is greater than the area of the emitter junction to make the forward current
gain o as large as possible, consequently making the reverse current gain oy
substantially lower than o.

The models we obtained above are nonlinear and the aid of a computer is
essential for the analysis of a circuit. It is, however, possible to analyse a
circuit even by hand computation if instead of using exponential V-1
characteristics for the diodes in the models shown in Figs. 8.5-8.7 we use

Fig. 8.7. (a) Ebers—Moll model and (b) its simplified form in reverse
active region.
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Fig. 8.8. Actual and piecewise linear VI characteristic of a diode.
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piecewise linear V—I characteristics as shown in Fig. 8.8. It can be observed
that the diode current Iy (I¢) is greater than zero only when Vgg (Vie)
becomes equal to Vygeon) (Vecony)- Thus it is possible to replace a
conducting diode by a battery having voltage equal to the forward voltage
drop of the diode. The linear approximation Ebers—Moll models in all the
regions of operation have been shown in Fig. 8.9. The current sources
represent the reverse biased junctions. The following examples illustrate
how these models can be used to obtain the quiescent values of voltages and
currents.

Fig. 8.9. Linear approximation Ebers~Moll models in various regions
of operation.
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Fig. 8.9. (cont.)
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Worked example 8.1
The transistor in the circuit of Fig. ex.8.1 has the following values

of some parameters: B =100, Vegsary=0.1V and Vg on,=0.6 V. Deter-
mine the values of the output voltages when the transistor is cutoff and
saturated, and also the value of the input voltages at which the cutoff and

saturation take place.

Fig. ex.8.1
v

2kQ

10kQ Vou
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Solution
When the transistor is cutoff the circuit can be drawn as in Fig.
ex.8.1(a):

Fig. ex.8.1(a) Fig. ex.8.1(b)
10V v
K 2kQ
10 kQ vBEionb Voul
10kQ Vou y y
in IB\ CE (SAT)
Via L

= (h)
(@

Since no current flows through the 2kQ resistor, there is no voltage drop
across it and V,_,, =10 volts.

When the transistor is saturated, the circuit can be drawn as shown in
Fig. ex.8.1(b):

Now V= Vepsany=0.1V.

In order to find the input voltages at which the cutoff and saturation
occur, let us consider that the transistor is in the forward active region. The
circuit is then as shown in Fig. ex.8.1(c).

Fig. ex.8.1(c)

10V
0kQ 2kQ
\ V()Ul
Vi 0.6V lﬁ’B
©
From the diagram we obtain
Via—0.6
=1y (1)

10x 10°
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and also
Vo =10—2x 103 x Bl 2)
Since f=100, from (1) and (2) we get
Vou=22—-20V;, 3)
When the transistor is cut off,
Vo =10 volts
Therefore from (3) we can write
10=22-20V,
or
Via=0.6V
When the transistor becomes saturated,
Vou=0.1V
therefore from (3) we can write
0.1=22-20V7,
or
Via=1.095V

Worked example 8.2

Plot and dimension the output waveform for the circuit shown in
Fig. ex.8.2(a). The input is a symmetrical triangular waveform of +0.3V
magnitude having a frequency of 1 kHz. Given Vygon)=0.2 Vand f=100.

Fig. ex.8.2(a)

+0.3V
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Fig. ex.8.2(b)

Solution

279

For instance suppose that the transistor is in the forward active
region, then it can be replaced by Ebers—Moll model as shown in Fig.

ex.8.2(b).

From the figure,

Veg=—15+5x10%-Ic= —15+5x 10 x 1001,

but,
Ig=I'-1"
_—02—(—15) ¥,—(-02)
750 x 103 10 x 103
1438 v, 02
T 750x 100 104 104
Therefore
14.8 V.
_ 5 __n_
Vep=—154+5x10 (750x103 o8

=—15.13—50V,,

1)

From (1) we can say when V,;, =0.3V, V= —30.13 V, however as the plot
shown in Fig. ex.8.2(c) shows, Vg cannot be less than the negative power

supply voltage. So Vg=—~15V.
Again from (1), when

Vie=—03V, Vgg=—0.13V
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Fig. ex.8.2(c)

/-Vm

-5V
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When the transistor is in the cutoff region,
Veg=—15V
and from (1) we can say that

0.13
Vin=— <0 = —0.0026V
Dynamic behaviour. There are two types of charge storage in a transistor:
the mobile charge in transit (current dependent) and the fixed charge in the
depletion region (voltage dependent). The mobile charge has two compo-
nents, one linked with the reference current at the collector, I and the
other linked with the reference current at the emitter Igc. Their effects are
included in the model by adding diffusion capacitances across each
junction. They are given by

Coc=0pc/Vac=rlec/Vac
and

Coe=0Qpe/Vae=Telcc/Vae (8.27)
where

Opc and Qpp are the mobile charges,
7 and 1y are the forward and reverse transit times of the charges

The fixed charge can be modelled by junction capacitances which are
approximately related to the junction voltages by the following
expressions,
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Fig. 8.10. Variation of junction capacitance with bias voltage.
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Cix=Cixo/(1 = Vx/®)™ for Vex</2

=27 Cyxol2m(Vex/¢)+ (1 —m)] for Vyx> /2 (8.28)
where
X is either E for the emitter or C for the collector junction,
Cyxo s the zero-bias junction capacitance,
m is the gradient factor of the junction
and

¢ is the barrier potential

Equation (8.28) shows that the junction capacitance is generally deter-
mined from zero-bias junction capacitance C,x, and the barrier potential
¢, and is exponentially dependent on the junction voltage Vgy. A typical
plot of the variation of the junction capacitance with the bias voltage is
shown in Fig. 8.10. The straight line approximation of the curve for
Vx> ¢/2 is valid in this case, since the diffusion capacitances are more
prominent than the junction capacitances when the junctions are forward
biased. The total capacitance across each junction is given by the sum of the
respective diffusion and junction capacitances.

Apart from the diffusion and junction capacitances mentioned above,
there is a substrate capacitance C,,, which is important in integrated
circuits. Epitaxial layer substrate junctions are reverse biased for isolation
purposes and according to the plot shown in Fig. 8.10 the substrate
capacitance can be modelled as a constant value capacitor. Figure 8.11
shows the large-signal bipolar transistor model.
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Fig. 8.11. Large-signal n—p-n transistor model.
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Fig. 8.12. Small-signal n—p—n transistor model.
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AC small-signal model. The small-signal circuit model of the transistor for
a.c. analyses is shown in Fig. 8.12. The new elements in this model are
governed by the following relations

=t B (8.29)
ImF Imr
Cn = CDE + CJE’ C” = CDC + CJC (830)

where g, is the forward transconductance given by

dlcc _ qlce
d VBE VBC=0 kT
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and g, is the reverse transconductance given by

dlgc - e
dVecly,,., kT

These are computed after d.c. operating points are determined. In the
forward active region of operation, the reverse transconductance g,z is
essentially zero since Igc is negligible. Thus resistance r, can be regarded as
infinite and capacitance C, becomes nearly equal to Cyc. This leads to the
well-used linear hybrid = model.

The parameters mentioned above for the three models completely
describe the behaviour of a transistor in all the regions of operation and
they can be determined from the measurements made at the device
terminals as discussed in the following section.

The Ebers—Moll model can be used in several well-known computer
aided design programs where the program may generate response equ-
ations involving nonlinear terms and solve by some iterative method, or, it
may make a piecewise-linear approximation to the equations itself to
simplify the response calculations. Some programs store the Ebers-Moll
model as the prime model and needs certain parameters only to analyse
transistor circuit problems as illustrated in the following example.

Worked example 8.3

Find the variations in current and voltage gains and also the input
admittance of the amplifier circuit shown in Fig. ex.8.3 with frequency. The
Ebers—Moll model of the transistor BCY 70 is available as the prime model.

Fig. ex.8.3
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Solution
AUDIO AMPLIFIER. BASAK.

END

R1122302;

R2257320;

R37304;

R4 51030 ;

C10017612,;

C2100?-6 30 ;

DB1 PNP ‘MULLARD@ ‘BCY70@ 4.5 1?3 NODES324;

Ver e

PORTS 1040 ; « Input Output

OUTPUT(IG2, YI1, VG2) ; ports ports

STEP LOG 100 104 5 ;

T T 1

REPEAT ; Hz

END ; Start Step Step

FREQUENCY INPUT ADMITTANCE VOLTAGE CURRENT

PARALLEL FORM GAIN GAIN
I/P-O/P 1/P-O/P

HZ REAL IMAG MOD PHASE DB PHASE

100.000 6.5827-08 6.2752-06 3327 2936  —65.51 24.16

158.489 1.605?-07 9.9432-06 .5604 2850 —64.98 1593

251.189 3.9742-07 1.575?-05 9118 2788 —64.75 10.22

398.107 9.911?2-07 2.494?-05 1460 2746  —64.66 6468

630.957 2.477?-06 3.9432-05 2322 2704  —64.62 4.040

1000.00 6.1787-06 6.2127-05 3.675 2668 —64.60 2.467

1584.89 1.528?-05 9.698?-05 5.784  262.5 —64.60 1.421

2511.89 3.6957-05 1.4827-04 8999  256.7 —64.59 .6817
" 3981.07 8.4952-05 2.1547-04 13.65 2486  —64.59 .0890

6309.57 1.759?-04 2.8312-04 19.64 2377 —64.59 359.5

10000.0 3.0682-04 3.1567-04 2594 2247 —-64.59 358.8

15848.9 4.3587-04 2.9257-04 3091 2118 —64.60 357.9

25118.9 5.235%-04 2.3997-04 3388 2012 —64.61 3565

39810.7 5.6932-04 1.960?-04 3532 1934  —64.63 3544

63095.7 5.905?-04 1.7972-04 3594  188.1 —64.70 351.1

100000 6.0097-04 1.980?7-04 36.20 1843 —64.85 346.1

Note: Here small signal analysis has been used to obtain the frequency response

together with the input admittances.
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8.1.2 Models for field effect transistors

Field effect transistors have three terminals like bipolar trans-
istors; but detailed modelling requires inclusion of the substrate as a
terminal. In this section we will consider only the metal-oxide semi-
conductor type FET. The characteristics of these FETs, especially the high
circuit packing density and low power dissipation, have made the large
scale integration possible.

The electrical characteristics of MOS transistors can be much more
easily described and modelled in terms of the physical device parameters
than those of the bipolar transistors. MOS devices do not show any charge
storage effects comparable to bipolar transistors and the distributed gate-
channel capacitance can be represented by a constant average value
without much loss of accuracy. Also, due to the high impedance nature of
these devices, the parasitic bulk series resistance associated with both the
source and the drain terminals may be neglected.

The symbol and the model for an n-channel MOSFET is shown in Fig.
8.13. The model applies before saturation and also in the saturation region.
Before saturation the effect of electric field, normal or parallel to the surface,
on mobility is considered. For the saturation region the effect of mobile
carriers on the drain-channel space-charge layer width is taken into
account using an approximate analysis of two-dimensional effects. It can be
shown, after making assumptions and approximations for the sake of
simplicity, that when the drain-source voltage is less than the drain-source
saturation voltage, that is before saturation, the current is given by

IDS=A[VGVDS_ VDSZ/2] (8.31)

CoxZ , . .
Note: A= Ji(L; its unit is 4- V2, where A4 is the amplification
L(1+6Vg)

Fig. 8.13. The symbol and model of an n-channel MOSFET.

R C C
G | , S _ g BS BD
S'—{ 1 —{} ——1T—3—
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factor. It is a function of the carrier mobility u,, the thin-oxide capacitance
per unit area Cyy, the channel width Z, the source-drain spacing L, the
coefficient of the effect of electric field on mobility 8 and the effective gate-
source voltage V.

Vs, the effective gate-source voltage is the difference between Vg, the
gate-source voltage of the device and Vg, the threshold voltage. The
threshold voltage lies between 0 and 1.5 volts and is a constant for a given
technology, and Vg is the drain-source voltage in volts.

At the pinchoff point, when the drain-source voltage becomes equal to
the drain-source saturation voltage, the saturation current can be expressed
as

Inss=A[VsVpss— VDssz/z] (8.32)
where Vg, the drain-source saturation voltage is given by
Voss=Vo+0.—[Vg*+0v.21'? (8.33)

and v, is a function of the electric field at pinchoff and the drain-source
channel length. For large values of channel length, v, > V;, and from (8.32)
and (8.33) we may write

Ipss=AVE/2 (8.34)

The access resistances to the source and the drain, Rg and Ry, can be
obtained from the expressions:

Ry>~RW/2Z + R¢ (8.35)
Rp~RWyp/2Z 1+ Rc (8.36)
where
R is the diffusion sheet resistivity in ohms
Wy and Wj are the diffusion widths in m
Zs and Z,, are the channel widths in m
and

R¢ is the metal-diffusion contact resistance
The bulk-drain and bulk-source diode currents are given by
Igp' =Isp'Texp(qVpp /kT)— 1] (8.37)
and
Ips' =I5 Texp(qVps/kT)—1] (8.38)

where I, and I are the respective diode saturation currents.
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The capacitances which depend mainly on the geometry and technology
may be assumed to be independent of bias voltages and reference currents
as mentioned earlier. Thus,

£06rA
Tox

o = Coxad (8.39)

where

a is the area in m?

go is the permittivity of free space in Fm™
&g is the dielectric constant

Tox is the oxide thickness in m

1

and

Cox is the thin-oxide capacitance per unit area

8.1.3. Macromodels

The idea and use of macromodels in designing electronic circuit are
very common at the system level. They characterise the terminal behaviour
of functional blocks such as operational amplifiers, gates, modulators,
demodulators, etc. with sufficient accuracy.

