


Operational Amplifiers

1111
2
3
4
5111
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

AMPLIFIERS 00 pre  2/6/03  6:08 PM  Page i



1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

ii Operations Management in Context

AMPLIFIERS 00 pre  2/6/03  6:08 PM  Page ii



Operational Amplifiers

Fifth edition

George Clayton
and
Steve Winder

OXFORD AMSTERDAM BOSTON LONDON NEW YORK PARIS SAN DIEGO
SAN FRANCISCO SINGAPORE SYDNEY TOKYO

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

The operations function iii

AMPLIFIERS 00 pre  2/6/03  6:08 PM  Page iii



Newnes
An imprint of Elsevier Science
Linacre House, Jordan Hill, Oxford OX2 8DP
200 Wheeler Road, Burlington, MA01803

First published by Newnes-Butterworth 1971
Second edition 1979
Reprinted by Butterworths 1981, 1982, 1983, 1985, 1986
Third edition 1992
Fourth edition 2000
Fifth edition 2003

© Copyright George Clayton and Steve Winder, 2003, All rights reserved

The right of George Clayton and Steve Winder to be identified as the
authors of this work has been asserted in accordance with the Copyright,
Designs and Patents Act 1998. 
No part of this publication may be reproduced in any material form
(including photocopying or storing in any medium by electronic means
and whether or not transiently or incidentally to some other use of this
publication) without the written permission of the copyright holder except
in accordance with the provisions of the Copyright, Designs and Patents
Act 1988 or under the terms of a licence issued by the Copyright Licensing
Agency Ltd, 90 Tottenham Court Road, London, England W1T 4LP.
Applications for the copyright holder’s written permission to reproduce
any part of this publication should be addressed to the publishers

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

ISBN 07506 5914 9

Typeset by Newgen Imaging Systems (P) Ltd., Chennai, India
Printed and bound in Great Britain

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

iv Operations Management in Context

For information on all Newnes
publications visit our website at
www.newnespress.com

AMPLIFIERS 00 pre  2/6/03  6:08 PM  Page iv



Contents

Preface ix
Acknowledgements x

1.1 Introduction 1
1.2 The ideal op-amp 2
1.3 Feedback and the ideal op-amp 2
1.4 More examples of the ideal op-amp at work 4
1.5 Op-amp packages 8

Exercises 9

2.1 Op-amp input and output limitations 11
2.2 Limitations in gain, and input and output impedance 13
2.3 Real op-amp frequency response characteristics 19
2.4 Small-signal closed-loop frequency response 22
2.5 Closed-loop stability considerations 25
2.6 Frequency compensation (phase compensation) 28
2.7 Transient response characteristics 37
2.8 Full power response 44
2.9 Offsets, bias current and drift 45
2.10 Common mode rejection ratio (CMRR) 49
2.11 Noise in op-amp circuits 50

Exercises 59

3.1 Voltage feedback op-amps 64
3.2 Comparison of voltage feedback op-amps 69
3.3 Current feedback op-amps 73

Exercises 81

4.1 Introduction 82
4.2 Voltage scaling and buffer circuits 83
4.3 Voltage summation 87
4.4 Differential input amplifier configurations (voltage subtractor) 88
4.5 Current scaling 93
4.6 Voltage-to-current conversion 99
4.7 Voltage regulators 103
4.8 AC amplifiers 106

Exercises 107

5.1 Amplifiers with defined non-linearity 109
5.2 Synthesized non-linear response 110

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

The operations function v

1 Fundamentals

2 Real op-amp performance
parameters

3 Analogue integrated
circuit technology

4 Applications: linear
circuits

5 Logarithmic amplifiers
and related circuits

AMPLIFIERS 00 pre  2/6/03  6:08 PM  Page v



5.3 Logarithmic conversion with an inherently logarithmic device 113
5.4 Logarithmic amplifiers: practical design considerations 121
5.5 Some practical log and antilog circuit configurations 131
5.6 Log–antilog circuits for computation 139
5.7 A variable transconductance four quadrant multiplier 141

Exercises 144

6.1 The basic integrator 146
6.2 Integrator run, set and hold modes 147
6.3 Integrator errors 148
6.4 Extensions to a basic integrator 155
6.5 Integrator reset 160
6.6 AC integrators 162
6.7 Differentiators 163
6.8 Practical considerations in differentiator design 165
6.9 Modifications to the basic differentiator 168

Exercises 168

7.1 Comparators 171
7.2 Multivibrators 175
7.3 Sine wave oscillators 183
7.4 Waveform generators 187
7.5 The 555 timer 192
7.6 The 8038 waveform generator 195

Exercises 198

8.1 Sensor interface circuits 199
8.2 Hot wire anemometer with constant temperature operation 205
8.3 Temperature measurement using a thermocouple 206
8.4 Light sensitive switching 207
8.5 Sensing analogue light levels 208
8.6 Interfacing linear Hall effect transducers (LHETs) 208
8.7 Precise diode circuits 209
8.8 Full-wave rectifier circuits 211
8.9 Peak detectors 213
8.10 Sample and hold circuits 215
8.11 Voltage-to-frequency conversion 218
8.12 Frequency-to-voltage conversion 218
8.13 Analogue-to-digital converter (ADC) 220
8.14 Digital-to-analogue converter (DAC) 223

Exercises 228

9.1 Introduction 230
9.2 Passive filters 230
9.3 Active filters 237
9.4 Active filters using operational amplifiers (op-amps) 241
9.5 Choosing the frequency response of the low-pass filter 241

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

vi Contents

6 Integrators and
differentiators

7 Comparator, monostable
and oscillator circuits

8 Sensor interface,
analogue processing and
digital conversion

9 Active filters

AMPLIFIERS 00 pre  2/6/03  6:08 PM  Page vi



9.6 Choosing the frequency response of the high-pass filter 246
9.7 Band-pass filters using the state variable technique 248
9.8 Band reject filter (notch filter) 251
9.9 Phase shifting circuit (all-pass filter) 252
9.10 Filter design 253

Exercises 265

10.1 Op-amp selection and design specification 267
10.2 Selection processes 268
10.3 Attention to external circuit details 270
10.4 Avoiding unwanted signals 271
10.5 Ensure closed-loop stability 275
10.6 Offset nulling techniques 277
10.7 Importance of external passive components 280
10.8 Avoiding fault conditions 282
10.9 Modifying an op-amp’s output capability 284
10.10 Speeding up a low drift op-amp 289
10.11 Single power supply operation for op-amps 291
10.12 Voltage regulator circuits 293

Exercises 298

Answers to exercises 300

Appendix A1 Operational amplifier applications and circuit ideas 304
Appendix A2 Gain peaking/damping factor/phase margin 316
Appendix A2.1 Damping factor and phase margin 317
Appendix A3 Effect of resistor tolerance on CMRR of one 

amplifier differential circuit 320
Appendix A3.1 CMRR of one amplifier differential circuit due to 

non-infinite CMRR of operational amplifier 321
Appendix A3.2 Overall CMRR due to resistor mismatch and 

non-infinite CMRR of operational amplifier 322
Appendix A4 Instrumentation transducers 323
A4.1 Introduction 323
A4.2 Resistance strain gauges 323
A4.3 Platinum resistance temperature detectors 325
A4.4 Thermistors 327
A4.5 Pressure transducers 327
A4.6 Thermocouples 328
A4.7 Linear variable differential transformers (LVDT) 329
A4.8 Capacitive transducers 329
A4.9 Tachometers 329
A4.10 Electromagnetic flowmeters 330
A4.11 Hall effect transducers 330
A4.12 Opto transducers 331
Appendix A5 Integrated circuit datasheets 333

Bibliography 382

Index 383

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

Contents vii

10 Practical considerations

AMPLIFIERS 00 pre  2/6/03  6:08 PM  Page vii



1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

viii Operations Management in Context

AMPLIFIERS 00 pre  2/6/03  6:08 PM  Page viii



Preface

Operational amplifiers have been in use for many years. Originally they were
built using discrete transistor circuits, but the development of the integrated cir-
cuit (IC) has revolutionized analogue circuit design. The operational amplifier
was one of the first analogue integrated circuits, because of its usefulness as a
building block in many circuit designs. The popularity of the operational
amplifier has resulted in a shortened name ‘op-amp’ to be commonplace. The
term op-amp will be used extensively in this book.

The op-amp’s popularity stems from its versatility. It is a high-gain DC
amplifier that has differential inputs; the output voltage is the voltage differ-
ence between the two inputs multiplied by the gain. Passive components can
be used to provide feedback, and this controls the gain and function of the op-
amp circuit overall. Passive negative feedback components result in a linear
response, i.e. the output is proportional to the input. Passive positive feedback
results in switching or oscillation. Sometimes active components such as tran-
sistors and diodes are used in the feedback loop to give a non-linear response;
typical applications are logarithmic amplifiers or precision rectifiers.

My interest in op-amp circuits began while I was an apprentice technician.
One of the first books that I bought was Clayton’s Operational Amplifiers (first
edition). It is therefore fitting that I should be asked by the publisher to edit the
fifth edition. In my previous employment as a circuit design engineer for
British Telecom, and now as a field applications engineer for Supertex Inc., 
I have used op-amps in hundreds of circuits. For me, one valuable application
is in active filter circuits (refer to Chapter 9 and to my book, Analog and Digital
Filter Design, ISBN 0–7506–7547–0).

In this fifth edition of Operational Amplifiers I have added more on active
filters, especially gyrator and frequency-dependent negative resistance circuits.
Throughout the book I have updated and added material, where appropriate.
This includes the important practical guidelines about passive components
used in op-amp circuits. Although placed near the end of the book, in Chapter
10, this information is important and should not be overlooked.

Steve Winder, 2002
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1 Fundamentals

The term ‘operational amplifier’ describes an important amplifier circuit that
can form the basis of audio and video amplifiers, filters, buffers, line drivers,
instrumentation amplifiers, comparators, oscillators, and many other analogue
circuits. The operational amplifier is commonly referred to as an op-amp.
Although the op-amp circuit can be designed from discrete components, it
is almost always used in integrated circuit (IC) form.

The op-amp is a simple building block. It has two inputs, one is called
the inverting input (often labelled �) and the other is called the non-inverting
input (often labelled �). Usually op-amps have a single output, but special
op-amps used in radio frequency circuits have two outputs. Only single output
devices will be described in detail, and the symbol used in circuit diagrams
is shown in Figure 1.1.

The op-amp also has two power supply connections, one for the positive
rail and one for the negative rail. Many op-amp circuits have a mid-rail
supply connected to earth, although the op-amp itself has no specific mid-
rail supply connection. Some op-amps are specifically designed for single
supply operation, and more details of these are provided later.

The op-amp is a high gain DC amplifier (the DC gain is usually >100 000;
or >100 dB). With suitable capacitive coupling, the op-amp is used in many
AC amplifier circuits. The output voltage is simply the difference in voltage
between the inverting and non-inverting inputs, multiplied by the gain. Thus,
the op-amp is a differential amplifier. If the inverting (�) input has the higher
potential, the output voltage will become more negative. If the non-inverting
(�) input has the higher potential, the output will become more positive.
Since the gain is very high, the differential voltage between the input ter-
minals is usually very small.

The op-amp must have feedback in order to perform useful functions.
Most designs use negative feedback to control the gain and to provide linear
operation. Negative feedback is provided by components, such as resistors,
connected between the op-amp’s output and its inverting (�) input. Non-
linear circuits, such as comparators and oscillators, use positive feedback by
having components connected between the op-amp’s output and its non-
inverting (�) input.

It is not essential that the user of op-amps is familiar with the details of
their internal circuits. However, a little knowledge of the internal circuits
does help understanding, particularly the input and output circuits. The user
should understand the function of the external terminals provided by the
manufacturer. In order to be able to select the best amplifier for a particular
application, the user should be familiar with the terms used to specify the
op-amp’s performance.
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When analysing feedback circuits, it is convenient to assume that the ampli-
fier has certain ideal characteristics.

� The output of the ideal differential input amplifier depends only on the
difference between the voltages applied to the two input terminals.

� The performance is entirely dependent on input and feedback networks.
� No current flows into the amplifier input terminals.
� The frequency response extends from zero to infinity, ensuring a response

to all DC and AC signals, with zero response time and no phase change
with frequency.

� The amplifier is unaffected by the load.
� When the input signal voltage is zero, the output signal will also be 

zero – regardless of the input source resistance.

There are two basic ways of applying feedback to an op-amp: Figure 1.2(a)
shows the inverting configuration, the non-inverting configuration being illus-
trated in Figure 1.2(b). In both circuits, the signal fed back from the output
to the input is proportional to the output voltage. Feedback takes place via
the resistor R2 connected between the output and the inverting input terminal
of the amplifier. Phase inversion through the amplifier ensures that the feed-
back is negative.

The action of both circuits may be understood if a small positive voltage
e� is assumed to exist between the differential input terminals of the ampli-
fier. The op-amp’s output voltage will be equal to the negative supply rail,
because of the infinite gain. The signal fed back will be in opposition to e�,
so forcing the differential input voltage towards zero.

Now suppose that e� is a small negative voltage. The op-amp’s output
voltage will be equal to the positive supply rail and feedback is in opposi-
tion to e�. Again, this forces the differential input voltage towards zero. Thus,
negative feedback always forces the differential input voltage to be zero.