A typical operational amplifier may contain twenty transistors in
addition to resistors and capacitors, and use of the twelve-component
Ebers—Moll model shown in Fig. 8.11 would lead to nearly three hundred
components in the operational amplifier representation. Therefore analysis
of a system with many operational amplifiers at the device level will create a
very large analysis problem. On the other hand macromodels which
provide adequate pin-to-pin representations of functional blocks may
simplify the analysis of a system built with several functional blocks,
typically by a factor of five.

A macromodel may be developed from the physical properties of the
devices, measured data, manufacturers’ specifications, or a combination
thereof. In this section an operational amplifier is considered for developing
a model since it is the most commonly used functional block in analogue
integrated circuitry.

The circuit of an operational amplifier can be divided into three stages:
input, intermediate and output. In the input stage the active load, the
balance-to-unbalance converter and the circuitry employed for biasing can
be replaced with ideal elements. A simple differential stage consisting of
ideal transistors Q, and @, can substitute for the composite transistors in
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Fig. 8.14. Circuit diagram of the operational amplifier macromodel
(after G. R. Boyle et al. ©197-1EEE).

7 Vee)
et
Ve Ry, Vi 6
D | Dz D4
Gyl Rz
Rc =W
Gc \3 I
[¢]
4 (—Vgg)
A —_—— - L ~ R J
Input stage Interstage Output stage

the input stage as shown in Fig. 8.14, Each of these transistors can now be
represented by the simplest Ebers—Moll model having two ideal p-n
junctions and two dependent current sources. Capacitors C and C, are
used to introduce second order effects for the slew rate and the phase
response respectively.

The differential-mode and common-mode voltage gains are provided by
the intermediate and output stage elements, G, G,, R, G, and R,,. In
order to provide the necessary a.c. output resistance change with frequency,
a feedback capacitor C, is used in the model.

In the output stage, the elements D, D,, R, G, and R, provide the

desired maximum short-circuit current. The elements D, D,, V. and Vg
comprise the output bounding circuits and determine the maximum output
voltage swing.
Design equations for the operational amplifier macromodel. The slew rate of
an operational amplifier is an important parameter in high-speed circuits
and can be used to determine the collector currents of the transistors @, and
Q,. For unity gain amplifiers Solomon et al. have shown that the positive
going slew rate S*=2I_,/C,. Now if it is assumed that the quiescent
collector currents are equal for the transistors Q, and Q,, then,

I,,=1,=%C,S8* (8.40)
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The charge-storage effects in the input stage makes the negative going
slew rate S~ smaller than the positive going slew rate and is modelled by the
capacitor Cg. From

S™=2I4/(C,+Cg)
we get
Ce=21,,/S™—C, (8.41)

The current gains of the transistors Q, and Q, are given by the ratios of
the collector currents to the base currents. The latter can be determined
from the specifications for the average input bias current and the input
offset current. The offset voltage of the operational amplifier can be
modelled by specifying the saturation currents for the transistors.

Since
Iy =1y, Voo=Vaes — Vapr = (kT/q)In (I, /1)
Hence
I,=1,e"* =] [14+qV, /kT] (8.42)
since
qV,./kT<1

The value of collector resistors in the input stage is obtained from f;, the
required unity gain bandwidth of the operational amplifier which is the
product of the differential-mode voltage gain Apy and the corner frequency
of the frequency response f,. By using a Miller-effect approximation in the
intermediate stage the corner frequency can be found in terms of the circuit
elements as follows,

1 1
" 2nR,C,(14+G,R,,) ~ 2nR,C,GyR,,

Jo (8.43)

Again the low frequency differential-mode voltage gain is given by

ADM= &v_bi :GaRz'GbROZ'lzGaGszROZ (844)
Ub Ua vin
Therefore,
fr=Apufo=G,/2nC, (8.45)

For convenience G, may be chosen to be 1/R,, and this yields

R, and R,,=1/2nf;C, (8.46)
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The resistors R, and Rg, are introduced in the model to simulate better the
operational amplifiers which use emitter resistors to increase the slew rate.
These can be found from the differential-mode voltage gain of the input
stage
VVii= BiR +BR.2 (8.47)
B1/Gmi + By +)Rg +B3/gma+ (B, + )R,

Since this stage has a gain of unity and I, =1_,, we may write

Bi+5, 1
Ry, =Rgy=—— = { R, ——— 8.48
El E2 Bi+By+2 cl . ( )

Since I, =1,

Im1 =Y9m2

and the value of the d.c. current source in the input stage is given by

Igg= (ﬁll:l + ﬁzﬂ”: 1>1cl (8.49)

The resistance Ry, is the output resistance of the transistor which acts as the
current source. It is the ratio of the ‘early voltage’ V', of the transistor to its
collector current which is approximately equal to I.

The capacitor C, introduces excess phase effects in the differential-mode
amplifier response by generating another pole at

f,=—1/2n2R,,C, (8.50)

The excess phase at unity gain bandwidth due to this pole can then be found
from (8.46) and (8.50) to be

S -, 2C,
12l —tan ' ==
2y C,

from which we get C;=(C,/2)tanA¢.

The common-mode voltage gain in the input stage from v, to v, is
approximately unity since Rg is large (of the order of one hundred kQ). The
common-mode voltage gain from the input to v, is then

Ap=tan (8.51)

vbcm/vincm = chm/ve = GcmRZ

and the differential-mode voltage gain from the input to v, is

Ubdm/Vinam = GaR> = R,/R

1
We chose Ga=R— for convenience earlier ((8.45) and 8.46)).
C1
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Since the common-mode rejection ratio is the ratio of the above two
gains we may write

G..,=1/(CMRR)R,, (8.52)

Thus by choosing the appropriate value for G, we can model the CMRR
of the operational amplifier.

The output resistance R,,, of the model at very low frequencies for the
quiescent state is given by Ry, + Ry,. However at high frequencies, R,, is
shorted out by the capacitor C, and the output resistance becomes equal to
Ry;- Thus R, models the a.c. output resistance of the operational amplifier
R,. The difference between the d.c. output resistance R,,, and the a.c.
output resistance gives the value of R,,.

By substituting an appropriate value for R, in (8.44) G, can be
computed,

Gy=ApmR.1/R; Ry, (8.53)

The output voltage V', appears across R, since the Rc— GV combi-
nation is an equivalent to a voltage-controlled source. When both
the voltage-clamping diodes D5 and D, are off, the maximum output
current is

IO(max) = VD/ROI (8‘54)
where
1
Vp=kT/qln-—2m20 (8.55)
Isp

I'p(max 1s the maximum current through D, and D, and Igy, is the saturation
current of diodes D, and D,.

The maximum voltage drop across Ry, iS [gmaxRo; Which is also the
maximum voltage drop across D,. Therefore,

Inmaxy=Isp eXp[qlo(max)Rm/kT] (8.56)

Again it can be observed from Fig. 8.14 that the maximum current available
from the G.p, is

Imax = ID(max) + IO(max) = vab
=G,G,v,R, =G, R,/R.;=21_,R,G, (8.57)

From (8.56) we obtain

—ql ‘max R
Isp1 =Isps = Ip(max) €XP [—qi;(?)‘—o—l] (8.58)
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We must make R_ very small so that we have a good approximation to
the voltage-controlled voltage source. If we assume that the voltage across
R is only one percent of Vy,, or Vp,, then it can be shown that

kT

R.=——F—1In(l I 8.59
¢ IOOqID(max) N (Ipmaxy/ sp1) ( )

The required value for the coefficient of the voltage controlled current
source G.v, is then 1/R..

The d.c. voltage sources V¢ and Vg and the diodes D; and D, limit the
output voltage swing. When the output is large and positive the diode D,
conducts and the output voltage is

+ kT IO(max) *
Voul = VCC_ Vc+ VD3 = VCC— VC + —In———-- (8.60)
q Isps
Therefore the value of the positive d.c. voltage source is
+ kT +
Ve=Vee—Vou™ + ?ln Hogmax " /1sp3l (8.61)
Similarly,
_ kT _
Ve=Veg—Vou + 7 In{Iogmaxy /Ispal (8.62)

Resistor R, is introduced to model the actual d.c. power dissipation P, in
the operational amplifier. From Fig. 8.14 we may write

Py=Vee 2l 3+ Ve Igg+ (Vec+ VEE)z/Rp
or,

R — (Vcc+VEE)2
P Py—Vec 2l — Viplge

(8.63)

The design equations for the parameters and element values of a
macromodel of an operational amplifier have been derived above, The
model accurately represents the circuit behaviour for non-linear d.c., small
signal a.c. and large signal transient responses.

Worked example 8.4
Develop a macromodel for the operational amplifier LM 118 using
the data given in Table ex.8 4.
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Table ex.8.4. Data of LM118

C, 5 pF R, 320
Set 100 V/us Toman” 25mA
Se” 71V/ps oman” 25mA
Iy 120 nA v 13V
1, 6nA V- —13V
Ve 2mV Py 80 mW
A¢ 40° Apm 3
CMMR 100dB at 1 kHz 1610
Roy 75Q Apw 2x10°
Solution

Let us consider the model shown in Fig. 8.14. Collector currents
I, and I, are found by considering the positive going slew rate. From
(8.40)

I =1C,8:* =1 x5x 10712 x 100 x 10° =250 yA
Charge storage effects can be modelled by C;. Using (8.41)
20, _ 2x250x107°

S~ ¢ T1x10°

Ce —5x10712=2.04pF

Base currents
I
Ig =Ig+ > =120+3=123nA
IOS
Ig,=1g— 5 =120—3=117nA

Therefore the current gains are

250x 107° 250 x 107¢

117x10°°
Now from (8.49)

L 2030+1+2137+1
EE 2030 2137

=500 uA

B

>250 x 1076

Therefore the output resistance of the current source,

200

Rg= 500x10-6 = 400kQ assuming V, =200 volts
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For a small n—p-—n IC transistor I,, =5x 10716 A, say, then from (8.42)
I,=5%x10"1%(1+4)=5.38x 10716 A
The unity gain bandwidth is obtained from (8.45)
Sr=Apufo=16x10*x1x 10>=16 MHz
For convenience choose

1
Rcl

G,=

Therefore from (8.46)

1
Rcl =R02 =

2nf;C,
_ 1
T 2nx16x108x5x 10712
=1.99kQ
_qlc _250x 1076 _
The transconductance g,,, = T = 26x10-3 =9.62mU. From (8.48)
Bi+B, [ 1 ]
Ry =Rgy= P2 | R, ——
i B2 Bi+B,+2 ' Im1
2030+ 2137
= 3030+ 213742 00 104)
=1.89kQ

Using (8.51) to model the excess phase shift

c 5x 10712
€, =S tan40°= —x~2—— x 0.8391=2.1pF

To model the CMMR of the operational amplifier we use (8.52)

1 1
(CMRR)R;; 105x1.99x 10

Given Ry, =R,=32Q. Therefore

Gcm =

3 =35.02n0

Ry, = Rout_ROI =43Q
From (8.53)

_ ApwR., 2% 10°x 1990

Go= R,R,, 100x10%x 43

=9250




Computer aided design models 295

(For the interstage we assumed R, =100kQ.) Now from (8.57)
Ingmay =211 R3Gy — I omax)
=2x250x107%x 100 x 10> x92.5-25x 103
=46249 A
(8.58) gives
Isp1 = Ingmaxe” =Ry, /kT

—25x1073x
=4624.9e——————2§6 )(1(1)0_3 32
=200.5pA

(8.59) gives
Re= i U/ T2
26x 1073 4624.1
T 100x4624.1 2005 % 10~ 12
=1.73mQ
Therefore the value of
G.= L =5780
= Re

Now from (8.61) and (8.62)

_,, 25x1073
VC=15—13+26X 10 3IHW =2.82 volts

_ 25x 1073
Ve=15—13+26x 10 3an =2.82 volts

Lastly (8.63) gives

R = (Veet Vee)?
P Py—Ve2c—Veplge

B (15+15)?
T 80x1073—15%x2x250x 10" 6—15x 500 x 10~

=13.8kQ
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8.2. Analysis of circuits

The initial evaluation or testing of a circuit is essentially carried out
to ensure that it meets the specification. From the computational point of
view, the breadboarding and circuit testing stages may be replaced by the
analysis of the circuit using the models mentioned in the preceding sections.
The circuit analysis techniques which are employed fall mainly in three
categories: (a) d.c. analysis, (b) a.c. small signal analysis and (c) transient
analysis.

8.2.1 D.C. analysis

D.C. analysis is concerned with the computation of the bias
conditions of a circuit. It is accomplished by the solution of a set of
nonlinear circuit equations based on the algebraic characteristic of the
circuit elements. The solution is obtained using iterative numerical
techniques.

As mentioned earlier, the first step in the analysis of nonlinear networks
is to determine the d.c. operating point which is then used to compute
linearised model parameters for the a.c. small-signal analysis and initial
conditions for the transient analysis. For d.c. analysis, all the capacitors are
removed from the circuit and each nonlinear element is linearised about a
presumed operating point. Then we may solve the linearised circuit for
fixed values of d.c. sources to produce a new operating point with the help
of the well known Newton-Raphson algorithm. The parameters of each
transistor and diode are updated and the process is repeated until the node
voltage on successive iterations converge to within specified tolerance. This
widely used algorithm has fast convergence (quadratic if the initial estimate
is close to the solution). The theoretical background is available in books
on numerical analysis.

Let us now consider an example of a simple common-emitter amplifier
circuit as shown in Fig. 8.15(a), to see how we can derive a set of equations
for a circuit. The amplifier circuit may be modified to that shown in Fig.

Fig. 8.15. (a) Simple and (b) modified common-emitter amplifier
circuit.

Uin

(a) (h)
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Fig. 8.16. Model of the common emitter amplifier circuit.

® 120

8.15(b) since the capacitors will behave as an open circuit for d.c. currents
and voltages. The voltage source gives rise to difficulties in formulating
equations and the most straightforward way of dealing with this is to
convert the voltage source to a current source by using Norton’s theorem.
Figure 8.16 shows how the voltage source has been converted to current
source by introducing two resistances of equal but opposite values in the
circuit. This produces an extra node but simplifies the analysis. The n—p-n
transistor has been replaced by the Ebers—Moll model. The resistance R is
the base-spreading resistance of the transistor. There are six nodes in the
circuit as can be seen in the figure and we may write six nodal equations as
follows:

V., V-V, V-V )
i M 2, 6 _0
R, R, R
V2_ Vl Vz_ V3 Vz_ V4
+ =0
R, R, T —1
V=V _ _
3R3 2 +Ics(eq(V6 V3)/kT _ 1)_aF1ES(eq(Ve VT _1)=0
V.—V (8.64)
pa Vel >

-1

Vv
ﬁi + I (eq(V6 ~Vs)IkT __{ )— aklcs(eq(V6 —Va)kT _ )=0
4

Ve

-V
T_l _ Ics(eq(Vs —Va)kT _ 1)+ aRICS(eq(Ve —Va)kT __ 1)
6

— IEs(eq(Vs— Vs)kT _ 1) + aFIES(eq(Vs— Vs)kT _ 1) =0
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Equations (8.64) are in the form
I=Y(V) (8.65)

where Y (V) is a matrix whose entries are functions of V, ... V. In this
example

—0—

where I, has the value of V.
Equation (8.65) may be written in the following form

Y(V)—I1=0 (8.66)
or in more concise form
F(V)=0 (8.67)

The Newton-Raphson technique may be used to solve systems of
equations like these.

Newton—Raphson method
Let us now consider for simplicity two non-linear equations f; and
/> in two variables x; and x,.

f1(x1,x,)=0

fa(x1,x2)=0 (8.68)
The equations (8.68) are in matrix form

F(X)=0 (8.69)

where x; and x, are the components of matrix X. Assume that the set of
equations has a solution which we denote by X*. Now expanding (8.68) in
terms of (X*— X)) by Taylor’s theorem, and neglecting the second-order
terms (if X* is close to X, then we may neglect the higher order terms)

*Y) e g * _ _afl_ * _
fHilX )—fl(X)'*‘gl X1 x1)+ 8x2(x2 X;)
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and

o> o,

fz(X*)—fz(X)"' (xl x1)+—(xz —X;) (8.70)

Equating expressions (8.70) to zero and writing in matrix form

Y
_[fl(X)jI_ 0x; 0x, I:xl*_x1:|
fZ(X) - % _0& xz*—xz
0x, 0x,

or
—[F(X))=l/1[X* - X]

where [J] is the Jacobian matrix of the set of equations. Now if we say that
an estimate of a solution is obtained after k iterations then we can indicate
the iteration sequence by writing ks as superscripts as follows.

[X*H—X*]=—[J]'[F(X")]
or,
Xt = Xk _[J]7 F(X%)] (8.71)

(8.71) is a special fixed-point algorithm for solving a set of equations
F(X)=0. It is called the Newton—-Raphson algorithm.

Worked example 8.5

In order to determine the d.c. conditions of the circuit of Fig.
ex.8.5(a) obtain a set of general equations in matrix form which can be
solved using the Newton-Raphson algorithm. Compute the d.c. voltages at
the nodes of the circuit if the transistor is in forward active region. The

Fig. ¢x.8.5(a)

10V

(@)
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saturation currents of the diodes are 0.1 pA, the base-spreading resistance is
200Q and the common-base forward and reverse gains are 0.98 and 0.05
respectively. An initial guess may be obtained by assuming Vggony=0.7V
and no base current is flowing.

Solution
After replacing the transistor by Ebers-Moll model (Fig.
ex.8.5(b)), R, is the base-spreading resistance.

Fig. ex.8.5(b)

(h

Vi VimVe VieVe _

at node 1 R—1 + R, R, 0

at node 2 VZR_ZVI + V2;3V3 + V2:1V4 =0

at node 3 Vs};VZ + Ig(eVe~ V9T 1)
—aplgg(e” eV —1)=0

at node 4 V4__1V2 + Yli =Vee

V
at node 5 Esw + Igg(es VT __ 1)
4

— ol g(€Vs VUKD _ 1) =0

Ve— Vi
R6

at node 6 —Is(€Ve VI — 1)t gl cg(€Ve VAT — 1)

— Igg(eWe~VNT

— 1)+ aFIES(e(Vs— Vs)a/kT) _ | )=0
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Since the transistor is in the forward active region, we may remove the
current source agl: and also replace the reverse biased base-collector diode
by aresistor of say 22 kQ or convenience. Then the circuit can be redrawn as

shown in Fig. ex.8.5(c):

Fig. ex.8.5(c)

Q@ -1Q @
3.9kQ
82 kQ €]
2kQ JaFIE
1Q
o 9] e
200 Q lec
3BkQ ®
2.2kQ
©

(©)

Initial values of all the node potentials are determined by assuming
Vee=0.7 and V,4=0V. With the help of the following program; node

potentials have been computed as shown in the print out.

10 REM SOLVING NODE VOLTAGE USING JACOBIAN MATRIX

[dX]=INV[A]s-[F]
20 DIM F(6,1),A(6,6),V(6,1),C(6,6),D(6,1)

30 PRINT“ENTER RESISTANCE VALUE RI1,R2,R3,R4,R6,R7”

40 INPUT R1,R2,R3,R4,R6,R7

50 K1=(1/R1)+(1/R2)+(1/R6)

60 K2=(1/R2)+(1/R3)—1

70 PRINT“ENTER INITIAL NODE
V1,V2,V3,V4,V5.V6”

80 INPUT V1,V2,V3,V4,V5,V6

90 PRINT“ENTER SUPPLY VOLTAGE Vcc”

100 INPUT V7

110 PRINT“ENTER NUMBER OF ITERATION”

120 INPUT 1

130 E=1E-13

140 G=0.98

150 FOR S=1to I

160 GOSUB 500

170 MAT C=ZER(6.6)

VOLTAGES
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180 MAT D=ZER(6,1)

190 MAT C=INV(A)

200 MAT D=C«F

210 V1=VI1-D(1,1)

212 V2=V2-D(2,1)

214 V3=V3-D(3,1)

216 V4=V4-D(4,1)

218 V5=V5-D(5,1)

220 V6=V6-D(6,1)

230 PRINT“ITERATION = ;S

240 PRINT*“Vi= ";V1,“V2= ";V2

250 PRINT“V3= ";V3“V4= ";V4

260 PRINT“VS5= ";V5,"V6= ";V6

270 PRINT“Vlerror= ";D(1,1),"“V2error= ";D(2,1)

280 PRINT*“V3error= ";D(3,1),"“Vderror= ";D(4,1)

290 PRINT*“VSerror= ";D(5,1),“Véerror= "’;D(6,1)

300 NEXT S

310 STOP

500 REM FORMING -[F] MATRIX

510 F(1,1)=(V14K1)-(V2/R2)-(V6/R6)

520 F(2,1)=(-V1/R2)+ (K24V2)-(V3/R3)+ V4

530 F(3,1)=(—V2/R3)+ (((1/R3)+ (1/R7))xV3)— (V6/R7)— (GxEx((EXP
((V6—V5)/.026))—1))

540 F(4,1)=(—V4)+V4+V2-V7

550 F(5,1)=(V5/R4)+ (E+((EXP((V6—V5)/.026))— 1))

560 F(6,1)=(—V1/R6)—(V3/R7)+ ((1/R6)+ (1/R7))xV6) + (E«x(G — 1)«
((EXP((V6—V5)/.026))—1))

590 REM FORMING MATRIX [A]

600 A(1,1)=K1

610 A(1,2)=1/R2

620 A(1,3)=0

630 A(1,4)=0

640 A(1,5)=0

650 A(1,6)=1/R6

670 A(2,1)=—1/R2

680 A(2,2)=K2

690 A(2,3)=—1/R3

700 A2,4)=1

710 A(2,5)=0

720 A(2,6)=0
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730 A(3,1)=0

740 A(3,2)= —1/R3

750 A(3,3)=(1/R3)+(1/R7)

760 A(3,4)=0

770 A(3,5)= G+E«38.4615,(EXP((V6— V5)/.026))

780 A(3,6)=(—G+E«38.46154(EXP((V6— V5)/.026)))— (1/R7)

790 A@4,1)=0

800 A(4,2)=1

810 A(4,3)=0

820 A(4,4)=0

830 A(4,5)=0

840 A(4,6)=0

850 A(5,1)=0

860 A(5,2)=0

870 A(5,3)=0

880 A(5,4)=0

890 A(S,5)=(1/R4)— (E438.46154(EXP((V6—V5)/.026)))

900 A(5,6)=Ex38.4615x(EXP((V6—V5)/.026))

910 A(6,1)= —1/R6

920 A(6,2)=0

930 A(6,3)= —1/R7

940 A(6,4)=0

950 A(6,5)= — E+(G — 1)+38.46154(EXP((V6 — V5)/.026))

960 A(6,6)=(1/R6)+ (1/R7)+ (E+(G — 1)+38.46154
(EXP((V6—V5)/.026)))

970 RETURN

980 END

basic jacob.basic

ENTER RESISTANCE VALUE R1,R2,R3,R4,R6,R7
? 33e3,82¢3,3.9¢3,2.2¢3,200,22¢3

ENTER INITIAL NODE VOLTAGES V1,V2,V3,V4,V5V6
?2.8,10,5.5,10,2,2.7

ENTER SUPPLY VOLTAGE Vcc

210

ENTER NUMBER OF ITERATION

75

ITERATION= 1

Vi= 2.68817 V2= 10

V3= 5.89262 V4= 9.99886
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V5= 2.03986 V6= 2.71337
Vlerror= 0.111826
V3error= —0.392624
VSerror= —0.039857
ITERATION = 2

V1= 2.70184 V2= 10
V3= 5.83505 V4= 9.99884
V5= 2.08019 V6= 2.72632
Vlerror= —1.36668 E-2
Vierror=  0.057575
Vierror= —4.03346 E-2
ITERATION = 3

Vi= 2.71511 V2= 10
V3= 5.77412 V4= 999883
V5= 2.12276 V6= 2.73884
Vlerror= —1.32685 E-2
Vierror=  6.09304 E-2
Vierror= —4.25669 E-2
ITERATION = 4

V1= 2.72801 V2= 10
V3= 5.7004 V4= 9.99881
V5= 2.17394 V6= 2.75088
Vlerror= —1.29049 E-2
Vierror=  7.37176 E-2
VSerror= —5.11828 E-2
ITERATION = 5

V1= 2.74079 V2= 10
V3= 5.55575 V4= 999877
V5= 2.2731 V6= 2.76206
Vlerror= —1.27764 E-2
Vierror=  0.144648
VSerror= —9.91624 E-2

8.2.2 A.C. small-signal analysis

We may use a.c. small-signal analysis to evaluate the performance
of a circuit under various a.c. excitations. In this analysis, the non-linear
elements are replaced by linearised equivalents which are computed after
d.c. analysis. The voltage sources are short-circuited, the current sources in
transistor models are open-circuited and the capacitors are replaced by

Y 2error= 0
Vderror=  1.14225 E-3
Véerror= —1.33677 E-2

V2error= 0
Vderror=  1.45252 E-5
Véerror= —1.29524 E-2

V2error= 0
Vderror=  1.54907 E-$
Véerror= —1.25234 E-2

V2error= 0
V4error=  1.87807 E-S
Véerror= —1.20322 E-2

V2error= 0
Vderror=  3.67981 E-5
Véerror= —1.11795 E-2

complex frequency-dependent conductances

Y.=joC
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Due to short-circuiting of voltage sources the number of nodes decreases
and they have to be renumbered to form a new complex Y-matrix. This
matrix is solved at sequential frequency points by the ‘most efficient’ all-
round method, the Gaussian elimination algorithm. This method is based
on the extremely elementary idea of eliminating the variables one at a time
until there is only one equation in one variable left. This equation is then
solved to give the solution for this one variable, say x,. The value of x, is
then substituted back into the preceding equation to obtain the remaining
solutions.