This is an extremely important point and is worth restating in an alterna-
tive form. When the op-amp’s output is fed back to the inverting input
terminal, the output voltage will always take on that value required to drive
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the ideal op-amp
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Figure 1.2 Two basic feedback circuits
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the differential input voltage to zero. For an ideal op-amp having infinite
gain, the error voltage e� is zero.

In the case of a practical op-amp having large but finite gain, the error
voltage e� is small but non-zero. The effect of this error voltage will be
discussed in the next chapter.

A second basic aspect of the ideal circuit follows from the assumed 
infinite input impedance of the amplifier. In the circuit of Figure 1.2(a), 
no current can flow into the op-amp so that any current arriving at the point
X, as a result of an applied input signal, must flow through the feedback
path R2.

If instead of the single resistor R1 connected to the inverting input terminal
there are several alternative signal paths, the sum of these several currents
arriving at point X must flow through the feedback path. It is for this reason
that the phase-inverting input terminal of an operational amplifier (point X)
is sometimes referred to as the amplifier summing point.

The two basic aspects of ideal performance are called the summing point
restraints; they are so important that they are repeated again.

1. When negative feedback is applied to the ideal amplifier, the differential
input voltage is zero.

2. No current flows into either input terminal of the ideal amplifier.

The two statements form the basis of all simplified analyses of operational
feedback circuits; we use them to derive closed-loop gain expressions for
the circuits of Figure 1.2.
In Figure 1.2(a), the non-inverting input is connected to earth. But with nega-

tive feedback, the inverting input has the same potential as point X, so
this is known as a ‘virtual earth’. Thus the current Ii flowing through R1

is found simply by dividing the input voltage by the resistance of R1. An
alternative expression is to say the input voltage is Ii times the value of
R1. Since no current flows into the op-amp input, the currents through R1

and R2 are equal. The output voltage is the negative product of the Ii

times the value of R2. The gain (amplification, or A) is given by dividing
the output voltage by the input voltage. This is

The current Ii can be cancelled to give

If R2 is less than R1, fractional gains are possible.
In the case of the non-inverting amplifier of Figure 1.2(b), the voltage at

both inputs must be equal. No current flows into either of the op-amp’s
inputs, so potential divider R1 and R2 determine the voltage at the inverting
input. So voltage ei � eA applied to the non-inverting input causes the output
voltage to become positive until the fraction at the inverting input is equal.
The fraction is given by the expression:

A � � 
R2

R1

A � � 
Ii R2

Ii R1
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Feedback forces the two inputs to have an equal potential, so eA � eB

The gain is eo/ei, so transposing the equation we get:

Notice that the gain can never be less than 1. A short circuit between the
output and the inverting input creates a buffer with unity gain. In theory,
this buffer has infinite input impedance and zero output impedance.

The inverting and non-inverting amplifiers have two main differences. The
first difference is the sign of the closed-loop gain. More important is 
the difference in effective input resistance that they present to the signal
source ei.

The effective input resistance of the ideal inverter measured at the ampli-
fier summing point is zero. Feedback prevents the voltage at this point from
changing; the point acts as a virtual earth. Note that any current supplied to
this point does not actually flow to earth but flows through the feedback path
R2. The resistor R1 thus determines the input current, Ii, in Figure 1.2(a). The
input resistance presented to the signal source is equal to the value of R1.

Consider the non-inverting circuit Figure 1.2(b) where the only connec-
tion to the non-inverting pin is the signal source. An ideal op-amp in this
circuit takes no current from the signal source and thus has infinite input
impedance.

The simple closed-loop expressions show that, in the ideal case, the gain
depends only on the values of series and feedback components, not on the
amplifier itself. Real amplifiers introduce departures from the ideal, and these
are conveniently treated as errors. Errors can be made very small and one
of the main features of the op-amp approach to analogue circuit design is
the accuracy with which it is possible to set gain and impedance values.

The ideal op-amp serves as a valuable starting point for a preliminary analysis
of op-amp circuits. In this section we present a few more examples illus-
trating the usefulness of the ideal op-amp concept. Once the significance of
the summing point restraints are firmly understood, ideal circuit analysis
involves little more than the intelligent use of Ohm’s law.

Remember that the ideal differential input op-amp, with negative feed-
back, will try to keep the differential input voltage close to zero. The output
voltage takes on the value required to achieve this. In doing so, it causes all
currents arriving at the inverting input to flow through the feedback resistor.

A � 1 �  
R2

R1

A � 
eo

ei

 � 
R1 �  R2

R1

eA � ei � 
eo R1

(R1 �  R2)

eB � 
eo R1

(R1 �  R2)
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1.4.1 The ideal op-amp acts as a current-to-voltage converter

An ideal op-amp can act as a current-to-voltage converter. In the circuit of
Figure 1.3, the ideal amplifier maintains its inverting input terminal at earth
potential and forces any input current to flow through the feedback resis-
tance. Thus Iin � If and eo � �IinRf.

Notice that the circuit provides the basis for an ideal current measure-
ment. It introduces zero voltage drop into the measurement circuit. The
effective input impedance of the circuit, measured directly at the inverting
input terminal, is zero.

1.4.2 The ideal op-amp adds voltages or currents independently

The principle involved in the current-to-voltage converter circuit of Figure
1.3 may be extended. In the ideal op-amp circuit of Figure 1.4(a) the op-
amp forces the sum of the several currents arriving at the inverting input to
flow through the feedback path (there is no where else for them to go). The
inverting input terminal is forced to be at earth potential (a ‘virtual earth’)
and the output voltage is thus:

eo � � [I1 � I2 � I3] . Rf
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Figure 1.3 An ideal op-amp acts as a current-to-voltage converter

(a) (b)

Figure 1.4 An ideal op-amp adds currents and voltages independently
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In Figure 1.4(b) a number of input voltages are connected to resistors which
meet at the inverting input terminal. The ideal op-amp maintains the invert-
ing input at earth potential, thus input current is independently determined by
each applied input voltage and series input resistor. The sum of the input
currents is forced to flow through R2 and the output voltage must take on a
value that is equal to the sum of the input currents multiplied by R2.

1.4.3 The ideal op-amp can act as a voltage-to-current converter

In maintaining its differential input voltage at zero, the amplifier shown in
the circuit of Figure 1.5 forces a current I � ein/R to flow through the load
in the feedback path. The value of this current is independent of the nature
or size of the load.

1.4.4 The ideal op-amp can act as a perfect buffer

In the circuit of Figure 1.6 the amplifier output voltage must take on a value
equal to the input voltage in order to force the differential input signal to
zero. The ideal circuit has infinite input impedance, zero output impedance
and unity gain, and acts as an ideal buffer stage.

1.4.5 The ideal op-amp can act differentially as a subtractor

The circuit shown in Figure 1.7 illustrates the way in which an op-amp can
act differentially as a subtractor.

The voltage at the inverting input terminal is (by superposition):

The voltage at the non-inverting input is:

e– � e2 
R2

R1 �  R2

 �  eo 
R1

R1 �  R2
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Figure 1.5 An ideal op-amp
can act as a voltage-to-
current converter

Figure 1.6 An ideal op-amp
can act as an ideal unity
gain buffer

Figure 1.7 An ideal op-amp can act as a subtractor
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The op-amp forces e� � e�

Thus 

or, 

1.4.6 The ideal op-amp can act as an integrator

In the circuit of Figure 1.8, negative feedback is applied by the capacitor C
connected between the output and the inverting input terminal. The ampli-
fier output voltage acting via this capacitor maintains the inverting input
terminal at earth potential and forces any current arriving at the inverting
input terminal to flow as capacitor charging current.

Thus:

The output voltage is equal in magnitude but opposite in sign to the capac-
itor voltage. Therefore:

The output is proportional to the integral with respect to time of the input
voltage.

e0� � 
1

CR
 �ein dt

em

R
 � � C 

de0

dt

Iin � 
em

R
 � C 

dVC

dt

eo � 
R2

R1

 [e1 – e2]

e2 
R2

R1 �  R2

 �  eo 
R1

R1 �  R2

 � e1 
R2

R1 �  R2

e� � e1 
R2

R1 �  R2
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Figure 1.8 An ideal op-amp acts as an integrator

AMPLIFIERS 01  2/6/03  5:55 PM  Page 7



1.4.7 Limitations of the ideal op-amp concept

Real op-amps have characteristics that approach those of an ideal op-amp,
but do not quite attain them. They have an open-loop gain, which is very
large (in the region of 106) but not infinite. They have a large, but finite,
input impedance. They draw small currents at their input terminals (bias
currents). They require a small differential input voltage to give zero output
voltage (the input offset voltage). And they do not completely reject common
mode signals (finite common mode rejection ratio, or CMRR).

In our discussion of ideal op-amp circuits no mention has been made of fre-
quency response characteristics. Real amplifiers have a frequency dependent
gain, which can have a marked effect on the performance of op-amp circuits.

The above features of real op-amps cause the performance of circuits to
differ from that predicted by an analysis based upon the assumption of ideal
amplifier performance. In many respects the differences between real and
ideal behaviour are quite small. In some aspects of performance, particularly
those involving frequency dependent performance parameters, the differences
are significant.

Chapter 2 presents detailed discussions about the parameters that are
usually given on the data sheets of practical op-amps. Knowledge of these
parameter values can be used to predict the behaviour of practical circuits.

Inexpensive integrated circuit op-amps are available, which are easy to use
and allow working circuits to be built rapidly. The newcomer to op-amps is
strongly advised to build a few of the basic op-amp circuits and practically
evaluate their performance. This forms a useful learning and familiarization
exercise, which is worth performing before delving more deeply into the
finer aspects of op-amp performance.

A preliminary practical evaluation of op-amp applications is most conve-
niently carried out using a general-purpose op-amp type. There are several
general-purpose amplifier types to choose from, such as the Texas Instruments
TL071 or TLE2027.

As a user of op-amps, it is not necessary to have a detailed knowledge
of their internal circuitry. Fortunately most general-purpose op-amps are pin
compatible. It is the function of the external pin connections that the op-
amp user is primarily concerned. The most common packages for op-amps
are an 8-pin dual-in-line plastic package (known as DIL-8) and its surface
mount equivalent, SO-8. Smaller surface-mount packages are available, these
include the SOT23-5 shown in Figure 1.9.

Dual op-amps, where two op-amps are housed in the same package are
available in 8-pin and 14-pin DIL or surface-mount packages. Quad op-amps,
where four op-amps are housed together, are available in 14-pin DIL and
surface-mount packages.

Op-amps are commonly used with dual power supplies. Input and output
voltages are measured with respect to the potential of the power supply
common terminal, which acts as the zero signal reference point or ‘earth’.
The use of dual supplies allows input and output voltages to swing both
positive and negative with respect to the zero reference point.
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Figure 1.10 shows the circuit connections which are required to make a
practical form of the inverting amplifier circuit previously described in Section
1.3. Amplifier pins not shown in Figure 1.10 should be left with no connec-
tions made to them – their function will be described later.

Particular care, however, should be taken to ensure that the power supplies
are connected to the correct pins, as incorrect power supply connections can
permanently damage an amplifier. Input signals should not be applied to an
amplifier before power supplies are switched on, as application of input
signals with no power supplies connected can damage an amplifier.

1.1 Give component values and sketch diagrams of operational amplifier cir-
cuits for the following applications. Assume ideal op-amp performance.
(a) An amplifier voltage gain �5 and input resistance 100 k�.
(b) An amplifier voltage gain �20 and input resistance 2 k�.
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SOT23-5 DIL-8 SO-8

Figure 1.9 Op-amp packages

Figure 1.10 Op-amp connections

Exercises
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(c) An amplifier voltage gain �100 with ideally infinite input resis-
tance.

(d) An integrator with input resistance 100 k� and circuit performance
equation

eo � �100 �ein dt

(e) A circuit which when supplied by an input signal of 2 V will drive
a constant current of 5 mA through a variable load resistor.

1.2 Find the value of the amplifier output voltage for each of the circuits
given in Figure 1.10. In all cases assume that the operational amplifier
behaves ideally.
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2 Real op-amp performance
parameters

There are many different op-amps to choose from. There are also different
technologies such as CMOS, BiFET and bipolar. And bipolar can be separated
into voltage feedback or current feedback types. Hence, some consideration
of each device’s performance parameters is needed. Selection of the best 
op-amp for a particular application is a problem, especially for the new user
of op-amps. When first studying manufacturers’ catalogues, the designer is
faced with a huge variety of specifications and different op-amp types.

The choice of op-amp is likely to be governed by economic considerations.
A general-purpose op-amp will usually cost less than a device that meets a
demanding specification. This is because the manufacturer has to recover his
development costs and, since general-purpose devices sell in greater quan-
tities, these costs are spread over a larger number. The least expensive op-amp
that will meet the design specifications is usually the one to choose. In order
to make this choice the design objectives must be completely defined. The
designer must also understand the relationship between published op-amp
parameters and their effects on overall circuit performance for the intended
application.

This chapter will describe the various op-amp specifications normally
included in a manufacturer’s data sheet. The significance of these parameters
will be discussed. It is important to understand under exactly what condi-
tions a particular parameter is defined. The important question of op-amp
selection will be returned to in later chapters when op-amp applications have
been described. The user should then more clearly appreciate design objec-
tives and the way in which op-amp parameters limit their achievement.