8.2.3 Transient analysis

The above two analysis techniques provide sufficient detail of the
performance for many circuits; but in some cases where large-signal
excursions are experienced, transient analysis is applied. For this, nonlinear
time-domain differential equations which describe the circuit behaviour,
are solved. The solution for the circuit is obtained at successive time
intervals. The initial conditions are obtained from the d.c. analysis. The
source excitation vector, I is now a function of time. The current through
the capacitor is given by

i(t)=C-dV/dt

where V' is the capacitor branch voltage. The linear capacitor may be
replaced as shown in Fig. 8.17 by an equivalent conductance,

G=2C/t
in parallel with two current sources,
2C/t- V" 1 and i""!

where t is the time interval, V"~ ! is the capacitor branch voltage and i~ ! is
current through it at the previous time interval. The diode capacitance is
assumed to be linear at a given time interval and its value is calculated by
using the voltage across the diode and the current through it at the
preceding time interval.

Fig. 8.17. Model of a linear capacitor (after N. D. Arora et al.).
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Thus the differential equations at the source are replaced by algebraic
equations and the circuit becomes resistive. So the Y-matrix is real and
formed in the same way as for d.c. analysis. In order to obtain good results it
is important that accurate time intervals are used to solve the Y-matrix
starting from a given time.

8.3 Programs

Electronic circuit simulator programs can perform d.c., a.c. and
transient analysis. In the process of circuit designs these programs are used
to perform repeated analysis of the circuit. These include the equation
compilers, which generate the necessary equations from the node and
element description of the circuit. The circuit description input allows
considerable freedom in the description of the numerical values, the order
of inputs, and the numbering of nodes. Some examples of these type of
programs are SCEPTRE and ECAP. The general features of each are
similar, and the reasons for choosing one program rather than the other are
normally based on individual analysis needs and computer facilities.

Electronic Circuit Analysis Program (ECAP), which was developed by
IBM and the Norden Division of United Aircraft uses the piecewise linear
approach for the analysis of nonlinear circuits. It is an integrated analysis
system consisting of four related programs. These are the input language
program, the d.c. analysis program, the a.c. analysis program and the
transient analysis program.

The first program is the communication link between the user and the
other three programs. With the help of input statements made in simple
formats, the circuit arrangement of components can be described, and the
type of analysis as well as the desired output can be chosen. An important
feature of an input language program is the use of an English-language style
and a simple format for the input. Six input statements are used to define the
circuit topology, the circuit element values, the type of analysis described,
the circuit excitation, and the desired outputs in ECAP. The three other
progams allow one to obtain respective solutions for the circuit.

Figure 8.18 shows the typical branch configurations. A circuit does not
have to be restricted to a single dependent current source, and may have
more than one in the same branch.

The initial step of the circuit analysis using ECAP is the preparation of a
preliminary circuit schematic that may perform a desired function. The
analysis ensures that the circuit will perform as expected. Next the physical
components are replaced by their models. The nodes are then identified by
circled numbers and the branch numbers are enclosed in squares. The
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Fig. 8.18. ECAP branch configuration: (a) d.c. analysis, (b) a.c.
analysis, (c) transient analysis (after M. F. Hordeski).
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The types of circuit elements used in the programs are summarised
below:

Circuit Analysis
Element DC AC Transient
Resistor X X X
Capacitor X X
Inductor X X
Mutual inductor X

Voltage source, fixed X X X
Voltage source, time-dependent X
Current source, fixed X X X
Current source, time-dependent X
Switch X
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Fig. 8.19. Flow chart of CAIC (after N. D. Arora et al.).
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topology of the circuit is defined next and the component values are
specified using the data statements:

R=100, E=12
R=10
L=0.15
C=047E-6

These are written after the appropriate branch as shown below:

Bl. N=(0,1), R=100, E=12: Branch 1 is bounded by node 0 and
node 1 and contains a resistor of nominal value 100 ohms and a
voltage source of 12 V.

B2. N=(1,2), R=10: Branch 2 is bounded by node 1 and node 2 and
contains a resistor of nominal value 10 ohms.

B3. N=(2,3),L=0.15: Branch 3 is bounded by node 2 and node 3 and
contains an inductor of nominal value 0.15 H.

B4. N=(3,0),C=0.47E-6: Branch 4 is bounded by node 3 and node 0
and contains a capacitor with nominal value 0.47 uF.
Frequency=1000; the frequency of the a.c. source is set to
1000 Hz.

The control statements define the type of analysis that is to be carried out.

First the data and control statements are fed into the computer. The
program uses the data to set up the circuit equations and determines which
solutions of the equations to perform. The initial design can be altered if the
analysis indicates the need for such changes and the new circuit is again
analysed. This can be repeated until acceptable performance characteristics
are obtained and then the circuit construction can begin.

Figure 8.19 shows the basic flow chart of a program for the Computer
Analysis of Integrated Circuits (CAIC) developed by Arora et al. It can
perform nonlinear d.c. analysis, small-signal a.c. analysis and large-signal
transient analysis with automatic time-step adjustment. The circuit models
for diodes and transistors are predefined and one has to specify only the
electrical parameters characterising the device. For transistors a modified
version of Ebers—Moll model is used. The model used for junction diodes is
shown in Fig. 8.20.

The computer output for the d.c. analysis of an IC operational amplifier
CA 3015 is shown in Fig. 8.21 together with measured d.c. voltages at
various nodes; see Table 8.1. The computed magnitude response and the
phase response of the operational amplifier are shown in Figs. 8.22 and 8.23
respectively. The circuit diagram of an emitter-coupled astable multi-
vibrator and its computed transient response are shown in Figs. 8.24 and
8.25 respectively.
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Fig. 8.20. Nonlinear model for a junction diode (after N. D. Arora et
al.).
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Fig. 8.22. Magnitude response for the circuit of Fig. 8.21 using CAIC
(after N. D. Arora et al.).
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Table 8.1. Computed and measured d.c. voltages of CA 3015 operational amplifier
(after N. D. Arora et al.).

Computed Measured

Node no. voltage (V) voltage (V)

1 0.0003 0.0

2 0.0003 0.0

3 0.876 0.8

4 0.875 0.902

5 2.874 2.85

6 0.072 0.082

7 —6.730 —0.674

8 —4.578 —4.238
10 —5.210 —4.931
11 —5.210 —4.932
12 0.202 0.183
13 —0.390 —0.432
14 —2.964 —3.144
15 —3.596 —3.598
16 —3.677 -371
17 3.009 3.36
18 3.009 3.160
19 2.375 2.405
20 0.722 0.734
21 —3.598 —3.500
22 6.00 6.00
23 —6.00 —6.00

Fig. 8.23. Phase response for the circuit of Fig. 8.21 using CAIC (after
N. D. Arora et al.).
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Fig. 8.24. Circuit diagram of an emitter-coupled astable multivibrator.

Fig. 8.25. Transient response of the circuit of Fig. 8.24 using CAIC
(after N. D. Arora et al.).
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In order to establish the performance characteristics of operational
amplifiers, a program known as Simulation Program with Integrated Circuit
Emphasis (SPICE) can be used (Boyle et al.). Table 8.2 compares the
performance characteristics of the 8741 type operational amplifier obtained
by using this program with that obtained from the Manufacturer’s data
sheet. These values may be used to determine the element and parameter
values of the macromodel of the operational amplifier.

Another computer program IMAG Il worked out by Merckel et al. at the
Applied Mathematics Institute at Grenoble, France, was used to simulate
electronic circuits with FETs. Stray capacitances and resistances in the
measuring equipment were taken into account. The d.c. transfer curve and
also a transient curve for a circuit are shown in Fig. 8.26.

MICRO-CAP II is another well used analogue circuit design and
analysis tool. With MICRO-CAP 11, one can outline a circuit diagram on a
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Table 8.2. Operational amplifier performance characteristics obtained by using
SPICE (after G. R. Boyle, ©197-1EEE).

8741 LM741

Device-level 8741 data

model macromodel sheet
C, (pF) 30 30 30
S (V/us) 0.9 0.899 0.67
Sg~ (V/us) 0.72 0.718 0.62
I (nA) 256 255 80
Igos (DA) 0.7 <1 20
V. (mV) 0.299 0.298 1
avp 4.17-10° 4.16-10° 2105
ayp (1kHz) 1.219-103 1.217-103 103
A (%) 16.8 16.3 20
CMRR (dB) 106 106 90
R,. Q) 566 566 75
R,_.. (Q) 76.8 76.8 —
Iic* (mA) 259 26.2 25
Iyc™ (mA) 259 26.2 25
vVt (V) 14.2 14.2 14.0
V= (V) —-12.7 —-12.7 —13.5
P, (mW) 59.4 594 —

Fig. 8.26. DC transfer curve and transient curve obtained by using
IMAG 1I (after G. Merckel et al., ©197-1EEE).
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Fig. 8.27. Simplified flow diagram for the MICRO-CAP II.

Boot
Designer
Transient A.C. D.C. Fourier
analysis analysis analysis analysis

video display monitor. The program automatically creates a netlist suitable
for simulation or analysis directly from the graphics image using device
models that one defines. MICRO-CAP 11 then can be used to perform a.c.,
d.c., transient, or Fourier analysis. The circuit schematic and analysis run
may be recorded on a printer in graphic or tabular form.

MICRO-CAP Il is supplied with a program diskette and a data diskette.
The latter contains several sample circuit files. They are provided as guides
to help one learn the system. The data diskette also contains a library file of
standard components. In order to use this program one will require an IBM
pc, XT or AT computer or equivalent with at least 256k installed random
access memory.

Figure 8.27 shows a simplified flow diagram. When the program disk is
booted the first program that comes up is the DESIGNER. This is the main
program. It allows one to draw circuit diagrams, save and retrieve them
from the data diskette, manage the component library and select analysis
options.

MICRO-CAP II allows networks to consist of the following types of
components. Components 1-6 are specified with a single parametric value
such as 1000. Components 7-13 are called Standard Components and are
specified by a type number or type label. This type number refers to a
library which contains the parameters defining the component.

1. Batteries 2. Resistors

3. Capacitors 4. Inductors

5. User Sources 6. Switches

7. Diodes 8. Bipolar Transistors

9. MOS Devices 10. Operational Amplifiers

11. Sinusoidal Voltage Sources  12. Programmable Voltage
Sources

13. Polynomial Sources
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Fig. 8.28. A tuned amplifier circuit and its a.c. analysis obtained by
using the MICRO-CAP IL.
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Figure 8.28 shows a tuned amplifier circuit built with an n—p-n type
transistor. The a.c. analysis obtained by using the MICRO-CAP Il is also
shown for a sinusoidal input. The transistor model which has been used for
the analysis is shown in Fig. 8.29 and can be compared with the model
developed in Section 8.1.1 (see Fig. 8.11).

As another example the frequency response of an infinite gain multiple
feedback low-pass filter circuit with the same specification as given in
Worked example 3.19 has been obtained with the help of MICRO-CAP 11.
It is shown in Fig. 8.30 along with the circuit itself.
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Fig. 8.29. The bipolar transistor model used for the MICRO-CAP 11
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Fig. 8.30. A second-order low-pass filter circuit and its frequency
response obtained by using MICRO-CAP II.
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Summary

1. The most widely used model for a transistor is based on the
Ebers—Moll model. This replaces the transistors in a circuit enabling one to
acquire a set of nonlinear equations in terms of voltages, currents and
passive element values. By using correct computation methods for the
solution of these equations one can obtain the nonlinear d.c. analysis,
small-signal a.c. analysis and large-signal transient analysis of the circuit.

2. Theregions of operation of a transistor are defined by the bias voltage
on its base-emitter and base-collector junctions. Simplified Ebers—Moll
models can be derived for each of these regions and used for machine, or
even hand computation.

3. A model for metal-oxide semiconductor type FETs has been derived.
These transistors can be more easily modelled in terms of the physical
device parameters than those of the bipolar junction transistors. The
capacitances in this case may be assumed to be independent of voltages
without much loss of accuracy and the bulk series resistances associated
with both the source and the drain terminals may be neglected.

4. A model has been described which can accurately simulate the input,
intermediate and output stages of an operational amplifier circuit. The
parameters of the model may be calculated from the specifications of the
operational amplifier supplied by the manufacturers or can be computed
from the parameters of discrete components. The design equations for the
parameters and element values of the model have been derived. These have
been used to the full extent in an example.

5. The circuit analysis techniques are of three categories: d.c. analysis,
small-signal a.c. analysis and large-signal transient analysis. The d.c.
analysis may be obtained using an iterative numerical method, e.g.,
Newton—Raphson Method. In this method an initial guess is made of the
circuit d.c. values which are then updated. The process continues until the
d.c. values on successive iterations converge to within specified tolerance.
This algorithm converges rapidly but the disadvantage is that the Jacobean
matrix of the set of equations describing the circuit has to be evaluated.

6. The d.c. operating points are used to compute linearised model
parameters for the a.c. small signal analysis and initial conditions for the
transient analysis.

7. In the process of circuit designs, programs are used to perform
repeated d.c., a.c. and transient analysis of a circuit. These include the
equation compilers, which generate the necessary equations from the node
and element description of the circuit. A few programs and their applic-
ations have been mentioned. The selection of a program depends on a
particular analysis requirement and computer facilities available to the
designer.
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Problems

8.1. The transistor in the circuit of Fig. P.8.1 has the following
values of some parameters: =125, Vige,y=0.15V and Vygn=0.5V.
Determine the values of the input voltages at which the cutoff and
saturation take place.

Fig. P.8.1

2.7k

Vo

15 kQ

8.2. Plot and dimension the output waveform for the circuit shown in Fig.
ex.8.2. The input is a sinusoidal wave of +0.25V magnitude having a
frequency of 10kHz. Given: Vg =0.3V, Vigea)=0.1V and fz=110.

8.3. The amplifier shown in Fig. P.8.3.(a) is in the forward active mode and
the transistor can be replaced by the network shown in Fig. P.8.3(b). Derive
a system of equations in matrix form which can be solved to obtain the d.c.
conditions with the aid of a computer using the Newton—Raphson
technique. The 220 Q resistor is the base-spreading resistor of the transistor.

Fig. P.8.3

220Q

b

8.4. Describe with the aid of diagrams, suitable models for a bipolar
junction transistor which can be used to compute non-linear d.c., large
signal transient and small signal a.c. values of a circuit comprising such
transistors.
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Table Al. Typical h-parameter values for a transistor at Ig=1.3mA

Parameter Common collector Common-base Common-emitter
h; 1.1kQ 2.16Q 1.1kQ

h, 0.99 29x1074 25x1074

he —51 —0.98 50

h, 25 uA/V 0.49 uA/V 24 AV
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Appendix B

HI506 16-channel CMOS multiplexer.

Table B1. Electrical characteristics

T,=25°C,V*=15V, ¥V~ =—15V, GND=0 (Conditions in brackets are for DG
508 only)

HI 506
Parameter Symbol Conditions Typ. Max. Units
Drain-Source ON Tpson' Vp=10V, V,,=08V 270 400 Q

resistance Vpo=—10V, V;, =08V 270 400 Q
Source OFF leakage
current Tgoge V=114V (£ 10V) 003 — nA
Drain OFF leakage
current Tpore Vs=114V (2£10V) 10 — nA
Channel ON leakage
current Ipon? Vp=Vs+14V+10V) 10 — nA
Input-transition voltage V;* 0824 V
Input (address) current Iy (I44) Via=24V (V,=24V) — — uA

(Input voltage high) Via=15V (V,=15V) 0001 5 puA
Peak input (address) I;, PEAK Via=145V (V,=145V)

current for (I s pEak) +10% — — uA

transition
Input (address) current _ _

(Input voltage low) L (1) Via=0V (FVgn=0V) 0001 S pA
Turn ON time (EN) ¢, (EN) 03 — us
Turn OFF time (EN) t (EN) 03 — us
Source OFF capacitanceCgogq V=0, V;,=5V 4 — pF
Drain OFF capacitance Cpyg¢ V=0, V;,=5V 44 — pF
Channel ON
capacitance Cpon+ Cson Vp=Vs=Vx=0 — — pF
OFF isolation 75 — dB
Multiplexer switching fwansition 03 — s

time
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Table B1. (cont).
HI 506
Parameter Symbol Conditions Typ. Max. Units
Bre~ak before Make fupen 008 — s
time
Operational supply I Vin=0 +34 450 mA
current operational (Va=0, Vgn=5V) -08 -20
Standby supply All channels Off +34 +50
current Istandby Vin=5V —08 —20 mA

(Va=0, Vegn=0V)

Notes: ' rpg,, is quoted at I,=1mA except for DE 508 =200 1A and DG 303=10mA.
2 Leakage from driver into ON switch.

3 Where two values are quoted, these are the input Low and High threshold levels.

Table B2. Absolute maximum ratings

Parameter Units HI 506
Power dissipation (Package)! mW 1200
Supply voltage v +20
Vs or Vp Positive v Vt+2v
Vs or Vp Negative v V™ +2V
Vins Veet» A or EN to Gnd v V™4V to
V*+4V
Current any terminal except S or D mA —
Continuous current S or D mA —
Peak current S or D? mA 50
Operating temperature °C 0to75
Storage temperature °C —65to +150

Notes: ' IC soldered into PCB, DG types derate by 6.5 mW/°C above 25 °C. HI 506,

derate by 8 mW/°C.

2Pulsed 1 mS, 10% duty cycle maximum.
(RS Components Ltd.)
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nA741

FREQUENCY-COMPENSATED OPERATIONAL AMPLIFIER

FAIRCHILD LINEAR INTEGRATED CIRCUITS

GENERAL OESCRIPTION — Tha uA741

8 high perfo.mance monolithic Dperationsl Amplifier

constructed using the Fairchild Planar® epitaxiel process, it is intended for a wide range of enslog

spplications. High common mode voltsge renge and

ides) for use s a voltege foflower, The high gain and wide range of oper:

absance of lstch-up tendencies make the pA741
ng voltage provides superior

geners! feedback spplicstions.

pe in X emplitier, and

¢ NO FREQUENCY COMPENSATION REQUIRED

* SHORT CIRCUIT PROTECTION

* OFFSET VOLTAGE NULL CAPABILITY

* LARGE COMMON MODE AND DIFFERENTIAL VOLTAGE RANGES
¢ LOW POWER CONSUMPTION

* NO LATCH-UP

ABSOLUTE MAXIMUM RATINGS
Supply Voltage
BATAIA, uAT4T, uATHE
uAT41C
Internsl Power Dissipation {Note 1)

Molded and, Hermatic DIP
Mini DIP
Fiatpek

Differentie! tnput Voltage

Input Voltage (Note 2}

Storage Temperature Range
Metat Can, Hermetic DIP. and Flatpsk
Mini DIP, Molded DIP

Operatirig Temperature Range
Mititery (WAT4TA, pAT41)
Commarcist (tAT41€, pATAIC)

Pin Temperaturs (Soldering)
Metat Can, Hermatic DiPs, and Flatpek {60 3}
Molded DIPs {10 3)

Output Short Cireuit Duration {Note 3)

$22V
18V

500 mw
670 mwW
310 mW
570 mwW
130V
15V

—65°C to +150°C
~55°C 10 +125°C

—65°C to +125°C
0°C to +70°C

300°C
260°C

Indsfinite

CONNECTION DIAGRAMS
8-PIN METAL CAN
(TOP VIEW)
PACKAGE QUTLINE SB

PACKAGE CODE H

e

Note: Pin 4 connectsd 10 case

ORDER INFORMATION

8-PIN MINI DIP
{TOP VIEW)
PACKAGE QUTLINES 6T 97
PACKAGECODES ] T

.jDU'

s
]+ grnsen
NULL

ORDER INFORMATION

TYPE PART NO.
HATAIC BATLITC
rAT41C HATLIRC

- 2
v i it
B c—
L:jD L

10-PIN FLATPAK
(TOP VIEWI
PACKAGE OUTLINE JF
PACKAGE CODE F

e C—3°

[y 0

+ OFFSET
" e

ORDER INFORMATION

TYPE PARTY NO.
HAT4IA HATAIAFM
PrYZal HATAIFM

TYPE PART NO.
uAT41A uAT41AHM
uA741 pAT41HM
WATAIE  uATA1EWC
RATAIC  uATATIHC
14-PIN OIP
(TOP VIEW)

PACKAGE OUTLINES 6A, 9A
PACKAGE CODES O P

5 NC
13

AL

1
we O]
2
e ]
L]
o
w [ g
5
X ki

O -
w [ ] e

ORDER INFORMATION

TYPE PART NO.
BAT4IA  uAT41ADM
uAT41 BAT41DM
wA741E  uAT41EDC
uAT4IC  uAT41DC
uATAIC  LATAIPC

Notes on following pages.

5113

“Plansr is & patented Fairchild process.



pA741 frequency-compensated operational amplifier

FAIRCHILD « uA741

HATAIA

ELECTRICAL CHARACTERISTICS: Vs =iV, TA = 25°C unless otherwise specified .

323

CHARACTERISTICS {see definitions} CONDITIONS MIN TYP MAX UNITS
Input Offset Voltage Rg < 500 0.8 3.0 mv
Average Input Offset Voltage Drift 15 uviC
input Offset Current 30 0 nA
Average input Offset Current Drift 0.5 nA/C
input Biss Current 30 80 nA
Power Supply Rejection Retio Vg = +20, —20; vg = —20, +10V, Rg = 5081 15 50 ViV
Output Short Circuit Current 10 25 40 mA
Power Dissipstion Vg = 120V 80 150 mw
Input impedance Vg = 120V 10 6.0 Mo
Large Signal Voltage Gain Vg = £20V, R)_ =2k}, Voyy = +15V 50 Vimv
Transient Response [ Rise Time 0.25 0.8 »s
{Unity Gain} | Overshoot 6.0 20 %
Bandwidth (Note 4} 437 1.5 MHz
Slew Rete {Unity Gain) Vin = 10V, 0.3 0.7 Vius
The tollowing specificstions apply for —~§5°C < Ta < +125°C
Input Offset Voltage 4.0 mv
Input Offset Current 70 nA
Input Bias Current 210 nA
Common Mode Rejection Ratio Vg = 120V, Vi = £ 15V, Rg = 508 80 95 d8
Adjustment For tnput Offset Voitage Vg = 120V 10 mv
OQutput Short Circuit Current 10 40 mA
Power Oissipation Vg =120V [--55°C 165 m
+126°C 135 mwW
input Impedance Vg = 120V 05 Mo
Output Voltage Swing Vg =120V, LF:L ~ 100 £16 M
‘[FL=2xn 115 v
Large Signal Voltage Gain Vg = £20V, R|_= 2kQ2, VQUT = £15V 32 Vimv
Vs = t8V, R = 2kQ, Vouy = 2 V 10 Vimv

NOTES

the DIP and 7. 1mW/°C for the Flatpek.

» LN

. Calcutete i velus from: BWI(*A. ) =

0.35

Rise Time (pe)

. For supply voltages less than 115V, the abiolute maximum input voltage is squsl to the supply voleuoi.
. Short circuit may be to ground or sither suppiy, Rating spplies to +126 C case tempersture or 75 C ambiant tempersture.

Reting applies to smbient 1emperatures up to 70°C. Above 70°C ambient derate lineerty st 8.3mW/C for the metal can, 8.3mW/°C for
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FAIRCHILD « uA741

uATA
ELECTRICAL CHARACTERISTICS: Vs =316V, ‘I’A = 25°C unless otherwise specified .

CHARACTERISTICS (see definitions) CONDITIONS MIN TYP MAX UNITS
Input Offset Voltage Rg < 10 k02 1.0 5.0 my
Input Offset Current 20 200 nA
input Bias Current 80 50C nA
Input Resistance 0.3 20 M
1nput Capacitance 1.4 oF
Ofiset Voltsge Adjustment Range 215 mv
Large Signal Voltage Gain Ry > 2k, VouT * ¢10V 50,000 200,000
Output Resistance 75 1)
Output Short Circyit Current 25 mA
Supply Current 1.7 2.8 mA
Power Consumption 50 85 mW
Tror_-sivm ﬁmwrm Rise time 03 ™
{Unity Gain) prvsr—. Vin = 20 mV, Ry = 2 kf2,C| < 100 pF s .
Slew Rate AL > 2k 05 Vius

The following specifications apply for -56°C € Ta < +125°C:

Input Offset Voltage Rg < 10k 1.0 6.0 mv
TaA=+125C 7.

tnput Offset Current A 3 0 200 A
Ta=-55C 85 500 nA
Ta-+

tnput Bias Current A 12!:‘(: 003 05 uA
Ta=-55C 0.3 1.5 A

nput Voltage Range 12 113 v

Common Mode Rejection Ratio Ag < 10 kN 70 90 d8

Supply Voltege Rejection Ratio Rg < 10 k2 30 150 BVIV

Large Signal Voltage Gain R > 2k, VouT = t10V 25,000

N A > 10 k0 %12 14 v

Output Voltage Swing
R > 2k 110 £13 v
TaA"™ ° 1. .