The input circuit of an op-amp is very often a long-tailed pair. The long-
tailed pair is a pair of transistors coupled together at their emitters (in the
case of a bipolar input op-amp). The connection between the emitters and
the supply rail is through a constant current circuit. If the base of one tran-
sistor is biased at a slightly higher potential relative to the other, it will
conduct more through its collector; and the other transistor of the pair will
conduct correspondingly less. The collector of each transistor is taken to the
other supply rail through a resistor or, more commonly, through a constant
current generator. Figure 2.1 shows the use of resistors, for simplicity.
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2.1.1 Maximum voltage between inputs

The voltage between the input terminals of an op-amp is maintained at a
very small value, under most operating conditions, by negative feedback. If
negative feedback is not used, the differential input voltage may exceed this
small value and the output of the op-amp will saturate, see Figure 2.2.

If the circuit design allows the application of several volts between the
input terminals, care must be taken to ensure that it does not exceed 
the maximum allowable value, otherwise permanent damage to the op-amp
may be caused. Many op-amps allow the differential input voltage to be
equal to the supply voltage, and others are internally protected against input
overload conditions. Where such internal protection is not provided, diodes
may be connected externally to the op-amp’s input terminals to provide the
necessary protection.

2.1.2 Maximum output voltage swing

The output of an op-amp usually has two transistors, one connected to the pos-
itive rail, and the other connected to the negative rail, see Figure 2.3. This cir-
cuit controls the output voltage by increasing the drive on one transistor whilst
reducing it on the other. Constant current circuits are used in the base drive of
these transistors, so that quiescent supply current (the current with no signal) is
minimized. Both transistors in this circuit require a certain voltage between
collector and emitter, which limits the maximum output voltage swing.

The maximum output voltage swing eo max is the maximum change in
output voltage (positive and negative), measured with respect to the mid-rail
supply, that can be achieved without clipping the signal waveform. Values
of eo max are quoted for the op-amp working into a specified load (sometimes
at full rated output current) and with specified values for op-amp power
supplies. Maximum values for supply voltages are normally specified and
should not be exceeded. Values for eo max will be found to be dependent on
the supply voltage used. BiFET and CMOS op-amps have FET outputs that
allow the output voltage to be within 200 mV of the supply voltage, except
when operating from high supply voltages.
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V+

V–

IN+ IN–

} To next
stage

R1 R2

Constant
current

Figure 2.1 Op-amp input
circuit

Figure 2.2 Idealized transfer curve for an op-amp

Output

Input

V+

V–

Figure 2.3 Op-amp output
circuit
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2.1.3 Maximum common mode voltage

The common mode voltage is the average voltage on the two inputs relative
to earth.

The maximum common mode voltage, Ecm, is the maximum voltage that can
be applied without producing saturation or non-linearity at the output. Many
devices have a common mode voltage range that approaches to within 2 V
of the supply rails. Single supply op-amps often use input circuits that allow
the common mode voltage range to extend to the negative supply rail. In
the ideal case, common mode input voltage has no effect on the output.

eo � AOL(eA � eB)

In practice, the common mode input voltage does affect the output.
If an op-amp is to be used under conditions in which excessive common

mode voltage may cause damage, protection can be obtained by the use of
a suitable pair of zener diodes. The diodes should be connected ‘back to
back’ with their anodes joined. The two cathodes should be connected 
to the two op-amp inputs.

2.2.1 Non-infinite open-loop voltage gain

The open-loop voltage gain, AOL, of an op-amp may be defined as the ratio 

The input voltage being that measured directly between the inverting and
non-inverting input terminals. AOL is normally specified for very slowly
varying signals and can in principle be determined from the slope of the
non-saturated portion of the input/output transfer curve (Figure 2.2). The
magnitude of AOL for a particular op-amp depends on the op-amp load and
on the value of the power supplies. Values of AOL are normally quoted for
specified supply voltages and load.

Op-amps are never used in an open-loop arrangement. They are occa-
sionally used in positive feedback circuits, but much more often in negative
feedback circuits that define precise operation. The significance of open-loop
gain is that it determines the accuracy limits in such applications. An assess-
ment of the quantitative effects of the open-loop gain magnitude requires a
study of the principles underlying feedback op-amp operation.

In a negative feedback op-amp circuit, a signal is fed back from the output
to the input. This feedback opposes the externally applied input signal. The
signal that actually drives the input of the op-amp results from a subtraction
process. The larger the gain of the op-amp without feedback (the open-loop
gain) the smaller is the signal voltage applied between the op-amp input

change of output voltage

change of input voltage
 

Ecm � 
eA � eB

2
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2.2 Limitations in gain,
and input and output

impedance
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terminals. If the open-loop gain of the op-amp is infinite (as assumed for an
ideal op-amp) negative feedback forces the op-amp’s differential input signal
to zero. However, with a large but finite open-loop gain, a small input signal
must exist between the op-amp’s input terminals. It is convenient to think
of this as an input error voltage, which arises because the real op-amp has
a finite open-loop gain.

2.2.2 Non-infinite input impedance

The circuit analysis based on the ideal op-amp assumed that no current
flowed into the op-amp’s input terminals. In practice there is a large, but
finite, differential input impedance. Part of this impedance is due to input
capacitance and this affects high frequency operation. For most applications
it is the input resistance that can affect performance. Op-amps with FET
inputs have an input resistance in the order of 1012 �. Bipolar input devices
have a lower resistance, but this is usually greater than 106 �.

The common mode input resistance to earth is much higher than this, typi-
cally 100 times greater (i.e. 108 � for a bipolar input device) and can be
largely ignored.

2.2.3 Non-zero output resistance

Op-amps do not have zero ohm output resistance. The output resistance of
a typical device is 50 �. This resistance restricts the maximum output voltage
swing into a low resistance load, where a significant voltage drop takes place
across the internal resistance. Feedback can reduce the effects of output resis-
tance, making the op-amp generate a larger internal voltage to compensate
for any reduction due to the output resistance. With feedback, the effective
output impedance is typically less than 1 m�.

2.2.4 Effect on a non-inverting amplifier

The effects of finite open-loop gain, finite input resistance and non-zero
output resistance will be considered for a non-inverting amplifier. To analyse
the effects, each parameter will have to be considered separately. First we
must find a few general relationships for a non-inverting amplifier in terms
of the non-infinite open-loop gain.

A differential input op-amp with series negative voltage feedback applied
to it is shown in Figure 2.4. The op-amp has a differential input voltage, e�.
The op-amp’s output is represented in terms of its Thévenin equivalent circuit.
The output behaves like a source of EMF (�AOLe�) in series with the op-
amp output impedance. (Note the minus sign simply comes from the assumed
positive direction of the differential input signal e�.)

A voltage, ef, which is directly proportional to the output voltage, eo, is
fed back to the inverting input terminal of the op-amp (negative feedback):

ef � �eo
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The constant of proportionality � is called the voltage feedback fraction; it
is an important quantity when analysing the effects of feedback.

If, in Figure 2.4, we assume Zin >> R1 and neglect the shunting effect of
Zin on R1 we may write:

� � R1/(R1 � R2) (2.1)

Now we can examine the effects of non-zero output impedance. The output
voltage of the op-amp may be written as:

eo � �AOLe� � IoZo (2.2)

It is simply a use of the general equation for the output voltage produced
by a loaded source of EMF: Output voltage � Open circuit voltage � Internal
volts drop. e� is the difference between the externally applied input signal
ei and the feedback signal ef. Note that ef and ei are effectively applied in
series to the differential input terminals of the op-amp.

e� � ei � ef (2.3)

Substitution for e� in equation 2.2 gives:

eo � AOL(ei � ef) � IoZo

Substituting ef � �eo and rearrangement gives:

(2.4)eo � 
AOL

1 � �AOL

 ei – io 
Zo

1 � �AOL
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–AOLeε

Figure 2.4 Series voltage feedback
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According to equation 2.4, the circuit behaves like an amplifier with open-
circuit gain AOL/(1 � �AOL) and output impedance Zo/(1 � �AOL). These are
the closed-loop parameters for the circuit. Thus:

(2.5)

and (2.6)

Note that if �AOL is very large, the quantity

is as near unity as makes no difference and the closed-loop gain is determined
almost entirely by the value of the feedback fraction. The closed-loop output
impedance is made very small (i.e. output voltage little affected by loading).
The product of the feedback fraction and the open-loop gain is the gain around
the feedback loop and it is called the loop gain. Loop gain, �AOL is a most
important parameter in determining the quantitative effects of feedback.

To see the effect of feedback on the output impedance, suppose that
� � 0.1, so that ACL � 10. An op-amp with Zo � 50 � and open-loop gain
AOL � 106 will have a closed-loop output impedance of 

At high frequencies the open-loop gain reduces, which causes the output
impedance to rise.

Let us now derive an expression for the input impedance of the circuit.
Note that ef is applied in opposition to ei (effectively it is series feedback)
and tends to oppose any current into the circuit. Series negative feedback
may thus be expected to increase effective input impedance. We write:

ei � ef � e� � �eo � e�

But (assuming R2 >> ZL)

Substitution gives:

Now 

But – 
e�

Iin

 � Zin

ZinCL � 
ei

Iin

 � – 
e�

Iin

 �1 � �AOL 
ZL

Zo � ZL

 �

ei � – e� �1 � �AOL 
ZL

Zo � ZL

 �

eo � – AOLe� 
ZL

Zo � ZL

ZoCL � 
50

1 � 105 � 0.5 m�

�
1

1 � 
1

�AOL

�

ZoCL � 
Zo

1 � �AOL

ACL � 
AOL

1 � �AOL

 � 
1

�
 � 1

1 � 
1

�AOL

�
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Thus (2.7)

Series voltage feedback increases input impedance to an extent determined
by the loop gain �AOL.

2.2.5 Effect on inverting amplifier

The effects of finite open-loop gain, finite input impedance and non-zero
output impedance will be considered for the inverting amplifier. To analyse
the effects, each parameter will have to be considered separately. First we
must find a few general relationships for a non-inverting amplifier in terms
of the non-infinite open-loop gain, AOL.

ZinCL � – Zin �1 � �AOL 
ZL

Zo � ZL

 �

In Figure 2.5, the externally applied input signal voltage es and the output
voltage eo are effectively applied in parallel to the op-amp’s differential input.
The signal e�, which drives the differential input, is a superposition of the
effects of es and eo.

(2.8)

It is assumed that Zin >> R1 � Rs and that Zo << R2.

The feedback fraction 

Let us now examine the effect of non-zero output impedance. The output
voltage may be written as

eo � �AOLe� � IoZo

� � 
R1 � Rs

R1 � R2 � Rs

e� � es 
R2

R1 � R2 � Rs

 � eo 
R1 � Rs

R1 � R2 � Rs
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Iin

If

Io

I�

Figure 2.5 Shunt voltage feedback

AMPLIFIERS 02  2/6/03  5:57 PM  Page 17



Substitution for e� and rearrangement gives

The closed-loop signal gain of the circuit is thus

(2.9)

For large values of �AOL, the term 

is very close to unity and the closed-loop gain is 

The closed-loop output impedance is

(2.10)

The closed-loop output impedance of an op-amp in many circuits is a tiny frac-
tion of the open-loop impedance, typically less than 1 m� at low frequencies.

Compare equations 2.9 and 2.10 with equations 2.5 and 2.6. Again, notice
the importance of the loop gain �AOL. If the loop gain is sufficiently large
the closed-loop performance is determined by the value of the components
used to fix the feedback fraction �. If R1 << Rs and the loop gain is large,
the closed-loop signal gain approximates to ACL � �R2/R1.

Now let us consider the input impedance. In Figure 2.5

Iin � I′ � If

Now I′ � e� /Zin and If � (e� � eo)/R2.

So 

If ZL > Zo, eo � � AOLe�, i.e. assume that there is no voltage drop across the
internal output impedance.

By substitution, 

In terms of input impedance, we have Zin and additional shunt impedance
R2/(1 � AOL). Thus the effect of the shunt feedback is to reduce the effective
differential input impedance of the op-amp. And if AOL is very large, the input
impedance is very small (typically < 1 �). The overall input impedance of the
inverting op-amp circuit then effectively equals the value of the resistor R1.

Iin � e� � 1

Zin

 � 
1 � AOL

R2

 �

Iin � 
e�

Zin

 � 
e�  – eo

R2

ZoCL � 
Zo

1 � �AOL

R2

R1 � Rs

�
1

1 � 
1

�AOL

 �

eo � – 
R2

R1 � R2 � Rs

 
AOL

1 � �AOL

 � – 
R2

R1 � Rs

 � 
1

1 � 1
�AOL

 �

eo � – 
R2

R1 � R2 � Rs

 
AOL

1 � �AOL

 es – io 
Zo

1 � �AOL
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2.2.6 Summary of some of the effects of negative feedback

It is useful to summarize the effects of negative feedback as shown by the
above analysis.

1. Series negative feedback increases input impedance.
2. Shunt negative feedback decreases input impedance.
3. Negative voltage feedback makes for a stable distortion-free output

voltage.
4. Negative current feedback makes for a stable distortion-free output current.

We have not yet considered the dynamic response of op-amps. Gain has
been defined as the ratio change of output voltage to slow change of input
voltage. The effect of rapid changes has not yet been considered. It is usual
to distinguish between sinusoidal and transient response characteristics.

Sinusoidal response parameters describe the way in which an op-amp
responds to sinusoidal signals. In particular they show how the op-amp’s
response depends upon signal frequency. Transient response parameters char-
acterize the way in which an op-amp reacts to a step or square-wave input
signal. An added complication is that it is necessary to distinguish between
small signal and large signal response parameters; differences arise because
of dynamic saturation effects that occur with large signals.

This section is concerned with small signal sinusoidal response character-
istics. An ideal op-amp is assumed to have an open-loop gain that is
independent of signal frequency, but the gain of a real op-amp does have
frequency dependence. Both the magnitude and the phase of the open-loop
gain are frequency dependent. This frequency dependence has a marked effect
on closed-loop performance.

2.3.1 Bode plots

Gain/frequency characteristics are often presented graphically. It is usual to
plot gain magnitude in decibels (dB) against frequency on a logarithmic
(base 10) scale. Gain in dB is determined from the relationship:

Voltage gain in dB � 20 log | eo/ein| (2.11)

The reader who is unfamiliar with the use of decibels (or dB) should get
practice in working out the dB equivalents of some voltage ratios (try
Exercises 2.5 and 2.6).

Examples
eo/ein � 10 represents a voltage gain of 20 log (10) � 20 dB; eo/ein � 100
represents 40 dB; eo/ein � 1000 represents 60 dB; eo/ein � 1/10 represents
�20 dB; eo/ein � √2 represents 3 dB; eo/ein � 1/√2 represents �3 dB. Since
power is proportional to (voltage)2, a fall in gain of 3 dB represents a halving
of the output power.
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2.3 Real op-amp
frequency response

characteristics
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Gain/frequency plots are often given as a series of straight-line approxima-
tions rather than as continuous curves. The straight lines are called Bode
approximations and the graphs are called Bode diagrams.

The open-loop frequency response of many op-amps is designed to follow
an equation of the form

(2.12)

where: 

AOL(jf) is a complex quantity representing the magnitude and phase charac-
teristics of the gain at frequency f,
AOL represents the DC value of the open-loop gain and
fc is a constant, sometimes called the break frequency.

Equation 2.12 describes what is sometimes called a first order lag response;
its magnitude and phase characteristics are shown plotted in Figure 2.6. The
magnitude of the response is

(2.13)

At low frequencies for which f < fc, AOL(jf) → AOL and the straight line 
|AOL(jf)| � AOL is the low frequency asymptote.

At high frequencies for which f > fc, the response is asymptotic to the line
|AOL(jf)| � AOL(fc/f ) which has a slope of �20 dB/decade change in frequency.

For each ten times increase in frequency the magnitude decreases by 1/10,
or a change of �20 dB. (Note that a slope of �20 dB/decade is sometimes
expressed as �6 dB per octave; it goes down by 6 dB for each doubling of
the frequency.) Gain attenuation with increase in frequency is referred to as
the roll-off in the frequency response.

The two straight lines intersect at the frequency f � fc and at this frequency
|AOL(jf)| � AOL/√2: the response is thus 3 dB down when f � fc. The frequency
fc is sometimes referred to as the 3 dB-bandwidth limit.

The phase/frequency characteristic associated with equation 2.12 is deter-
mined by

(2.14)

At f << fc, � → 0°; at f � fc, � � �45°; and at f >> fc, � → �90°.
The Bode phase approximation approximates the phase shift by the asymp-

totic limits of 0° at 1/10 of fc and �90° at 10 times fc. The asymptotes are
connected by a line whose slope is �45° per decade of frequency as shown
in Figure 2.6. The errors involved in using the straight-line approximation
for the magnitude and phase behaviour of equation 2.12 are tabulated in
Figure 2.6.

Op-amp data sheets normally give values of AOL and the unity gain
frequency f1, which is the frequency at which the open-loop gain has fallen

� � – tan–1 
f

fc

AOL(jf) � 
AOL

� 1 � � f

fc
 �2

 

AOL(jf) � 
AOL

1 �  j 
f

fc
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to 0 dB because of open-loop roll-off. In the case of op-amps which exhibit
a first order frequency response, with a 20 dB per decade roll-off down to
unity gain, the frequency f1 is related to the 3 dB bandwidth frequency fc by
the expression fc � f1/AOL.

Frequency response characteristics are readily plotted from knowledge of
AOL and f1. The Bode magnitude approximations are obtained by simply
drawing two straight lines, one horizontal line at the value of AOL and the
second through f1 with a slope of �20 dB/decade. The two intersect at 
the frequency fc.

Bode diagrams are useful in evaluating the frequency response characteris-
tics of cascaded gain stages. The gain of a multistage op-amp is obtained as
the product of the gains of the individual stages, but since gain is represented
logarithmically in Bode plots, the overall response may be determined by
linearly adding the Bode plots for the separate stages as shown in Figure 2.7.

Note that the final roll-off and limiting phase shift depend upon the 
number of gain attenuating stages. Two stages give a final gain roll-off of
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AOL ( jf )

approximation

–90°

Figure 2.6 First order low-pass magnitude and phase response and Bode
approximations
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�40 dB/decade and a limiting phase shift of 180°; three stages give a gain
roll-off of �60 dB/decade and a 270° phase shift.

The desirable characteristics of op-amp circuits stem from the use of nega-
tive feedback. The quantitative effects of negative feedback are related to
the loop gain �AOL. Real op-amps exhibit a frequency dependent AOL, and
in some applications the feedback fraction � is also frequency dependent.
Therefore, practical op-amp circuits have a frequency dependent loop gain
and this has a marked effect on closed-loop performance.

Frequency dependence implies both a magnitude change and a phase
change with frequency. In a circuit using negative feedback, it only needs
a phase shift of 180° in the feedback loop to make the circuit apply positive
feedback; this can cause serious problems. An op-amp feedback circuit will
produce self-sustained oscillations if the phase shift in the feedback loop
reaches 180° while the magnitude of the loop gain is greater than unity. This
should not be allowed to happen.

Phase shifts in the feedback loop of greater than 90° but less than 180°
will not result in sustained oscillations. However, they can cause a frequency
response that peaks up at the bandwidth limit, before it rolls off. Associated
with this closed-loop gain peaking, the circuit will have a transient response
that exhibits overshoot and ringing. Transient response refers to the output
changes produced in response to a step or square-wave input signal.
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Figure 2.7 Frequency response of cascaded gain stages

2.4 Small-signal
closed-loop frequency

response
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Phase margin is a term used to express the relative stability of a closed-
loop op-amp circuit. The phase margin is the amount by which the phase
shift is less than 180° at the frequency where the magnitude of the loop gain
is unity. A closed-loop circuit with 90° phase margin shows no gain peaking.
As the phase margin is reduced, gain peaking becomes noticeable for phase
margins of approximately 60° (about 1 dB peaking) and becomes more
marked with further reduction in phase margin (20° phase margin gives
approximately 9 dB of gain peaking).

Most general-purpose op-amps have an open-loop frequency response that
follows a first order decay characteristic. The open-loop gain reduces in pro-
portion to the signal frequency. This ensures that they are unconditionally
stable under any value of resistive feedback. This type of response was dis-
cussed in the previous section; it has a 20 dB/decade roll-off down to unity
gain and the phase shift associated with this never exceeds 90°. The phase
margin for any value of resistive feedback is therefore never less than 90°.

The gain frequency dependence of the open-loop response also affects the
closed-loop response. The effect on closed-loop gain is most conveniently
demonstrated in graphical form by sketching the appropriate Bode plots. We
look for the effect of AOL on loop gain and then to the effect of loop gain
on the gain error factor. We may write:

Which when expressed in decibel form gives:

loop gain (in dB) � open-loop gain (in dB) � (in dB) (2.15)

That is, the magnitude of the loop gain in decibels at any frequency is equal
to the difference between the open-loop gain magnitude in decibels and 1/�
in decibels.

As an example of the graphical approach, consider an op-amp with a first
order frequency response used with resistive feedback in the follower config-
uration. The circuit and its Bode plots are illustrated in Figure 2.8. In order
to display the frequency dependence of the loop gain we merely superimpose
the plot of 1/� (in dB) on the open-loop frequency response plot of the op-
amp. If feedback is purely resistive, as it is here, � is independent of frequency
and 1/� is a straight line parallel to the frequency axis. In this case, the
frequency dependence of the loop gain is entirely due to the frequency depen-
dence of the open-loop gain.

As the frequency increases there is a reduction in open-loop gain, AOL.
There is a corresponding decrease in the loop gain, �AOL and an increase 
in the gain error. Remember that gain error is related to the amount by which
the gain error factor [1/(1 � 1/�AOL)] differs from unity.

If it is required to compute the gain error at frequencies approaching or
exceeding the open-loop bandwidth fc, the phasor nature of the loop gain

1

�

 | �AOL(jf) | ��AOL(jf)

1

�(jf)

 �
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must not be forgotten. Let us evaluate the gain error for the circuit of Figure
2.8 at a frequency f � 103 Hz. At this frequency, |�AOL(jf)| � 20 dB � 10,
and the phase shift in the loop gain is close to �90°. Thus:

Compare this with the value obtained by neglecting the phasor nature of the
loop gain, which is:

1/(1 � 1/10) � 0.909, a 9% gain error!

At the frequency f1′ at which the open-loop and 1/� magnitude plots inter-
sect, the magnitude of the loop gain is unity (0 dB). The two plots close at
a rate of 20 dB per decade, which is indicative of a 90° phase shift in the
loop gain and a remaining 90° phase margin. The magnitude of the gain
error at the frequency f1 is:

|1/(1 � 1/�j1)| � 1/√2

The closed-loop gain magnitude is thus 3 dB down on its ideal value 1/� at
the frequency f1′. f1′ represents the closed-loop bandwidth; at frequencies
greater than f1′ the magnitude of the closed-loop gain approaches the magni-
tude of the open-loop gain. If �AOL(o) >> 1, the product of closed-loop gain
and closed-loop bandwidth � 1/(f1′) � f1 remains constant for different values
of �. Negative feedback makes the closed-loop bandwidth greater than the

� 1

1 � 
1

�AOL(jf)

 � � � 1

1 � 
1

–j10

 � � 
1

√1 � 0.01
 � 0.995
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Figure 2.8 Bode plots show frequency dependence of loop gain
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open-loop bandwidth. The greater �, the smaller the closed-loop gain but
the wider the closed-loop bandwidth.

A second example of the graphical approach used to find closed-loop
signal bandwidth is illustrated in Figure 2.9. The circuit considered here is
an inverting adder application. In this type of circuit the feedback fraction
is influenced by the presence of the two input resistors R1 and R2.

Substituting component values gives � � 1/1000 and 1/� � 1000 or
60 dB. 1/� intersects the open-loop frequency response at the frequency 
f1′ � 1 kHz. This fixes the closed-loop bandwidth at 1 kHz but note that, in
this circuit, the closed-loop signal gain is not the same as the closed-loop
gain (1/�) since there are two possible input signal paths. The ideal signal
gain for the e1 signal is �Rf /R1 and is �Rf /R2 for the e2 signal. In this
particular example R1 � R2, so the two gains are equal and the closed-loop
signal bandwidth is 1 kHz.

Most op-amps are internally frequency compensated and have an open-loop
frequency response with a 20 dB/decade roll-off. A response of this kind, 
in principle, ensures that the op-amp will be closed-loop stable under all

� � 
Rp

Rp � Rf

     where    Rp � R1 // R2 � 
R1 R2

R1 � R2
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Figure 2.9 Bode plots for inverting adder

2.5 Closed-loop
stability considerations
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conditions of resistive feedback. However, it is important to be aware that
the use of an internally frequency compensated op-amp does not always
ensure closed-loop stability.

Capacitive loading at the output of an op-amp, or stray capacitance between
the inverting input terminal and earth, can cause phase shifts leading to insta-
bility – even in resistive feedback circuits. In differentiator applications, in
which the feedback fraction � is deliberately made frequency dependent, an
internally compensated op-amp exhibits instability.

Some op-amps exhibit a final roll-off in their open-loop frequency response
of greater than 20 dB/decade; they are called externally frequency compensated
op-amps. These fast roll-off op-amps are often used in circuits where both wide
closed-loop bandwidth and greater than unity gain are required. They require
the external connection of a capacitor to make them closed-loop stable.

The closed-loop frequency response obtained with fast roll-off (externally
frequency compensated) op-amps can be explained using Bode plots. The
response is related to the gain error caused by the decaying open-loop gain
and the associated phase shift. For example, consider an op-amp with a
response that has three gain stages, each stage having a frequency response
with a different cut-off point. The magnitude and phase characteristics of
the open-loop gain are illustrated in Figure 2.10.

The magnitude and phase characteristics of the loop gain for a particular
feedback fraction are obtained by superimposing a plot of 1/� on the open-
loop frequency response plot. With resistive feedback, � is frequency
independent. The phase shift in the closed-loop gain is determined by the
phase shift in the open-loop gain; this can be found by referring back to 
the graphs in Figure 2.5.

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

26 Operational Amplifiers

Figure 2.10 Gain magnitude and phase characteristics of op-amp with three-pole response
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Phase margin is the amount by which this phase shift is less than 180° at
the frequency at which the magnitude of the loop gain is unity (0 dB). Note
that increasing � results in successively smaller phase margins. Phase margins
less than 60° cause the closed-loop gain to peak up (see Figure 2.11). The
gain peaking increases as the phase margin is reduced further until, at zero
phase margin, the circuit breaks out into sustained oscillations.

2.5.1 Phase margin determines closed-loop gain peaking

The gain peaking occurs as a result of inadequate phase margin and is caused
by positive feedback. Positive feedback occurs when the feedback signal has
a component that is in phase with the externally applied input signal. If the
gain is greater than unity when phase shift in the loop gain reaches 180°,
the circuit oscillates.

When considering the extent of the gain peaking (obtained as a result 
of inadequate phase margin) we must look to the effect of the loop gain
magnitude/phase behaviour on the gain error factor.