Suppty Current A ”23 C 5 25 mA
TAz-S5°C 20 33 mA
Ta=+125"

Power Consumption A 25: < 45 Lid i)
Ta=-65C 60 100 mw

TYPICAL PERFORMANCE CURVES FOR pA741A AND nA741

OPEN LOOP VOLTAGE GAIN OUTPUT VOLTAGE SWING INPUT COMMON MODE
AS A FUNCTION OF AS A FUNCTION OF VOLTAGE RANGE ASA
SUPPLY VOLTAGE SUPPLY VOLTAGE FUNCTION OF SUPPLY VOLTAGE

|" BL( : -’l!ﬂ“vlﬂt " BTN BT
\2!\- »
[+ s K N
"

i L1 [ H »

im N ¥ >

i, L L

g 0 ¥, A

© 2w .
i
. ‘. . '
; . .
ra— W b .. 5 » h . ] »

PRy voLtaat- 14 SUPRLY VOLIAG - 1 v SUPRY VLI - ¢
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HAT41E
ELECTRICAL CHARACTERISTICS: Vs =16V, TA = 25°C unless otherwise specified,
CHARACTERISTICS (see detinitions} CONDITIONS MIN TYe MAX UNITS
Input Offset Voltage Rg < 500 08 30 mv
Average tnput Otfset Voltage Drift 15 uvicC
tnput Offset Current 30 30 nA
Average tnput Oftset Current Drift 05 nA/C
tnput Biss Current 30 80 nA
Power Supply Rejection Retio Vg = +10, —20; Vg ~ +20, —10V, Ag = 5002 15 50 uviv
Qutput Short Circuit Current 10 25 40 mA
Power Dissipstion Vg =20V 80 150 mw
Input Impedance Vg =120V 10 6.0 MO
Large Signal Voltage Gain Vg = 120V, Ry_= 2k, VouT = £1SV 0 VimV
Transient Response | Rise Time 0.25 0.8 ™)
{Unity Gain) [Tovershoot 60 20 %
Bandwidth {Note 4} 437 1.5 MHz
Stew Rate (Unity Gain) Vin = 110V 0.3 0.7 Vips
The following specifications apply for 0°C < T4 < 70°C
Input Offset Voltage 40 mv
Input Otfset Current 70 nA
tnput Biss Current 210 nA
Common Mode Rejection Ratio Vg = £20V, Vi = £15¢, Rg = 500 80 95 o8
Adjustment For Input Offset Voltage Vs = £20V 10 mv
Output Short Circuit Current 10 40 mA
Vg = £20V 150 mW
Input Impedance Vg =220V 05 M
) [RL=10kn 116 v
Output Voltage Swing Vs =120V, [“L o s v
Vg = £20V, R = 2k, V =115V 32 Vimv
Large Signal Voltage Gain v: =5V, R._L- 2K0, vo?,‘:r- 22V 10 Vimv
E£QUIVALENT CIRCUIT © WVERTING NPT
IS Oy
Re
INVERTING 02 "‘:m | 0
e 0 outeut
o J_ Qip Ay
le m nn
T %008 b on b
soni o
2 L L, £,
8 017
¢ g 1o o Y1
23 3 wa oo o2 o

lor'si\‘
NULL
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FAIRCHILD » pA741

HA7T41C
ELECTRICAL CHARACTERISTICS: Vs =315V, TA = 26°C unless otherwise specified,
CHARACTERISTICS (see definitions)| CONDITIONS MIN TYP MAX UNITS
Input Otfset Vottage Rg < 10k 20 6.0 mv
Input Offset Current 20 200 nA
Input Biss Current 80 500 nA
Input Resistance 0.3 2.0 MR
Input Capacitance 1.4 pF
Offset Voltage Adjustment Range 15 mvV
input Voltage Range 112 13 v
Common Mode Rejection Retio Ag < 10 kN 70 90 d8
Supply Voitage Rejection Ratio Rg < 10 kR 30 150 BVIV
Large Signal Voltage Gein Ry > 2k, VouT = 210V 20,000 200,000
Output Voltege Swing R > 10 k2 212 14 v
Ry > 2k} 10 13 v
Output Resistance 75 a
Output Short Cireuit Current M " 25 mA
Supply Current 1.7 2.8 mA
Power Consumption ) 50 85 mwW
ransien n "

(rumy G'.:‘:M " Rite thme |y =20 mV, R =2k, Cp < 100 pF 03 L)

Overshoot 5.0 %
Stew Rate Ry >2kn 05 Vips

The following specifications apply for 0°C < T4 < +70°C:

Input Offset Voitage

1.5 mv
Input Offset Current 300 nA
tnput Bias Current 800 nA
Large Signal Voliage Gein Re > 2 kft, VouT = 110V 15,000
Output Voltage Swing A >2kn 110 £13 v
TYPICAL PERFORMANCE CURVES FOR uA741E AND uA741C
OPEN LOOP VOLTAGE GAIN QUTPUT VOLTAGE SWING INPUT COMMON MODE
AS A FUNCTION OF AS A FUNCTION OF VOLTAGE RANGE AS A
SUPPLY VOLTAGE SUPPLY VOLTAGE FUNCYION OF SUPPLY VOLTAGE
R e ¥ [ecrpere A
» *| aone "
|- >R %
L) g ?
. H !
x . 5 .
A i i
A "
H g . A i
£ i !
" N ?
" 0 0
0 1 4 ¢t Ve 2 U =N 3 » " » 3 L] “ »

SPMY YU - 1Y SUPRY VLIAGE - ¥ WPRY YOG < ¢ ¥
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T OFFIET CURRENT - ~a. OWER CORRAITION - mer

AR TO PLAK DUTIUT SWHG - ¥

whAR SOUARK VOLTAGE < W1 He

TYPICAL PERFORMANCE CURVES FOR uA741A, uA741, uA741E AND pA741C

POWER CONSUMPTION

AS A FUNCTION OF

OPEN LOOP VOLTAGE GAIN
AS A FUNCTION OF

OPEN LOOP PHASE RESPONSE

AS A FUNCTION OF

SUPPLY VOLTAGE FREQUENCY FREQUENCY
o ' et
e Lt ] e
3 H
b 3 N
P H i
w0t \
. T e T
st vorsaae - v [ —
INPUT OFFSET CURRENT INPUT RESISTANCE AND OUTPUT RESISTANCE
AS A FUNCTION OF INPUT CAPACITANCE AS A AS A FUNCTION OF
SUPPLY VOLTAGE FUNCTION OF FREQUENCY FREQUENCY
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= e
e w? e
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OUTPUT VOLTAGE SWING OUTPUT VOLTAGE SWING ABSOLUTE MAXIMUM POWER
AS A FUNCTION OF AS A FUNCTION OF DISSIPATION AS A FUNCTION
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INPUT NOISE VOLTAGE INPUT NOISE CURRENT
AS A FUNCTION OF AS A FUNCTION OF BROADBAND NOISE FOR
FAEQUENCY FREQUENCY VARIOUS BANDWIDTHS
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FAIRCHILD « pA741

T B126 CURRERT - na

T 0P ESET CURRERT - o

INPUT 1AS CURRENT - a4

SOWER CONSUMPYION - i

INPUT BIAS CURRENT
OF
AMBIENT TEMPERATURE

AS A FUNCTION

TYPICAL PERFORMANCE CURVES FOR pA741A AND pA741

INPUT RESISTANCE OUTPUT SHORT-CIRCUIT CURRENT
AS A FUNCTION OF AS A FUNCTION OF
AMBIENT TEMPERATURE AMBIENT TEMPERATURE
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A ey
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INPUT OFFSET CURRENT POWER CONSUMPTION FREQUENCY CHARACTERISTICS
AS A FUNCTION OF AS A FUNCTION OF AS A FUNCTION OF
AMBIENT TEMPERATURE AMBIENT TEMPERATURE AMBIENT TEMPERATURE
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INPUT BIAS CURRENT
AS A FUNCTION OF
AMBIENT TEMPERATURE

TYPICAL PERFORMANCE CURVES FOR uA741E AND nA741C

INPUT RESISTANCE
AS A FUNCTION OF
AMBIENT TEMPERATURE

INPUT OFFSET CURRENT
AS A FUNCTION OF
AMBIENT TEMPERATURE
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FAIRCHILD « ¢A741

COMMON MODE REJECTION

TRANSIENT RESPONSE RATIO AS A FUNCTION OF
TRANSIENT RESPONSE TEST CIRCUIT FREQUENCY
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FREQUENCY CHARACTERISTICS
AS A FUNCTION OF VOLTAGE OFFSET VOLTAGE FOLLOWER
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(National Semiconductors Ltd.)




Appendix D

National
Semiconductor

Operational Amplifiers/Buffers

LM118/LM218/LM318 Operational Amplifiers

General Description

The LM118 series are precision high speed bpera-
tional smplifiers designed for applications requiring
wide bandwidth and high slew rate. They festure
a factor of ten increase in speed over general pur-
pose devices without sacrificing DC performance.

Fzatures

® 15 MHz small signal bandwidth

& Guaranteed 50V /us slew rate

® Maximum bias current of 250 nA

s Qperates from supplies of +5V to £+20V

& |nternal frequency compensation

& {nput and output overioad protected

® Pin compatible with general purpose op amps

The LM 118 series has internal unity gain frequency
compensation. This considerably simplifies its appli-
cation since no external components are necessary
tor operation. However, unlike most internally

compensatec amplifiers, external frequency com
pensation may be ad:id for optimum performance
For invertiny applications, feedforward compen
sation will boost the slew rate to over 150V/us
and almost cdouble the bandwidth, Overcompensa-
tion can be used with the amplifier for greater
stability when maximum bandwidth is not needed.
Further, a single capacitor can be added to reduce
the 0.1% settling time to under 1 us.

The high speed and fast settling time of these op
amps make “hem useful in A/D converters, oscil-
lators, active filters, sample and hold circuits, or
general purpase amplifiers. These devices are easy
to apply anc offer an order of magnitude better
AC performance than industry standards such as
the LM709,

The LM218 is identical to the LM118 except that
the LM218 nas its performance specified over a
—25°C 10 +85°C temperature range. The LM318 is
specified from 0°C to +70°C.

Schematic and Connection Diagrams

Dual-In-Line Package

. 'y U ..
" o w
e
ey, -
o -
s
<4 —
omares
v ! towrimarion)
o 1 e =

e

Order Number LM118J, LM218J
or LM318J
Soe NS Packege J14A

Metal Con Packege®

cowrmativar

o

wuance
Comrutanta 3

wwm

*Pin ] shown on ic diagram
and typical applicat.ons are for TO-5 package.
Ordar Numbar LMT18H, LM218H

or LMI18H
Sae NS Puckage HOSC

Duat-In-Line Package

oriow 1t U P cow 1
- A}L_"
vt 24 LI

V-4 CH—

e

Order Number LM118J-8,
LM2184.8 or LM3180.8
S NS Package JOBA
Order Numiber LM318N
Ses NS Package NOBS
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Absolute Maximum Ratings
Supply Voltage 20V
Power Dissipation {Note 1} 500 mW
Differential Input Current (Note 2) +10 mA
Input Voltage (Note 3) 15V
Qutput Short-Circuit Duration indefinite
Operating Temperature Range
LM118 -55°C to +125°C
LM218 ~25°C to +85°C
LM318 0°C to +70°C
Storage Temperature Range ~65°C to +150°C
Lead Temperature {Soldering, 10 seconds} 300°C
Electrical Characteristics ote 4
4 LM118/LM218 tmM318
PARAMETER CONDITIONS UNITS
MIN TYP MAX | MIN TYP MAX
Input Offset Voltage Ta =26°C 2 ) 4 10 mv
Input Offset Current TaA = 25°C 6 50 30 200 nA
fnput Bias Current Ta = 25°C 120 250 150 500 nA
Input Resistance Tpa = 26°C 1 3 05 3 MR
Supply Current Ta= 25°C 5 8 5 10 mA
Large Signal Voltage Gain TA =25°C, Vg = 15V
VouT =10V, R > 2k 50 200 25 200 Vimv
Slew Rate Ta=25"C, Vg =215V, A, =1 50 70 50 70 Vius
Small Signal Bandwidth Ta= 25°C, Vg =15V 15 15 MH2
Input Offset Voitage 6 15 mv
tnput Otfset Current 100 300 nA
Input Bias Current 500 750 nA
Supply Current Ta=125°C 45 7
Large Signal Voltage Gain Vg =15V, VouT = 10V
RL> 20 28 20 Vimy
Qutput Voltage Swing Vg =15V, R = 2 k{2 £12 %13 12 1:1“3 v
Input Voltage Range Vg =215V *115 *115 v
Common-Mode Rejection Ratio 80 100 70 100 d8
Supply Voltage Rejection Ratio 70 80 65 80 dB
Note 1:  Tha maximum junction tampernture ol the | M11B is 150"C, the 1LM218 is 110°C, and the LM318is 110°C. For operating at slevated
temperatures, devices in the TO-5 package must be dernted based on 8 thermasl resistance of 150° C/W, Juaction 1o smbsiant, or 468" C/W, junction

to case. The thermat resistance of the dual-in-line package is 100°C/W, junction to ambient.
Note 2: The inputs are shunted with back-to-back dicdes for overvoitage protection. Therefore, excessive currant will Hlow it & differential input
voltage in excess of 1V is applied between the inputs unless some limiting resistance is used.
Note 3: For supply voltages less than £15V, the sbsolute maximum input voltage is squal to the supply voitage.
Note 4: These specifications apply for t8Y < Vg < £20V and -55°C < Ta £ +125°C,(LM118),-26°C < Tp < +86°C (LM218),8nd 0°C < T
< +70°C (LM318). Also, power supplies must be bypassed with 0.1uF disc capacitors.
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INPUT CURRENT (nA}

1)

NOISE (v,

DUTPUT IMPEODANCE (12}

UNITY GAIN BANOWIOTH (MHz)

Typical Performance Characteristics wmi1s, Lm218

Input Current

Volitage Gain

Power Supply Rejection
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OUTPUT SWING {2V}
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£
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Appendix E

Polynomials for low-pass filters.

Butterworth Low - Pass Filters

n Polynomial

s+1

S+2s+1

P +257+2s+1=(s+1)s2+s+1)

§*+2.6135% +3.4145* +2.613s+ 1 = (s +0.765s + 1)(s* + 1.848s + 1)

WY =

Gain responses of Butterworth filters for » < 10.

0
20 V\‘\ 2
-40 sc\\\\
NN
3% SNHOTERERAN
= _g0 \\ -1 \\\\\\\
-100 : -2 g &\\\\i\ﬁ\
~120 -3 10\\\\
N\

0.1 0.2 0.30.4 0.60.561.0 2 3 456 8 oo
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Bessel (or Thompson) Low-Pass Filters

n Polynomial

1 s+1

2 243543

3 $34652415s+15=(5+2.322)(s*> +3.6785 4+ 6.460)

4 5*+10s> +455% + 1055 + 105 = (s2 + 5.7925 + 9.140)(s2 + 4.208s + 11.488)

Gain responses for Thompson (Bessel) filters for # < 10.