�AOL(jf) � |�AOL(jf)|e
�j�
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Figure 2.11 Too much feedback gives gain peaking with uncompensated fast roll-off op-amps
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The value of the gain error factor may then be expressed as

The magnitude of the gain error factor can then be written as

(2.16)

Since the cosine of angles lying between 90° and 180° is negative we have
the possibility of a gain error factor magnitude greater than unity for values
of � greater than 90°. It is this variation in the gain error factor that is
responsible for closed-loop gain peaking.

Gain peaking usually arises as a result of phase shift with frequency
controlled by a single first order function. Here the break frequency is greater
than a decade away from other break frequencies. Two situations are illus-
trated in Figure 2.11. The relationship between closed-loop gain peaking and
phase margin that is to be expected in a situation of this kind is also shown
graphically in Figure 2.12 (see also Appendix A2).

In order to assess the phase margin in a particular circuit, the 1/� graph
(in dB) is superimposed on the open-loop response. The intersection of the
two curves gives the frequency f1′ at which the magnitude of the loop gain
is unity. The phase shift � at this frequency is then determined from the
phase/frequency variation in AOL; the phase margin is �m � 180° � �. 
The amount of gain peaking can be found from the graph. Note that the 
gain peaking in fact occurs at frequencies slightly less than the 
frequency f1′. However, as the phase margin is reduced, the gain peak
increases in amplitude; the frequency at which it occurs moves closer to the
frequency f1′.

Frequency compensation or phase compensation is the name given to the
process of tailoring the loop gain magnitude/phase characteristics of a feed-
back op-amp circuit to give an adequate phase margin. Adequate phase
margin ensures closed-loop stability and freedom from closed-loop gain
peaking. Bode diagrams are particularly useful in assessing the stability and
frequency response of feedback circuits, and examples will be given in terms
of their Bode diagrams.

General-purpose op-amps are normally internally frequency compensated
and give unconditional stability with all values of resistive feedback. The
phase shift in their open-loop gain is typically controlled to be 135° or less

� 1

1 � 
1

�AOL(jf)

 � � ��
1

1 � 
1

| �AOL(jf)2 |
 � 

2 cos �

|�AOL(jf) |
�

1

1 � 
cos� � jsin�

| �AOL(jf) |

1

1 � 
1

�AOL(jf)

 � 
1

1 � 
e j�

| �AOL(jf) |
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2.6 Frequency
compensation (phase

compensation)
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for all frequencies where the open-loop gain magnitude is greater than unity,
assuring a minimum phase margin of 45° for all values of resistive feedback.
Internal frequency compensation gives user convenience at the expense of closed-
loop bandwidth and speed (slew rate – see later) which would otherwise be
available when the op-amp is used at higher closed-loop gains than unity.

It is important to note that even frequency compensated op-amps can
become unstable if the load is sufficiently capacitive. The internal resistance
and the external capacitance cause a phase shift at the op-amp’s output
terminal. Even though the op-amp may have a phase margin of 45° or more,
the phase shift at the output can be greater than this and lead to oscillation.
This is because feedback is taken from the op-amp’s output. An external
resistor between the op-amp’s output at the load reduces the phase shift at
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Figure 2.12 Gain peaking versus phase margin for two commonly
encountered situations
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the output, and hence in the feedback path. The subject of compensating for
capacitive loads and capacitive inputs is discussed further in Section 10.5.

Op-amps without internal frequency compensation require external fre-
quency compensating components. They allow the user to select a frequency
compensating scheme appropriate to the particular closed-loop circuit.
Closed-loop bandwidth, slew rate, full power response and noise performance
(see later) are all affected by the frequency compensating method adopted.
Compensation methods advocated for different op-amp types differ in detail
because of internal circuit differences. The general principles involved in
frequency compensation are the same for all op-amps.

Amplifying stages within an op-amp can achieve very high gains by using
active loads. In many cases the overall gain can be sufficiently large using
only two internal voltage gain stages. Op-amps of this type are normally
frequency compensated by means of a single feedback capacitor connected
around the second inverting gain stage in the op-amp. The technique requires
only small values of frequency compensating capacitor (10 pF–30 pF).
Capacitors of this size are small enough to be fabricated on the same inte-
grated circuit chip as the rest of the op-amp circuitry. This is the method of
internal frequency compensation in general-purpose op-amps: a simplified
model of the internal circuit is given in Figure 2.13.
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Figure 2.13 Equivalent circuit for frequency compensation
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The differential input stage used in many op-amps has a very high gain
and a very high output impedance; it provides what is essentially a current
drive to the second gain stage. In Figure 2.12, its action is represented by
the current generator gme�.

The second gain stage is inverting; a capacitor connected between input
and output of the high gain inverting stage gives that stage the frequency
response characteristics of an integrator. Its output voltage is proportional to
the integral of the input current. Assuming ideal integrator action for the
second stage, its output and the output of the complete op-amp has a frequency
roll-off that can be approximated as

and the open-loop gain roll-off is approximated by

(2.17)

Equation 2.17 must be made to dominate the overall frequency response.
Unity gain frequency compensation requires that the value of Cf be chosen
so that the equation brings the open-loop gain down to unity at a frequency
lower than the break frequency of other gain attenuating stages.

Setting |AOL(jf)| � 1 in equation 2.17 and transposing gives equation 2.18.
This gives the relationship between the unity-gain frequency (f1) and the
required unity-gain frequency compensating capacitor (C1) as

f1 � gm/2	C1 (2.18)

In many general-purpose op-amps, the current drive supplied by the first
gain stage has a frequency dependence. This is determined by the frequency
response of transistors in the first stage, where the break frequency may be
a few MHz. Dependent upon the unity-gain phase margin required, f1 must
be made to have the same order of magnitude. Most general-purpose mono-
lithic op-amp designs have Cf chosen to make f1 typically slightly less than
the break frequency of the first stage transistors.

Unity-gain frequency compensation, although satisfactory, is not strictly
necessary when an op-amp is used in a circuit where the closed-loop gain
(1/�) is greater than unity. Externally compensated op-amps in which the
frequency compensating capacitor is user connected permit the designer to
apply just sufficient compensation to achieve a desired phase margin. Some
internally compensated op-amps have a minimum stable gain specified; these
devices have a greater gain-bandwidth product than would otherwise be
achievable with a unity-gain stable device.

Use of the minimum frequency compensating capacitor, consistent with
achieving adequate phase margin, gives a wider closed-loop bandwidth than
would be obtained if the op-amp were unity-gain frequency compensated.
In applications that are concerned only with slowly varying input signals, a
wide closed-loop bandwidth is of course not required. In such cases it is
often advantageous to restrict closed-loop bandwidth (in order to reduce

AOL(jf) � – 
gm

j2	 fCf

eo � 
gme�

j
Cf
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noise) by using much greater frequency compensation than is required for
closed-loop stability. These points are illustrated in Figure 2.14 which shows
Bode approximations for the open-loop frequency response of a general-
purpose op-amp, using values of the frequency compensating capacitor Cf

larger than and smaller than the value C1 required for unity-gain frequency
compensation of the op-amp.

Adequate phase margin (60° in the case considered in Figure 2.14) requires
that the minimum value of Cf be chosen so, for a particular value of B used
in the circuit configuration, the magnitude of the loop gain B*AOL is reduced
to unity at the frequency f1. Use of equation 2.17 gives
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AOL( jf )

R1+ R2

R1

Figure 2.14 Open-loop frequency response of op-amp with different values
of compensation capacitor
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We require

|�AOL(jf)| � 1, at f � f1

Substituting for f1 from equation 2.23 gives the required minimum value of
Cf as

Cf � �C1 (2.19)

Remember that C1 is the value of the frequency compensating capacitor
required for unity-gain frequency compensation.

A typical value of frequency compensating capacitor is 30 pF for unity-
gain frequency compensation. Lower values can be used for higher
closed-loop gains. Typically, a 3 pF frequency compensating capacitor can
be used if the closed-loop gain is 20 dB.

There are certain conditions in which the use of minimum values of Cf can
lead to instability problems. These are in circuits with large resistor values, or
where there is appreciable stray capacitance to earth at the inverting input
terminal, or those in which the op-amp is expected to drive a capacitive load.

2.6.1 Frequency compensation and slew rate considerations

There is a limit to the rate at which the output voltage of an op-amp can
change; this is called the slew rate. Slew rate is usually expressed in volts
per microsecond and is defined as the maximum rate of change of output
voltage produced in response to a large input step.

The basic mechanism governing slew rate is capacitor charging. The rate
of change of voltage, at any point in a circuit, is limited by the maximum
current available to charge the capacitance at that point. In many op-amp
applications it is the charging of the frequency compensating capacitor
(internal or external) that sets the output slew rate. For this reason, op-amps
designed to have low supply current requirements are generally slower and
bandwidth limited.

The frequency compensating capacitor of an op-amp is charged by the
output current supplied by the first gain stage in the op-amp. The limitation
on the charging rate is therefore determined by the first stage output current
capabilities, thus:

Slew rate � (2.20)

where Io is the first stage operating current.
Equation 2.20 suggests that increased slew rate may be achieved by simply

increasing the first stage operating current, but this is not the case for op-
amps using bipolar transistor input stages. In normal bipolar transistor op-amp

� deo

dtmax

 � �  
Io

C

|�AOL(jf)| � �  
gm

2	 f Cf
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stages increase in operating current causes a corresponding increase in the
transconductance of the stage:

Transconductance (2.21)

where:
k is Boltzmann’s constant,
T is temperature in K (Kelvin) and
q is electronic charge.

Equation 2.21 is a modification of the transconductance equation for bipolar
transistors:

Transconductance

which is ~40 IC V�1 at room temperature.Thus for a transistor with a collector
current of 1 mA, gm = 40 mA V�1 and a VBE change of 1 mV causes a
collector current change of 40 �A. The value of transconductance is halved
in the input stages of an op-amp because of the differential input, so a differ-
ential input of 1 mV gives rise to an output current of 20 �A. 

Increase in transconductance that accompanies any increase in operating
current requires a corresponding increase in Cf in order to set a particular
value for f1. Combining equations 2.20 and 2.21 with equation 2.18 gives

Slew rate � (2.22)

Slew rate is seen to be independent of input stage current level. Our approx-
imate treatment explains why most internally compensated general-purpose
bipolar input op-amps have slew rates of the order of 1 V/�s.

Bipolar input op-amps that are externally frequency compensated have the
same slew rate limitation when compensated down to unity gain. When they
are frequency compensated for closed-loop gains greater than unity the smaller
value of the frequency compensating capacitor which is required gives an
increased slew rate. High slew rate bipolar input op-amps are available; they
feature specialized input stage circuitry which provides increased current output
without at the same time giving an increase in the transconductance of the stage.

FET input op-amps do not have the above limitation on slew rate because
unlike bipolar transistors, FETs do not have their transconductance directly
dependent upon operating current. FET input op-amps normally feature a
higher slew rate than bipolar input op-amps.

2.6.2 Feed-forward frequency compensation

A few op-amps are suitable for use with feed-forward frequency compen-
sation. This technique can provide a significant increase in bandwidth and
slew rate over standard lag compensation techniques.

In most op-amps the first stage provides the greatest single contribu-
tion to the overall gain of the op-amp, but its frequency response is normally

� deo

dtmax

 � �  
2kT

q
 2	 f1

gm � 
ICq

kT

gm � 
Io

2kT

q
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rather limited. In feed-forward frequency compensation the high-gain 
low-bandwidth first stage is bypassed at the higher signal frequencies and
these are fed directly to the wider bandwidth second stage of the op-amp.
Using this technique, the phase shift at the higher frequencies is primarily
due to the wide band stage, and the phase shift due to the high-gain low-
bandwidth stage is eliminated. The principle underlying the scheme is
illustrated in Figure 2.15.
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The overall gain due to both stages may be expressed as

C is chosen so that when f > 1/2	CR the gain of the first stage has fallen to
below unity, making the overall gain approximately that of the second gain stage.

The second stage 20 dB/decade roll-off takes the overall gain down to
unity. Bode plots of the uncompensated response and the response with feed-
forward compensation are illustrated in Figure 2.15. Feed-forward frequency
compensation is only applicable to inverting feedback configurations using
externally compensated op-amps.

2.6.3 Lead compensation

Lead frequency compensation is a technique used to increase the phase margin.
A capacitor is included in a feedback loop to introduce a phase lead, compen-
sating for the op-amp phase lag, which would otherwise result in insufficient
phase margin. A simple way of achieving this is to connect a capacitor Cf in
parallel with the feedback resistance. A circuit using this method of lead
compensation is shown, together with its associated Bode plots, in Figure 2.16.

We write

At frequencies greater than 1/2	CfR2 the capacitor introduces a phase lead
in the feedback fraction, which approaches 90°. If Cf is chosen so that the
frequency 1/2	CfR2 is a decade below the frequency at which the 1/� and
open-loop response plots intersect, a phase margin of approximately 90° is
obtained. Use of a lead capacitor in parallel with a feedback resistor is a
convenient way of getting extra phase margin. It is also a technique that can
be used to overcome the effect of stray capacitance between the op-amp’s
inverting input and earth (see Section 9.5).

2.6.4 Other frequency compensating techniques

Techniques other than those described in the above sections are sometimes
used for frequency compensation. Whatever technique is used, the same basic
principle is involved. Frequency compensation involves attenuating the loop
gain magnitude down to unity without, at the same time, introducing an
excessive phase shift leading to closed-loop instability.