0 —
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N
—40 \\
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g -60 I~ 0 N
i q NN
T g0 -15 \\‘»W
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~100 -2 ¥
\ N
-120 -3 \
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Chebychev Low - Pass Filters

Polynomial

AW o0 = H W N =

L S

1/2-dB ripple (€= 0.3493)
5+2.863
52+ 1.4255+ 1.516
§3+1.25352 +1.5355 4+ 0.716 = (s + 0.626)(s + 0.6265 + 1.142)
s+ 1.1975% + 1.7175% + 1.0255 + 0.379 = (s7 + 0.35 15 + 1.064)(s” + 0.845s + 0.356)

1-dB ripple (€= 0.5088)
5+1.965
$2+1.098s+1.103
5% +0.9885% + 1.2385 +0.491 = (s + 0.494)(s> + 0.4905 + 0.994)
5*40.9535% + 1.4544% +0.7435 + 0.276 = (s> +0.279s + 0.987)(s* +0.674s + 0.279)

2-dB ripple (£ = 0.7648)

s+1.308

5% +0.804s +0.637

2 +0.73852 + 1.0225 +0.327 = (s + 0.402)(s2 +0.3965 + 0.886)

§*+0.7165% + 1.25652 +0.5175 +0.206 = (s* + 0.2105 +0.928)(s? + 0.5065 + 0.221)

0
-20 —
o NI
- ~] ==
0 Ripple/= 1.04B 0\\\\\\‘\ :\\ u
= a0 PN
~100 2\ L3 Xx N N
INND
-120 - 10 N N \\

0.1 0.2 0304 0.60.81.0 2 3 456 810 wa
Gain responses for 1-dB ripple Chetyshev filters for n < 10.



Appendix F

Standard design table for low pass filters.

Table F1.

L and C values for normalised low pass filters. R=1Q, wco=1rads™!

Butterworth Chebyshev Bessel
0.1dB ripple
€ 14142 F 1.3911F 1.3617F
& 0.7071H 0.8191H 04539H
R
Lo ZR ol ¢

WOco Rwco



Appendix G

MF10-type switched capacitor filters

Connection diagram

. 4 205
BP, = = bR,
N/AP/HP, > L8 N/AP/HE,
NV, 5 v,
S1, 161,
Sap 12 AGND
v L 1y,
v 2 v
L Sh 1—2'50/100/CL
ik, =~ CLK;

Top view

Pin description

LP, BP,
N/AP/HP

INV

S1

These are the lowpass, bandpass, notch or allpass or
highpass outputs of each 2nd order section. The LP and
BP outputs can sink typically 1 mA and source 3mA. The
N/AP/HP output can typically sink and source 1.5mA
and 3 mA, respectively.

This is the inverting input of the summing op amp of each
filter. The pin has static discharge protection.

S1is a signal input pin used in the allpass filter configur-
ations (see modes of operation 4 and 5). The pin should be
driven with a source impedance of less than 1kQ.
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SA/B

VA+, VD+

VA_, VD_

L Sh

CLK (A or B)

50/100/CL

It activates a switch connecting one of the inputs of the
filter’s 2nd summer either to analog ground (S, 5 low to
V4™ ) or to the lowpass output of the circuit (S, high to
V,*). This allows flexibility in the various modes of
operation of the IC. §,; is protected against static
discharge.

Analog positive supply and digital positive supply. These
pins are internally connected through the IC substrate
and therefore ¥, and V™ should be derived from the
same power supply source. They have been brought out
separately so they can be bypassed by separate capacitors,
if desired. They can be externally tied together and
bypassed by a single capacitor.

Analog and digital negative supply respectively. The same
comments as for V,* and V" apply here.

Level shift pin; it accommodates various clock levels with
dual or single supply operation. With dual + 5V supplies,
the MF10 can be driven with CMOS clock levels (+5V)
and the L Sh pin should be tied either to the system
ground or to the negative supply pin. If the same supplies
as above are used but TTL clock levels, derived from 0V
to 5V supply, are only available, the L Sh pin should be
tied to the system ground. For single supply operation
(0Vand 10V) the V™, V,,~ pins should be connected to
the system ground, the AGND pin should be biased at 5V
and the L Sh pin should also be tied to the system ground.
This will accommodate both CMOS and TTL clock
levels.

Clock inputs for each switched capacitor filter building
block. They should both be of the same level (TTL or
CMOS). The level shift (L Sh) pin description discusses
how to accommodate their levels. The duty cycle of the
clock should preferably be close to 50% especially when
clock frequencies above 200 kHz are used. This allows the
maximum time for the op amps to settle which yields
optimum filter operation.

By tying the pin high a 50:1 clock to filter centre frequency
operation is obtained. Tying the pin at mid supplies (i.e.,
analog ground with dual supplies) allows the filter to
operate at a 100:1 clock to centre frequency ratio. When
the pin is tied low, a simple current limiting circuitry is
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AGND

triggered to limit the overall supply of current down to
about 2.5mA. The filtering action is then aborted.
Analog ground pin; it should be connected to the system
ground for dual supply operation or biased at mid supply
for single supply operation. The positive inputs of the
filter op amps are connected to the AGND pin so ‘clean’
ground is mandatory. The AGND pin is protected against
static discharge.

Definition of terms

Jouk: the
So: centre of fre

switched capacitor filter external clock frequency.
quency of the second order function complex pole pair. f;

is measured at the bandpass output of each 1/2 MF10, and it is the

frequency of the

bandpass peak occurrence (Fig. G-1).

Gain (V/V)
] Bandpass Q0= fo i fo = Vfufn
output fu—fo
HOBP -1 1 2
0.707 fu=fo (@ + (E) + 1]
H,
oBP Nf=f __1+ (L)z_'_l
1 H =Jo 20 20
fi fo fu
f (log scale)

Q: quality factor of the 2nd order function complex pole pair. Q is also
measured at the bandpass output of each 1/2 MF10 and it is the ratio of
over the — 3 dB bandwidth of the 2nd order bandpass filter, Fig. G-1. The
value of Q is not measured at the lowpass or highpass outputs of the filter,
but its value relates to the possible amplitude peaking at the above outputs.

Hgp: the gain

in (V/V) of the bandpass output at f=f,.

Hg,p: the gain in (V/V) of the lowpass output of each 1/2 MF10 at
f—0Hz, Fig. G-2.

Gain (V‘/V)
3

HoLp™

Lowpass

0.707
H OLP

1
202
1

fe=foyl-

Hop = Horp X
L1-L

fo H 0 407
f (log scale)
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Gain(V/“V)
s 1 ___
0.707 '~ = 1_;. 1—-— 1
Honp Je f"[\/( zoz)+ ( 2Q2)+J

J T T

[ fr =fo[ l—ﬁ

fio fe

f(llog scale) HOP:HOHPXl P

oV 4o?

Hoyp: the gain in (V/V) of the highpass output of each 1/2 MF10 as
f-faix/2, Fig. G-3.

Q,: the quality factor of the 2nd order function complex zero pair, if any.
(Q, is a parameter used when an allpass output is sought and unlike Q it
cannot be directly measured.)

f.: the centre frequency of the 2nd order function complex zero pair, if
any. Iff, is different from f,,, and if the Q, is quite high it can be observed as a
notch frequency at the allpass output.

Juoten: the notch frequency observed at the notch output(s) of the MF10.

Hgy,: the notch output gain as f—0 Hz.

Hy,: the notch output gain as f—fo /2.

Mode 1a

A configuration that gives good output dynamics together with the
provision for high Q in bandpass designs. The notch output features equal
gain above and below the notch frequency.

Design equations
Outputs—Notch
Bandpass
Lowpass
Jfo=centre frequency of the complex pole pair

= f CLK f CLK

100 °7 50

Jaoten =centre frequency of the imaginary zero pair

=f [3}
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Mode la.

R
Hg; p=Lowpass gain (as f—0)= __R2
1
. R,
Hgpp=Bandpass gain (as f=f,)= =
1
Hon, =H R,
ON; — #4ON2 — Rl
R
=f,/BW=_2
2=/ R

Circuit dynamics
Hopp=Hop xQ=HonxQ

Hopppeary = Q X Hopp (If the DC gain of LP output is too high, a high Q
value could cause clipping at the lowpass output resulting in gain non-
linearity and distortion at the bandpass output.)

Mode 3a

The most versatile mode of operation, this configuration is the
classical state variable filter implemented with only 4 external resistors.
Clock to centre frequency ratio can be externally tuned either above or
below the 100:1 or 50:1 values and thus make it suitable for multiple stage
Chebyshev filters controlled by a single clock.
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i (20)
LP,

Design Equations

Outputs—Highpass
Bandpass
Lowpass

fm f fm R,
R,

Q = quality factor of the complex pole pair

R
Ry Rs
R,
Hgyue = Highpass gain as < —»f—ch—K> - _kl
1
. R3
Hogp=Bandpass gain (at f=f,)= — 2
1
. R,
Hg, p=Lowpass gain (as f—0)= — R
1
Circuit dynamics
& — Hopp
R4 IIOL!>

Hopp=0 %/ m
H OLP(peak) = =0 x Hopp (for high Qs)
Hopppeary= @ X Hoyp (for high Qs)
(RS Components Ltd)



Glossary of symbols

Ao =open-loop gain of operational amplifier
Ay =single-ended differential voltage gain
Agq=double-ended differential voltage gain
A;=current gain of an amplifier

Ay =voltage gain of an amplifier

o =common-base forward current gain

og =common-base reverse current gain

p=feedback fraction, feedback factor, common-emitter current gain
BW =bandwidth

Csorr) =channel input capacitance

Cporr)=channel output capacitance

Cps(orr) =capacitance between ‘OFF’ switch terminals
¢(t)=sinusoidal carrier wave

Cpe, Cpe=diffusion capacitances

C,x =junction capacitance

C,.»=substrate capacitance

C,, = thin-oxide capacitance per unit area

CMMR =common-mode rejection ratio

¢, =individual error source

E,=energy gap of semiconductor material

AE /AT =offset voltage drift with temperature

AE,/AV = offset voltage drift with power supply variation
AE /At =offset voltage drift with time

Jf.=clock frequency
f.=lower cutoff frequency
fu=upper cutoff frequency
fo=centre frequency
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Af; 45 =3 dB bandwidth
FSR =full-scale reading
¢ =barrier potential

g, = transconductance
gmr=forward transconductance
Jmr = reverse transconductance
G =conductance

h;, h,, he, h,=hybrid parameters of a two-port device

i, =total instantaneous collector current
I. = quiescent collector current
icq=1instantaneous variation of collector current from the quiescent value
ig = total instantaneous base current
I3 = quiescent base current
ipo =instantaneous variation of base current from the quiescent value
Ioep=diode leakage current
I, =diode current
Iy=diode reverse saturation current
,=output current
I, =complementary output current
Ieaxage> Inorr =l€akage current through open switches
Ipnon=channel ‘ON’ leakage current flowing from driver into ‘ON’ switch
Iz =emitter-base saturation current
Is=collector-base saturation current
I =emitter current
I-=collector current
Igo=reverse biased emitter current with collector terminal open
Io=reverse biased collector current with emitter terminal open
I ,=input offset current
I, =bias current at inverting/noninverting terminal
Al /AT =offset current drift with temperature
I, =drain-source current
Ipss=drain-source saturation current
I (maxy = Maximum output current
I'pmaxy=maximum diode current

k=Boltzmann’s constant
K., =multiplier constant
Kyco=gain of conversion of VCO



Glossary of symbols
LSB=least significant bit

m=gradient factor of p—n junction
m;=1index of frequency modulation
MSB =most significant bit
Uo=carrier mobility

wypr = cutoff frequency of low-pass filter
o, =lock range

(aq=acquisition range

w,=carrier frequency

P4, =power dissipation

g =electron charge

Q =quality factor

Q. =effective Q

Obc, Qpe=mobile charges

rin =effective input resistance of a Darlington pair
r.=effective output resistance of a Darlington pair
r,= base-emitter resistance

r,=base spreading resistance

r,=output resistance

r., = resistance of switches when ‘ON’

s=a complex variable having the form o+ jw
S =slew rate

t, =access time

t.=settling time

ty=intentional delay time

T=absolute temperature in K

T,=ambient temperature

T;=junction temperature

0. =conduction angle

0.,=thermal resistance between case and sink

0., =thermal resistance between sink and ambient
6;. = thermal resistance between junction and case
15, Tp =forward and reverse transit time of charges

347
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V. =Early voltage

v =total instantaneous collector voltage
Ve=quiescent collector voltage

Ucq = instantaneous variation of collector voltage from the quiescent value
Vp=diode voltage

Vg =d.c. biasing voltage
Veeon) = base-emitter ‘ON’ voltage

Vge = base-emitter voltage

Vgc=Dbase-collector voltage

Vcc=npositive d.c. power supply

Vee =negative d.c. power supply

Vy=positive saturation voltage of comparator
V. =negative saturation voltage of comparator
V, =analogue voltage

Vg =analogue reference voltage

V., =input offset voltage

Vs =effective gate—source voltage

Vps =drain—source voltage

Vpss = drain—-source saturation voltage

W =base width
X 4=binary code
Y, =output admittance

Z =channel width
Z,=input impedance



Answers to problems

Chapter 2
2.1. 1.035mA; terminal C;; 36.36 mV.

2.2. —160; 319.8kQ; 0.997 mA.

2.3. 1.682mA.

24. 0.5mA; 10V.

2.5. 54.

2.6. 28mA;2.8mA;28mA;18.6V;62V; 12.08V.
2.8. 0.806 or 1.024.