Frequency compensation is achieved by simply shunting a signal point in
the feedback loop with a capacitor (Figure 2.17). Assuming the output resis-
tance at the signal point is Ro the added capacitor introduces a 20 dB/decade
rate of attenuation, which starts at the break frequency 1/2	C1Ro. The maximum
phase shift associated with a CR lag network is 90°. The capacitor value must
be chosen so that the loop gain magnitude is attenuated down to unity at a
frequency lower than other break frequencies of attenuating stages.

1

�
 � 1 � 

R2

R1

 � 1

1 � j
Cf R2
� � �1 � 

R2

R1
� 1 � 

1 � j
Cf (R1//R2)

1 � j
Cf R2

 

AOL(j
) � �A1(j
) �  
R

R �  
1

j
C

 �   A2(j
) � �Ai(j
) �  
1

1 �  
1

j
CR

 � A2(j
)
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Shunting a signal point with a capacitor resistor combination (a lag-
network) is an alternative technique that allows wider closed-loop bandwidths
(Figure 2.18). At frequencies above 1/2	C1R1 (the break-back frequency) a
network of this kind produces an attenuation R1/(R1 � Ro) but the phase shift
returns to zero.

Previous sections have been concerned with factors influencing the small-
signal frequency response characteristics of op-amp feedback circuits.
Attention is now directed to the factors influencing their behaviour in time,
namely their transient behaviour in response to large and small input step
or square-wave signals.

Students may gain a greater understanding of op-amp transient behaviour,
and the terminology used to describe it, by performing transient tests.
Frequency compensating component magnitude, load capacitance, input
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Figure 2.16 Lead compensation

2.7 Transient response
characteristics
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capacitance and any stray feedback capacitance all influence closed-loop tran-
sient behaviour.

2.7.1 Small-signal transient response

Small-signal characteristics are those obtained when there are no saturation
effects (no slew rate limited output) and the op-amp circuit is operating in
its linear range. In small-signal operation circuit relationships are indepen-
dent of the level of the output voltage and current, and of their previous
history.

The small-signal transient behaviour of an op-amp feedback circuit is
closely related to its small-signal sinusoidal frequency response. In our
previous discussion of small-signal closed-loop frequency response we distin-
guished between two different closed-loop situations.
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Figure 2.17 Simple lag compensation with single capacitor
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In the first situation, consider a unity gain frequency compensated op-amp
with resistive feedback. Figure 2.19 illustrates the considerations governing
the behaviour of such a circuit. In response to an input step signal the output
follows an exponential governed by the relationship

(2.23)

where the time constant TC � T1/� and T1 � �1/2	f1. Notice that TC increases
for increasing values of closed-loop gain (decrease in �) and decreases for
increasing values of the unity gain frequency f1.

Rise time is a parameter that is frequently used to characterize the response
of an op-amp to an input step. Rise time is defined as the time taken for the
output to rise between 10 per cent and 90 per cent of its final value. Neglecting

Vo � Vf [1 – e–t/Tc]
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Figure 2.18 Frequency compensation with RC shunt
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the time for the initial 10 per cent rise an approximate expression for rise
time can be obtained by substituting Vo � 0.9Vf in equation 2.23. Thus,

giving Tr /Tc � ln (10), where ln (x) is the natural logarithm of x.

or Tr � ln (10)/2	f (3 dB)

Tr ~ 1/[3f (3 dB)]

f (3 dB) � � f1 is the closed-loop small-signal 3 dB bandwidth limit.
The second situation is when using a closed-loop configuration with a

lightly damped transient response.
The most commonly encountered closed-loop configurations which exhibit

a lightly damped transient response are those in which the frequency response
is governed by two breaks, and in which the break frequencies are remote

0.9Vf � Vf [1 – e–Tr /Tc]
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Figure 2.19 Small signal sinusoidal and transient response for unity gain
frequency compensated op-amp with resistor feedback
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from each other by at least a decade (see Figure 2.20). Systems of this kind
have a response that is typical of a second order system. The response equa-
tion is obtained by substituting the frequency dependent loop gain expression
into the gain error factor (see Appendix A2).

A second order system is characterized by parameters called the damping
factor � and natural frequency fo. A step input, Vst , causes overshoot and
ringing. Treating ACLVst as a scaling factor and plotting time in units of 
ot
the normalized step response for different values of the damping factor is
plotted in Figure 2.21.

The step response shows an increasing overshoot and ringing as the value
of the damping factor is successively reduced below unity. The damping
factor is related to the break frequencies, governing the frequency response
of the op-amp by the expression

The amount of gain peaking to be expected in the small-signal closed-loop
frequency response is related to the damping factor by (Appendix A2)

P(dB of peaking) � (2.24)

where 
 � 1/√2.
Note: there is no peaking in the sinusoidal response for 
 > 1/√2.

20 log � 1

2
 √1 – 
2 �


 � 
√fc2

2√|�A(o)| fc1
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Figure 2.20 Lightly damped closed-loop response
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2.7.2 Overshoot

In the case of a lightly damped response (
 < 1), the amount by which the
first ringing peak exceeds the final value is referred to as overshoot. Expressed
as a percentage of the final value

Overshoot % � (2.25)100e � –
	

√1 – 
2 �
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Figure 2.21 Second order step response
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2.7.3 Small-signal settling time

Overshoot represents the maximum output transient error following initial
rise in response to a stepped input. The time taken by the output to settle
within a certain accuracy (settling time) following a transient is often of
greater interest. A conservative estimate of the small-signal settling time for
a second order system can be made by finding the smallest value of N which
satisfies:

where x% represents a specified accuracy.
The settling time is found by substituting N into the following equation:

Small-signal settling time is clearly directly related to the value of the
damping factor. For fast settling to a high accuracy, nothing is to be gained
by using damping factors less than unity. Although light damping does give
a faster initial rise, any ringing prolongs settling time. It is for this reason
that designers of fast settling op-amps strive to have the open-loop frequency
characteristic strongly dominated by a single 20 dB per decade roll-off down
to unity gain in the open-loop frequency response.

2.7.4 Large-signal time response characteristics

If the op-amp is operating in its non-linear regions, the small-signal tran-
sient response characteristics discussed in the previous section no longer
apply. In this section some of the effects accounting for the difference between
small- and large-signal characteristics are considered.

Slew rate

Within an op-amp there is inherent semiconductor and circuit capacitance,
as well as those added for frequency compensation. There is also load capac-
itance at the output. The rate of change of voltage at a point in the circuit
depends on the available current to charge the capacitance at that point:

This mechanism sets an upper limit to the rate at which the output voltage of
an op-amp can change. Slew rate, usually expressed in V/�s is the parameter
that is used to characterize the effect. As discussed in Section 2.7.1 it is often
the charging of the frequency compensating capacitor which determines the
output slew rate, but there are applications in which the charging of some other
circuit capacitance sets the limit, for example large capacitive loads.

dV

dtmax

 � 
Imax

C

t � 
N	


o √1 – 
 2 

100e � –
 N	

	1 – 
2 � < � x %
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Slew rate is the performance parameter which determines the maximum
frequency at which an op-amp can give a full-scale sinusoidal output signal,
and is one of the important factors in determining large signal settling time.
Slew rate determines the maximum operating frequency in such applications
as precise rectifiers.

Overload recovery

An op-amp in a saturated overload condition takes a finite time to recover
to linear operation. Overload recovery defines the time required for the output
voltage to recover to within its rated value from a saturated condition.
Saturation takes place when an op-amp’s output voltage exceeds its rated
value. It also occurs during non-linear slew with the output within rated
limits. Saturation causes charges within the circuit to become unbalanced.
These charges must be brought back to equilibrium before the op-amp can
operate normally.

In an op-amp circuit required to give a full-scale output step there is a
period of recovery which is comparable to the period of slew. The recovery
period may be substantially greater if many internal stages are involved. 
Fast slew rate, therefore, is not by itself a good indicator of a fast settling
op-amp. Some op-amps with extremely large slew rates have excessive
recovery time.

Large signal settling time

Settling time is defined as the time elapsed from the application of a perfect
step input to the time when the op-amp’s output has reached its final value
(within specified tolerances). Large-signal settling time is usually specified
for the condition of unity gain and a full-scale output step. The main contri-
butions to settling time are slew rate and overload recovery.

The inability of an op-amp’s output voltage to slew faster than a limiting
rate can lead to distortion of sinusoidal signals. This is true, even though
their amplitude is below the maximum rated output voltage for the op-amp.
Some manufacturers specify the effect by op-amp full power response, fp1,
defined as the maximum frequency, measured at unity closed-loop gain, for
which full output can be obtained at rating load without distortion. An approx-
imate relationship between slew rate and full power response is readily
derived if it is remembered that in the case of a sinusoidal signal the maximum
rate of change occurs as the signal passes through zero. Consider a sinu-
soidal output signal with amplitude equal to the rated output voltage Eo and
frequency fp:

eo � Eo sin(2	 fpt)

deo

dt
 � 2	 fpEo cos(2	 fpt)
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2.8 Full power
response
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Slew rate � (2.26)

If the output amplitude is reduced, distortion due to slew rate does not occur
until the frequency is increased above fp. Op-amp data sheets sometimes give
graphs which relate maximum sinusoidal output voltage obtainable without
distortion to frequency; they show what is called the power bandwidth of
the op-amp.

In circuits where the DC response is important, offset voltages, bias currents
and drift have to be taken into account. An op-amp is normally required to give
zero output voltage (referred to earth – or mid-rail) when the voltage between
its input terminals is zero. When a constant DC input signal is applied, the op-
amp’s output should remain at a constant voltage. Parameters are defined which
indicate how far real op-amps depart from this ideal behaviour.

In a circuit designed to handle AC signals, a DC path from both inputs
to either earth or another DC voltage source is required. A non-inverting 
op-amp with a capacitively coupled input signal needs a resistor, between
the input and the mid-rail supply, in order to supply bias current to the non-
inverting (�) input. The feedback resistor, between the output and the
inverting input, supplies bias current to the inverting (�) input.

An op-amp with its input terminals shorted together is found to give a
non-zero output voltage or ‘offset’. In some cases, the high gain of the op-
amp will cause the output voltage to be at one of its saturated levels. It is
therefore usual to specify op-amp offsets by referring them to the input of
the op-amp.

The input offset voltage, Vio, is defined as that input voltage which would
have to be applied in order to cause the op-amp output voltage to be zero.
It is specified at a particular temperature.

All op-amps require some small relatively constant current at their input
terminals, called an input bias current. In the case of a differential op-amp
the input bias current, Ib, is defined as the average value (half the sum) of
the currents at the two input terminals with the op-amp output voltage at
zero. It too is specified at a particular temperature. Ideally the currents taken
by the two input terminals should be the same under these conditions but
in practice some degree of mismatch always exists.

The input offset current, Iio, is defined as the difference in the input bias
currents to the two input terminals, at a particular temperature. With equal
source impedances connected to the two input terminals, it is only this
mismatch, or difference current, which causes an offset error. The effects of
bias and offset currents tend to overshadow the effects of input offset voltage
when the input source impedances are high.

Provision is normally made for balancing out the effects of initial op-amp
offsets by means of a suitable potentiometer. After this adjustment has been
made the output voltage of an op-amp is still found to change, even though
the applied input signal is zero or a constant DC value. This slow change
in the output voltage of an op-amp is referred to as drift. Drift problems do

�deo

dt �max � 2	 fp Eo
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2.9 Offsets, bias
current and drift
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not arise in AC op-amps because any DC change in voltage level is effec-
tively blocked off from the output by a coupling capacitor.

A specification for the drift in an op-amp’s output voltage would, in itself,
give little criterion for the selection of an op-amp for drift performance. The
observed output drift is dominated by drift in the early stages of the op-amp,
for this is magnified many times by subsequent stages before appearing at
the op-amp output. It is usual to characterize drift performance by referring
the drift to the input; the various contributions to drift are specified by their
effects on op-amp input offsets.

2.9.1 Temperature drift

In op-amps, drift with temperature normally represents the largest single
source of drift. This causes the biggest errors in many applications. It arises
because of the temperature dependence of the characteristics of both active
and passive components. Temperature drift may be specified by the tempera-
ture coefficients of bias current and input offsets. The coefficients, �Ib/�T,
�Iio/�T and �Vio/�T are usually defined as the average slope over a speci-
fied temperature range.

The drift to be expected for a defined temperature change from ambient
is found by multiplying the specified drift rate by the temperature excursion.
The drift of bias current, the input offset current and the input offset voltage
are generally a non-linear function of temperature. The drift rates are normally
greater at the extremes of temperature.

2.9.2 Supply voltage sensitivity

Changes in the op-amp’s power supply voltage causes changes in op-amp
output voltage. The effect is usually specified by the effect of supply volt-
ages on input bias current and input offsets. Supply voltage coefficients,
�Vio/�V, �Ib/�V and �Iio/�V are included in most data sheets. In the case
of op-amps using twin power supplies, the positive and negative supply
voltage coefficients will not normally be the same. However, with regulated
power supplies, drift due to power supply changes will normally be negli-
gible compared with temperature drift.

2.9.3 Evaluating errors due to input offset voltage and bias current

In applications requiring a response down to DC, the op-amp input offset
voltage and bias current, and their drift coefficients, are usually the limiting
performance parameters. A general method for evaluating offset errors will
now be described.

The use of error signal generators at the input of an otherwise ideal op-
amp (see Figure 2.22) conveniently represents offset voltage and bias current.