2.9. 1.25mA.

2.10. The answer is not unique.

2.11. 5.02V.

2.12. 765.1Q.

2.13. 1 MHz; 100.52.

2.14. The transistor should be able to dissipate 12W; 6 W.
2.15. —0.02; 30 V; 10V peak; 1 W; 25%.

2.16. 1178 V; 3.4A.

2.17. 0.1 W; 20.8%.

2.18. 494V; 422 pF.

2.19. 16 W.

2.20. 1°C/W.

2.21. 27.5°C.

2.22. 150°C.
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Chapter 3
3.1. 2.5us;0.8V.

3.2. 0.5997V/us.

3.3. 49.736 kHz.

34. £15.12mV.

3.5. 5mV; 747mV; 5.71mV; 979 Q.

3.6. £19.64nA; +100.89nA.

3.7. 6.46 uV/°C.

3.8. 89.28Q; 10.25V.

3.9. 423.6hrs.

3.10. +286mV.

3.11. 22MQ.

3.12. 0.143 uF; 111 Q.

3.13. 0.35uF; 150Q.

3.14. 541V; 1.564V.

3.18. 150 uF; 2.2kQ; 2.2kQ; 2.2kQ; 1.1kQ; 26.4kQ.
3.19. 55.6 uF; 1kQ; 1kQ; 1kQ; 500Q; 10kQ.

3.20. 2.169mV.

3.21. —0.348V; —0.464 V.

3.22. 8.17kQ.

3.25. 12.5; 472 Hz; 2.86nF.

3.26. 1.9kHz; 31.8 pF; 76.9 pF.

3.27. 5kQ; 0.1 uF; 1.5kQ; 50kQ; 3.37nF.

3.28. 113nF; 2.67nF; 854.7kQ.

3.29. 0.01 uF; 2.67kQ; 0.01 uF; 1nF; 59.1kQ; 0.98 V, _,.
3.30. 6.14; 8.48.

3.31. 6.89kQ; 163Q; 1 nF; 1nF; 159kQ.

3.32. First stage: 1kQ; 10kQ; 7.65kQ; second stage: 1kQ; 10kQ;
18.48 kQ.
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3.33. 2.747kHz.
3.34. C=0.01yF; R, =1kQ; R, =10kQ; R, =25.6kQ; Ry=11kQ.

Chapter 4
4.1. 495 x 10*/(—w? +j12.56 x 103w + 39.4 x 10°).

42. 6369 Hz.
4.3. 1.33pF to 3.78nF.

4.4. 925 uH.

4.5. 41.44H to 117 mH.

4.7. C=100nF; R=43320Q; R’ =452.8Q.

48. C=001puF; R=776Q; R, =10kQ; R, =20kQ.

49. C=6.5pFto65pF; R=2.58 MQt0244.7kQ; R, = 10kQ; R, =20kQ.
4.10. 464.3 to 465.9kHz.

Chapter b
5.1. 6.37x10%rad.s™ L.

5.2. 2.16 x 103rad.s™ 1.

5.3. 13.662x 10%rad.s ™!

5.4. 1.65 volts.

5.5. 2.34 volts.

5.6. —19.3°,

57. —13.6°.

5.9. 50000rad.s”!; 11000rad.s~ .

Chapter 6
6.1. 800 to 809.85kHz; 810.15 to 820kHz.

6.2. 287.5 to 288.8 kHz; passband: 287.5 to 292.5kHz.

6.3. 14.14.cos 1445 x 103t +3.535 cos 37.7 x 103 cos 1445 x 10t.
6.4. 9%.

6.5. (a) 37kHz, (b) 74kHz.

6.8. 7.14; 57kHz.
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6.9.
6.10.

Cha
7.1.

7.2.
7.3.
7.4.
7.5.
7.6.
7.7.
7.8.
79.
7.11.
7.12.
7.13.
7.14.
7.15.
7.16.
7.17.
7.18.

Cha
8.1.

Answers to problems

w=50x10%+20 x 10° cos 47 x 10%¢.
3.375 ps.

pter 7
10 volts, 5.94 volts.

98.28%.
45.18kQ.
2.9882mA, 1.9921 mA.
3.0159 MHz.
24414V.s™ 1L
MSB=4.5 volts, LSB=0.140625 volts, 110001, 0.136%.
Successive approximation type.
18.07 ms.
0.053mV,
1026000 samples per second.
0.036 mV, 0.22 us.
10763 samples per second.
yes.
113.06 us; 3.64mV.s™1!,
2.82us; 851mV.s™!; 1.29 ms.
11.11nF; 1.36nF.

pter 8
0.5V;1.027V.
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a.c. small signal analysis, 282, 304
acquisition time, 254
active filters, see filters
amplifiers
antilog, 100
bandwidth, 37
bridge, 80
cascaded, 24
class A, 38
capacitor-coupled, 41
transformer-coupled, 41
class B push-pull, 42
class C, 48
collector efficiency, 40, 47
common base configuration, 25
common collector configuration,
25
common emitter configuration, 25
differential, see differential
amplifiers
feedback, see feedback amplifiers
frequency response, 30
instrumentation, 80
logarithmic, 96
multistage, 26
operational, see operational
amplifiers
power, 3749
quality factor, 34
tuned, 34
amplitude modulator dectector, 186
amplitude
modulation, 192
stabilization, 163
analogue computation, 101
analogue-to-digital converters,
221-33
dual slope, 230
parallel, 221
servo, 223
successive approximation, 225

antilog amplifier, 100
aperture time, 254
astable multivibrator, 129

band-reject filter, see filters
band-pass filter, see filters
bandwidth, 37
Barkhausen criterion, 150
bias

current, 65

forward, 88

reverse, 88
Bode plots, 70
Boltzmann’s constant, 97
bridge amplifier, 80
Butterworth filters, 114

CAIC, 309
capacitor
coupled, 41
switched, 123
cascaded amplifiers, see amplifiers
input impedance, 26
output impedance, 27
overall current gain, 28
overall voltage gain, 28
Chebyshev response, 108
clamping circuits, 171
Colpitts oscillator, 153
common mode rejection ratio, 8,
291
common mode voltage, 80
comparator
digital, 85
regenerative, 86
compensating resistor, 66
compensation
lag, 72
limited lag, 74
operational amplifier, 64
phase, 72
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complementary MOS FET, 239
computer aided design, 266
conduction angle, 48
constant current sources, 11
converters
analogue-to-digital, 221
digital-to-analogue, 211
dual slope A-to-D, 230
errors, 233
inverted ladder D-to-A, 217
parallel A-to-D, 221
R-2R ladder D-to-A, 215
servo A-to-D, 223
successive approximation A-to-D,
225
weighted resistor D-to-A, 212
crystal oscillator, 164
crossover distortion, 44
current mirrors, 12
current sources, 11
cutoff frequency, 30

Darlington circuit, 17

data aquisition, 210

D.C. analysis, 296

D.C. motor speed control, 183

demodulator, 186, 197, 201

demultiplexer, 241

differential amplifiers
common-mode rejection ratio, 8
common-mode gain, 7
single-ended, 6
double-ended, 6
voltage gain, 5

digital-to-analogue converters,

211-20

diffusion, isolation, 4

distortion, crossover, 44

divider, 138

droop, 254

Early Voltage, 272
ECAP, 306
Ebers—Moll model of transistors,
267
injection version, 270
transport version, 270
efficiency, conversion, 40
electronic charge, 97
errors
D-to-A and A-to-D converters,
233-7
dynamic, 243

gain, 234

linearity, 235
monotonicity, 235
multiplexer, 242-50
off isolation, 246
offset, 234
quantization, 233
scale factor, 234
static, 242

feedback amplifiers
factor, 87
lower 3dB frequency, 30
multiple, 112
oscillator, 151
positive, 86
upper 3dB frequency, 30
feedthrough, 254
field effect transistor model, 285
filters
active, 107
band-pass, 111, 120
band-reject, 111
Bessel response, 108
biquad, 123
Butterworth response, 107
Chebyshev response, 108
first-order circuits, 108, 110, 111,
124
high-pass, 110, 118
IGMF second-order circuits, 112,
118, 120
low-pass, 108, 113, 125, 172
Sallen and Key, 122
switched capacitor, 123-9
Fourier series, 171
frequency
cutoff, 30, 70
carrier, 192
corner, 70
crossing, 71
demodulator, 186, 201
free running, 173
lower 3dB, 30
modulator, 186, 199, 201
resonant, 34, 48
response
op. amp. 70-80
transistor 30-1
upper 3dB, 30
frequency division multiplexing,
198
Full power bandwidth, 61
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gain
common-mode, 7
differential voltage, 5
response, 110
gain-bandwidth product, 70

Hartley oscillator, 152
heat sinks, 50

high-pass filter, 110, 118
hybrid parameters, 24
hysteresis, 87

IMAG 11, 312
index of modulation, 194
instrumentation amplifier, 80
input

impedance, 25

offset voltage, 62

resistance, 24

step, 61
integrator, 102, 127
inverse function generators, 137
inverted ladder D-to-A converter,

217

Jacobian matrix, 299

lag compensation, 72

level shifting circuits, 21-4

linear integrated circuits, 4
limited lag compensation, 74
load line, 39

logarithmic amplifier, 96

long tailed pair, 5

loop gain, 70

low-pass filter, 108, 113, 125, 172

macromodel, 287
mark-space ratio, 131
Micro-Cap I, 312
modulation
amplitude, 192
circuits, 195
frequency, 199
index of, 194
pulse, 202
puise amplitude, 203
pulse coded, 205
pulse frequency, 204
pulse position, 205
pulse width, 204
monolithic transistor, 100
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MOSFET, 239
multiple repeater circuit, 15
multiplexer, 237
multiplier, 103
multivibrator

astable, 129

monostable, 133

NAND, 227
Newton—Raphson algorithm, 299
Nyquist sampling theorem, 250

offset current, 65
one shot multivibrator, 133
operational amplifiers
adder, 102
analog computation, 101
antilog, 100
applications, 80
bias current, 65
common-mode rejection ratio,
80
comparator, 85
compensation, 64
commutating auto zero, 69
crossing frequency, 71
differential equation, 104
divider, 138
filter, 107
frequency response, 70-80
full power bandwidth, 61
gain, 64
integrator, 102
inverting, 63
logarithmic, 96
loop gain, 70
multiplier, 103
noninverting, 62
offset current, 65
offset voltage
input, 62
output, 68
oscillator, 160
phase compensation, 71
phase margin, 71
precision rectifier, 90
pusle generator, 129
scaling, 105
magnitude, 105
time, 105
slew rate, 60
square root circuit, 139
step response, 61
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operational amplifier (cont.)

summer, 102

unity gain bandwidth, 70

waveform generator, 129-36
oscillators

amplitude stabilized Wien bridge,

163

Barkhausen criterion, 150

Colpitts, 153

crystal, 164

Hartley, 152

LC 151,

RC phase shift, 157

Wien bridge, 160

voltage controlled, 173
output admittance, 25
output conductance, 24
output offset voltage drift

with power supply, 84

with temperature, 84

phase detector, 170
phase-locked loops, 169
applications, 183-8
aquisition range, 177
lock range, 176
low-pass filter, 172
no lock conditions and remedies,
180
phase detector, 170
principles of operation, 174
voltage controlled oscillator, 173
phase margin, 71
phase-shift oscillator, 157
photo resistor, 80
pole-zero compensation, 77
power amplifiers
class A, 38
class B, 42
class C, 48
efficiency, 40, 47, 49
effective load resistance, 41
push—pull, 42
power supply
heat sink, 50
rectifier, 90-93
programs, 306
pulse generator, 129
push—pull amplifier, 43

quiescent point, 39
quiescent current, 14

R-2R ladder D-to-A converter, 215
rate of closure, 72
RC phase shift, 157
rectifiers
current, 46
precision full-wave, 93
precision half-wave, 90
resonant frequency, 34, 165
reverse open-circuit voltage gain, 24
reverse saturation current, 97
root mean square circuit, 140

sample-and hold-circuits, 251
acquisition time, 254
aperture time, 254
charge transfer, 255
droop, 254
feedthrough, 254
gain, 255
linearity, 255
offset, 255

scaling, 105

Schmitt trigger, 86

second-order circuit, 112

Short circuit current gain, 24

slew rate 60, 288

small scale integration, 4

small signal analysis, 25

SPICE, 312

square root circuit, 139

square wave generator, 129

stages
input, 29
intermediate, 29
output, 30

summer, 102

superposition theorem, 82, 135

switched capacitor
filters, 123-9
integrators, 127

system error analysis, 257
average, 258
random, 258
systematic, 258

thermal resistance, heat sinks, 50
thermistor, 80, 99
threshold voltage, 87
time division multiplexing, 205
transconductance, 6

forward, 282

reverse, 283
transducer, 80
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transformer coupled, 41
transistor
cutoff region, 273
forward active region, 273
frequency response, 30
reverse active region, 274
saturation region, 274
transient analysis, 305
triangular wave generator, 135
tuned amplifier, 34
two-port device, 24

voltage
common-mode, 80
differential-mode, 82, 86
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saturation, 86
thermal, 97
voltage controlled oscillator, 173
voltage programmable current
source, 12

waveform generator
triangular, 135
inverse function, 137
weighted-resistor D-to-A converter,
212
Wien bridge oscillator, 160

Zener diodes, 12, 88
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