Combining the effects of the separate error generators into one single gen-
erator provides further simplification. The effects of bias current are expressed
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in terms of the equivalent voltages connected directly to the input terminals
of the op-amp. Thus Ib

� applies a voltage �Ib
�R�

source to the inverting input ter-
minal and Ib

� applies a voltage �Ib
�R�

source to the non-inverting terminal.
R�

source and R�
source represent the effective source resistance connected at

the inverting and non-inverting input terminals respectively. They represent
the parallel combinations of all resistive paths to ground, including in the
case of R�

source the path through any feedback resistor and the op-amp output
resistance to ground.

Since Vio is directly applied to the input terminal, we may represent the
total equivalent input offset voltage as

eos � ±Vio � Ib
�R�

source � I�
bR�

source (2.27)

Drift in the total equivalent input offset voltage is obtained by substituting
values of the drift coefficients of Ib and Vio.
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Figure 2.22 Evaluating offset errors
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Graphs showing the dependence of eos drift on source resistance are given
in some op-amp data sheets. eos appears at the output multiplied by the ‘noise
gain’ 1/�; the resultant error may be referred to any signal input by simply
dividing by the signal gain associated with that input. A numerical example
should serve to clarify the evaluation of offset error.

An op-amp with Ib � 100 nA, Iio � 10 nA and Vio � 1 mV is to be used
in the inverting summing circuit shown in Figure 2.23. Find the minimum
signals that can be amplified at the two input signal points with less than 
1 per cent error due to offset.

In the circuit of Figure 2.23, the non-inverting input terminal is connected
directly to earth, making R�

source zero. The effective source resistance through
which bias current must flow to the inverting input terminal is

R�
source � R1 // R2 // Rf � 8.3 k�

According to equation 2.27

eos � 10�3 � 10�7 � 8.3 � 103 (worst case) � 1.83 mV

In this circuit

The output offset error is thus eos/� � 22 mV. Referring this error to the e1

input the equivalent input error is 22/10 � 2.2 mV. Referring the output
error to the e2 input the equivalent input error is 22/1 � 22 mV. The smallest
input voltage for less than 1 per cent error is thus 220 mV at the e1 input,
or 2.2 V at the e2 input.

The input offset error due to bias current can be reduced, by connecting
a resistor equal in magnitude to R�

source between the non-inverting input and
earth. This makes

1

�
 � 1 � 

Rf

R1 // R2

 �  12
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Figure 2.23 Circuit for example of offset error evaluation
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eos � ±Vio � IioRsource

Accuracy is still relatively low, but can be improved if the initial offset is
balanced out by using one of the offset balancing methods discussed in
Section 9.6. An evaluation of subsequent offset error would then require
knowledge of the temperature coefficient of Ib and Vio, and an estimate of
the possible ambient temperature variations (�T ).

Values 

should then be substituted in equation 2.27 in order to find the equivalent
input error due to temperature drift.

An ideal differential op-amp responds only to the difference in the voltages
applied to its input terminals and produces no output for a common mode
input voltage. In practical op-amps, common mode input voltages are not
entirely subtracted at the output due to slightly different gains between the
inverting and non-inverting inputs. The gain of an op-amp for common mode
input voltage is known as the common mode response. The ratio of the gain
with the signal applied differentially to the common mode response is called
the common mode rejection ratio, CMRR. It is often expressed in decibels
(dB) by taking 20 times logarithm (base 10) of the ratio.

Common mode rejection presents no problem for op-amps used in the
inverting configuration. This is because, with one input earthed, the input
common mode voltage ecm must be zero.

In non-inverting circuits, feedback causes the voltage at the inverting input
to follow that at the non-inverting input. The input common mode voltage
thus varies directly with the input signal. With finite CMRR an output signal
is produced in response to this common mode input signal. Thus an error is
introduced which affects the overall circuit accuracy.

The common mode error is conveniently represented in terms of equiva-
lent input common mode error voltage, e�cm, where this is the common mode
output divided by the differential gain. If the op-amp is considered to have
e�cm applied to its non-inverting input terminal, along with the input signal,
it may then be treated as though it completely rejected the actual input
common mode signal ecm. The relationship between input common mode
error voltage and input common mode voltage is readily obtained as

(2.28)

For example, consider an op-amp with CMRR � 1000 (60 dB) used in the
non-inverting configuration with an input signal of 1 V. The input common
mode voltage ecm would also be 1 V. The input common mode error voltage
is seen to be 1 mV and this represents a 0.1 per cent measuring error. The
op-amp is illustrated in Figure 2.24.

It is not always possible to compensate for common mode errors. This is
because the CMRR for some op-amps shows a dependence on the magnitude

e�cm

ecm

 � 
1

CMRR

Vo� 
�Vio

�T
 �T   and   Ib � 

�Ib

�T
 �T
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2.10 Common mode
rejection ratio (CMRR)
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of the input common mode signal. Also, the common mode error voltage is a
non-linear function of common mode voltage and there is also an added com-
plication of temperature dependence. Since linearity of common mode error
voltage with common mode voltage is really more important than the actual
value of the CMRR, a graph illustrating this relationship is valuable if an op-
amp is to be used in an application which is critically dependent on common-
mode performance. Figure 2.25 illustrates an example.

Specified values of CMRR where non-linearities exist are usually average
values, assuming a measurement of e�cm at the end points corresponding to
the maximum common mode voltage Ecm. It is important to note that published
common mode specifications generally apply to DC input signals; CMRR is
usually found to decrease at the higher frequencies.

The output of an op-amp is always found to contain random signals that are
unrelated to the input signals. These unwanted signals are called noise. Errors
such as drift error can, theoretically at least, be reduced to negligible propor-
tions (by, say, using a temperature-controlled environment), but there always
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CMRR

1+
1 V

Figure 2.24 Representation of common mode error

CMRR

non-linearly with ecm

Figure 2.25 Common mode error voltage as a function of common mode
input voltage

2.11 Noise in op-amp
circuits
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remains a noise error that limits the attainable accuracy and resolution. Noise
should be taken into account if the circuit being designed must process low-
level signals with high accuracy.

There are two basically different types of noise in a circuit. Interference
noise is picked up from outside the circuit. Inherent noise arises within the
circuit itself.

Sources of interference noise are many and varied. They include electro-
magnetic or electrostatic pickup from power sources at mains frequency,
broadcast radio, electrical arcing at switch contacts and signals radiated 
from digital electronic circuits. Fortunately the circuit designer can usually
minimize interference noise by suitable shielding and guarding and the elim-
ination of earth loops (see Section 9.4) and by proper attention to mechanical
design.

Inherent noise is a function of a particular op-amp and the circuit in which
it is used. The only way in which the designer can influence inherent noise
is through his choice of op-amp and circuit components. The noise in an
op-amp can vary by several orders of magnitude.

2.11.1 Characterization of random noise sources

The total noise that is inherent in an op-amp circuit (or any circuit for that
matter) can be thought of as a combination of the effects of several, separate,
noise sources. These inherent noise sources are essentially random signals.
They give an electrical signal whose waveform has no defined shape, ampli-
tude or frequency. They may be thought of as a superposition of signals at
all possible frequencies, with amplitude and phase varying in a completely
random fashion.

Root mean square (RMS) value of a noise source

It is a characteristic of most forms of random noise source that averaged
over a sufficiently long time interval their RMS value in a specified band-
width remains constant. The RMS value in a specified bandwidth is thus a
useful and meaningful way of characterizing a random noise source. The
general defining equation is

(2.29)

where ni is the instantaneous noise amplitude (current or voltage), and NRMS

is the RMS value of the noise source. In order to be meaningful, the RMS
value of a noise source must have the bandwidth clearly defined. The wider
the bandwidth: the greater is the RMS value of the noise.

Combining noise sources

The combined effect of several random noise sources is found by root 
sum of the square addition of the RMS values of the separate noise sources.

NRMS � � 1

T
 
T

0

ni
2 dt
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Thus, if E1, E2, E3 are the RMS voltage values of three separate voltage noise
generators their combined effect when connected in series is equivalent to a
single noise voltage generator of RMS value

(2.30)

2.11.2 Peak-to-peak noise

In some applications it is peak-to-peak noise which really sets the limit to
a system performance. Peak-to-peak noise is the difference between the
largest positive and negative peak excursions to be expected during some
arbitrary time interval. Random noise is, for all practical purposes, Gaussian
in amplitude distribution; the highest noise amplitudes having the smallest
(yet not zero) probabilities of occurring.

Peak-to-peak noise is thus difficult to measure repeatedly, but a useful
rule of thumb for converting from an RMS noise value to a peak-to-peak
value is to multiply the RMS value by a factor of 6. The amplitude obtained
is exceeded less than 0.25 per cent of the time by a random noise signal of
the given RMS amplitude.

2.11.3 Noise density spectrum

The noise generated by any random noise source exists in all parts of the
frequency spectrum. The amount of noise contributed by a source varies with
the range of frequencies over which the observation is made:

(2.31)

A noise density spectrum shows the way in which the noise produced by a
given source is distributed over the frequency spectrum. Noise density n is
shown as a function of frequency, usually on log–log axes. Examples of
noise spectra are given in Figures 2.26, 2.28 and 2.29.

In the spectral regions of interest in op-amp applications, the noise sources
encountered often have spectral distribution belonging to one of two types:
in one, n is constant as a function of frequency; and in the other, n varies
inversely with the square root of frequency.

2.11.4 White noise

Noise for which n is constant with change in frequency is called white noise.
The noise from a white noise source is distributed uniformly throughout the
frequency spectrum.

Thermal agitation of electrons in a resistor causes random voltages to
appear across it. The spectrum of this noise voltage is characterized by a
noise density that is constant as a function of frequency. Resistance noise

NRMS(f1 – f2) � �
f2

f1

n2 d f

E � √E1
2 � E2

2 � E3
2
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(Johnson noise) is thus an example of white noise. The noise voltage asso-
ciated with a resistor has a noise density:

Resistance noise e � √(4kTR) V per √Hz (2.32)

where:
k � Boltzmann’s constant � 1.37 � 10�23 J/K,
T � the temperature in K and
R � the resistor value in �.

The RMS noise voltage generated by a resistor R, in the range of frequen-
cies f1 to f2, is:

Resistance noise volt RMS (2.33)

2.11.5 1/f or ‘pink’ noise

Noise, which has a density that varies inversely with the square root of fre-
quency, is referred to as 1/f noise. This is sometimes called ‘pink’ noise. The
noise density for a pink noise source is determined by an equation of the form

Pink noise (2.34)

where K is the value of n at f � 1 Hz.
A graph of n against frequency for a pink noise source when shown as a

log–log plot is a straight line of slope �10 dB/decade. A graph of n2 against
frequency gives a straight line of slope �20 dB/decade.

The contribution which a pink noise source makes to the RMS value of
the noise in a frequency range f1 to f2 may be found by substituting equation
2.34 into the general equation 2.31. Thus:

n � K � 1

f

eRMS(f1 – f2) � √4kTR (f1 – f2)
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Figure 2.26 Noise density spectrum for op-amp generated noise

AMPLIFIERS 02  2/6/03  5:58 PM  Page 53



(2.35)

Note that the RMS noise contributed by a pink noise source in a particular
bandwidth depends upon the ratio of the frequencies defining that bandwidth.
Every frequency decade of noise from a pink noise source has the same
RMS value as every other decade.

2.11.6 Evaluation of RMS noise from a noise density spectrum

The contribution that a particular noise source makes to the RMS noise in
any specified bandwidth can, in principle, be found by evaluating the inte-
gral in equation 2.31. Equations 2.33 and 2.35 are the results of such
evaluations for the particular cases of a white noise source and a pink noise
source. Note that in order to evaluate the integral the equation defining the
noise density as a function of frequency must of course be known.

In the spectral regions of interest, the noise generators used to represent
the effect of internally generated op-amp noise often exhibit a noise density
spectrum of the form shown in Figure 2.26. A spectrum of this kind can be
thought of as consisting of two components; a white noise component, which
is the predominant noise component at high frequencies, and a 1/f compo-
nent which predominates at low frequencies. The RMS value of the noise
contributed by the source in any bandwidth can be found by a root sum of
the squares addition of the RMS contributions of the two separate compo-
nents in that bandwidth.

2.11.7 Op-amp noise specifications

The noise present at the output of an op-amp is a combination of the ampli-
fied noise present at its input and noise generated internally inside the op-amp.
Noise produced internally by an op-amp is conveniently modelled as shown
in Figure 2.27, by a noiseless op-amp with a noise voltage and a noise current
generator at its input terminal.

NRMS(f1
 – f2)

 � K �
f2
f1

df

f
  � k � ln� f2

f1
�
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Noiseless op-amp

Figure 2.27 Op-amp model for internally generated noise
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Equivalent noise generators connected to the op-amp’s input terminals could
be used to represent noise generated by resistors at the input. The several input
contributions to the noise can be combined as a single resultant input-referred
noise source and in closed-loop op-amp applications this total input-referred
noise appears at the output multiplied by the closed-loop noise gain 1/�.

The technique for noise evaluation, just described, is similar to the tech-
nique for evaluating offset and drift errors, previously described in Section
2.9.3. The main difference between a drift error evaluation and the evaluation
of noise errors is the dependence of noise on bandwidth. In making a noise
assessment of an op-amp circuit, the designer must use noise data from the
op-amp data sheet.

Op-amp noise data will be found presented in both graphical and numer-
ical form. An example of graphical data is given in Figure 2.28, where the
frequency dependent nature of the noise can be seen. Numerical noise data
is usually given in terms of voltage noise and current noise, as modelled in
Figure 2.27.

Some manufacturers specify typical peak-to-peak input voltage and current
noise in a low frequency band (say 0.01 to 1 Hz). A peak-to-peak specifi-
cation of this kind is particularly useful in assessing accuracy limits (as
limited by noise) in applications in which the signals of interest are essen-
tially DC, or very slowly varying quantities. Wide bandwidth noise will of
course be present in the op-amp output but it can be removed by following
the op-amp with a suitable low-pass filter.

RMS values of noise can be used as a means of estimating peak-to-peak
values. The rule of thumb multiplication factor of 6, mentioned previously,
is used.

2.11.8 Evaluating noise errors using noise specifications

The problem facing the circuit designer is to assess accuracy and resolution
limits as determined by noise. Clearly if the noise level at the output is
comparable to the signal level, the signal is obscured by the noise. In wide
band applications signal-to-noise ratio (SNR) is a useful figure of merit in
describing how well the signal ‘stands out’ from the noise. The signal-to-
noise ratio at the output is defined as

SNR � signal power out/noise power out

The ratio is sometimes expressed in decibels (dB) by the relationship

SNR(dB) � 10 log(Ps/Pn) (2.36)

In DC and low frequency applications, accuracy limits determined by noise
can be related to peak-to-peak noise. Noise error is expressed as a percentage,
from the relationship:

Noise error �
peak-to-peak value of output noise
peak-to-peak value of output signal

� 100% (2.37)
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An estimate of the amount of noise to be expected in a given circuit is made
by using the noise data for the op-amp used. Rigorous noise evaluations are
time consuming and can be of dubious practical value if they are based upon
‘typical’ noise data. In many applications the effect of a single noise source
can be dominant, and the ability to identify the most significant noise contri-
butions allows a rapid order-of-magnitude noise assessment.

As a starting point in any noise evaluation, the signal gain and the noise
gain in the circuit should be found. Bode plots giving their frequency de-
pendence help to show up the spectral regions where significant noise
contributions are to be expected. An evaluation of the noise performance of
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Figure 2.28 Noise spectral density for a typical op-amp
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an op-amp used in a basic resistive feedback configuration is taken as a first
example, Figure 2.29. Input noise sources appear at the op-amp output multi-
plied by the noise gain; in this example the noise gain is 100, its 3 dB
bandwidth limit is 104 Hz and it rolls off at 20 dB/decade beyond this
frequency.

Using equivalent input noise generators

Noise voltage and noise current can be used to find the total noise. In order
to calculate the total noise, both noise sources need to be described in the
same form. Noise voltage is normally used. To convert the noise current (In)
into voltage form it is multiplied by the resistance presented to the op-amp’s
inputs.
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Figure 2.29 Noise evaluation example 1
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Thus we have

en1
� � IinR

�
source

en2
� � IinR

�
source

Simplifying into one noise generator, where Rs is the effective resistance
between the op-amp’s two inputs (given by in Figure
2.29), we have

ein � IinRs

The total intrinsic noise is √[en
2 � (InRs)

2]. The voltage and current genera-
tors have equal contribution to the intrinsic noise when en � InRs. This occurs
when Rs � Rn � en/In, and Rn is known as the noise resistance. If the resist-
ance presented to the op-amp’s inputs is much lower than en/In, the intrinsic
noise can be considered due to the voltage generator alone. Conversely, if
the resistance is much higher than en/In, the intrinsic noise is due to the
current generator alone.

Lowering an AC op-amp’s noise figure

The noise figure of the op-amp is described as the signal-to-noise ratio at
the output divided by the signal-to-noise ratio at the input. This is often
measured as a voltage, but expressed in decibels (dB) by taking 20 log(voltage
ratio). In other words, it is the amount of noise added to the signal by the
op-amp.

If the resistance presented to the op-amp’s input is lower than the noise
resistance, the op-amp’s voltage noise will dominate. The noise power is
this voltage squared, multiplied by the resistance presented to the input. One
way to minimize the noise contribution of an op-amp is to transformer couple
the input signal with a step-up transformer (1:N ).

When a step-up transformer is used, the signal voltage is multiplied 
by the turns-ratio (N ). The effective impedance seen by the op-amp input is
the source resistance multiplied by N squared. Assume that the op-amp’s
input impedance must match the source impedance. First, we choose a 
value of N such that N 2 � 2Rn, for the signal impedance given. Second we
terminate the secondary of the transformer with a load resistor equal to 2Rn.
The op-amp’s inputs now see impedance Rn, and both Vn and In contribute
to the total noise. The equivalent voltage noise is now (√2)en, or 3 dB 
above en.

Suppose Rn � 3 k� and the signal impedance is 600 �. We choose a
transformer ratio of 1:3.16. The 600 � primary impedance is transformed
up to 6 k� at the secondary. A load of 6 k� is then applied across the
secondary winding. The input voltage is increased by 10 dB (20 times
log(3.16)). Since the impedance at the op-amp’s input equals Rn, the total
input noise is only increased by 3 dB. Therefore this circuit has raised the
signal-to-noise ratio by 7 dB, compared to a circuit with a 600 � resistor
across its input. This is shown in Figure 2.30.

SS � √(R1//R2)
2 �R3

2  
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In some circuits, impedance matching is not required. This is usually where
the source and load are physically close. If there is a transmission line between
source and load, matching is often necessary. Unmatched transmission lines
suffer from reflections and crosstalk from other signal carrying circuits.

The important notion of noise resistance can lead to a misunderstanding. The
resistance of a source should not be artificially raised to be equal to the noise
resistance. This will increase thermal noise due to the extra resistance in series
with the signal path. Transformer coupling, to increase the effective source
resistance, works because the signal voltage is also raised in the process.

The use of a transformer gives additional benefits. Transformer coupling,
using an earthed screen between primary and secondary windings, increases
the rejection of common mode signals. Transformers are designed to cover
a specified range of frequencies and tend to reduce the amplitude of signals
outside this range; hence they act as first order bandpass filters.

2.1 An op-amp is to be used in the inverting feedback configuration with
a closed loop signal gain of 100 and an input resistance of 10 k�.
(a) Assuming ideal amplifier performance what values of input and

feedback resistor should be used?
(b) If the op-amp is assumed ideal except for a finite loop gain of 104,

by how much will the signal gain differ from 100?
(c) If the open-loop gain of the amplifier changes by 5 per cent what

effect will this have on the closed-loop signal gain?

2.2 The amplifier used in the circuit of Figure 2.5 has an open-loop gain
5 � 104 and differential input resistance 100 k�, resistor R1 � 1 k�,
R2 �3.9 k�. Find the closed-loop gain and the effective input resist-
ance of the circuit. Assume that the common mode input impedance of
the amplifier is infinite and that its output resistance is negligible.

2.3 Write expressions for the feedback fraction � and the closed-loop gain
1/� for the circuits given in Figures 1.3, 1.4(b), 1.6, 1.7 and 1.8.

2.4 Express the following voltage ratios in decibels to the nearest whole dB.
(a) 1, (b) 2, (c) 3, (d) 10, (e) 100, (f ) 1000, (g) 106.
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+
_6k

1 : 3.16
Output

Rn = 3k

R1

600R
Input R2

Voltage gain = 3.16 + (1+ R2/R1)

Figure 2.30 Transformer coupled op-amp input

Exercises
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2.5 Without using log tables, using only the results of Exercise 2.4, calcu-
late the dB equivalents of the following voltage ratios to the nearest
whole dB.
(a) 6, (b) 15, (c) 3.33, (d) 333, (e) 9, (f) 0.01, (g) 0.05, (h) √2, (i) 1/√2.
(Hint: 3.33 � 10/3. Thus (3.33 expressed in dB) � (10 expressed in
dB) � (3 expressed in dB).)

2.6 An op-amp has an open-loop frequency response that exhibits a
20 dB/decade roll-off down to unity gain. Its open loop gain at zero
frequency is 100 dB and its unity-gain frequency is 1 MHz. Sketch the
open-loop frequency response on a dB/log f plot:
(a) The amplifier is connected as a non-inverting feedback amplifier (a

follower) with closed-loop gain (i) 2, (ii) 10, (iii) 50. Find the small-
signal closed-loop bandwidth in each case and sketch the appropri-
ate Bode plots.

(b) The amplifier is connected as an inverting adder, as in Figure 1.4(b),
so as to form the weighted sum of three separate signals. Input
resistors R1 � 27 k�, R2 � 39 k�, R3 � 56 k�, and a feedback
resistor Rf � 120 k�, are used. Find (i) the ideal performance
equation, (ii) the value of 1/� for the circuit, (iii) the small-signal
closed-loop bandwidth, (iv) by how much the ideal performance
equation is in error at a frequency 20 kHz (see Section 2.4).

2.7 An op-amp has a slew rate of 0.5 V/�s. What is the maximum frequency
for which the amplifier will give an undistorted sinusoidal output signal
of (a) 20 V peak-to-peak; (b) 10 V peak-to-peak? (see Section 2.8).

2.8 An op-amp employing the frequency compensating technique discussed
in Section 2.6 has a frequency compensating capacitor of value 10 pF
connected to it. When it is used as a unity-gain follower, it has a closed-
loop frequency response that exhibits 5 dB of gain peaking. What
damping factor and overshoot do you expect in the small-signal step
response of the follower?

What minimum value of frequency compensating capacitor would be
required for no gain peaking, and what overshoot would result in the
small-signal step response if this value of capacitor were connected?

2.9 The open-loop gain of an op-amp is 100 dB at DC and its open-loop
frequency response exhibits two breaks at frequencies fc1 � 100 Hz, 
fc2 � 4 MHz. The amplifier is connected as a unity gain follower. At
what frequency is the magnitude of the loop gain unity? What is the
phase margin in the circuit? By how much does the closed-loop gain
peak and at what frequency does the gain peak occur? Estimate the
settling time to 0.1 per cent if a small input step signal is applied. Find
the minimum closed-loop gain for which the amplifier will exhibit (a)
no closed-loop gain peaking; (b) a critically damped response with no
overshoot in the transient response.

Find the closed-loop 3 dB bandwidth for each of these values of
closed-loop gain (see Section 2.7 and Appendix A2).
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2.10 An op-amp has the following offset and temperature drift specifications:

Vio � 2 mV; �Vio/�T � 10 �V/°C; IB � 500 nA; �IB/�T �
1 nA/°C; Iio � 50 nA; �Iio/�T � 0.1 nA/°C.

The amplifier is connected as a simple inverter with R1 � 10 k�, 
Rf � 1 M�, and is supplied by a signal source of negligible resistance.
Find:
(a) the output offset voltage;
(b) the change in output offset voltage to be expected from a tempera-

ture change of 10°C;
(c) assuming initial offset balanced, the smallest input signal that can

be amplified with less than 1 per cent error, due to a 10°C tempera-
ture change;

(d) the value of a resistor Rc that should be connected between the
non-inverting input terminal and earth to reduce the offset error
due to amplifier bias current.

Repeat parts (a), (b) and (c), assuming that the resistor Rc is connected
in the circuit. In all cases assume worst case errors (see Section 2.9.3).

2.11 An op-amp with the offset and temperature drift specifications given in
Exercise 2.10 is to be used as a follower with a feedback resistor of
10 k� and a resistor of 1 k� connected between the inverting input
terminal and earth. The circuit is supplied by a signal source of internal
resistance 100 k�. Find:
(a) the output offset error with no offset balance;
(b) the smallest input signal that can be amplified with no more than

1 per cent error if initial offsets are balanced and the temperature
changes by 10°C (see Section 2.9.1).

2.12 A differential input op-amp, assumed ideal except for finite open-loop
gain and finite CMRR, has an open loop gain of 5 � 104. When the
op-amp inputs are connected together, and a signal of 1 V with respect
to earth is applied to them, the output voltage of the amplifier is found
to be 5 V. Find the CMRR of the amplifier and the measurement error
due to common mode signals (expressed as a percentage), when the
amplifier is used as a non-inverting feedback amplifier.

2.13 A random noise voltage source has a noise density function which varies
inversely with frequency; the RMS value of the noise voltage produced
by the source is 2 �V in the frequency range 20 Hz to 100 Hz. Find
the RMS noise voltage produced by the source in the frequency range:
(a) 1 Hz to 10 Hz, (b) 10 Hz to 100 Hz, (c) 1 Hz to 1 kHz (use equa-
tion 2.35).

2.14 The input connected noise voltage and noise current generators that are
used to represent the noise generated by an op-amp have noise density
spectra consisting of white noise and 1/f components. The noise voltage
generator has a white noise component with density 20 nV/√Hz and a
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1/f corner frequency of 50 Hz. The current generator has a white noise
component with density 0.3 pA/√Hz and a 1/f corner frequency of 1 kHz.
Sketch the noise density spectra. Find:
(a) the RMS value of the noise voltage generator;
(b) the RMS value of the noise current generator, in the frequency

ranges (i) 0.1 Hz–10 Hz, (ii) 1 Hz–100 Hz, (iii) 1 Hz–1 kHz, 
(iv) 1 Hz–10 kHz;

(c) the RMS value of the total input referred noise voltage in the above
frequency ranges for source resistance 1 k�, 10 k�, and 100 k�.
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3 Analogue integrated circuit
technology

This chapter describes the technology used within analogue integrated cir-
cuits, concentrating on op-amps. It will also describe the differences between
voltage feedback and current feedback.

The technology is determined by the type of transistor used in the integrated
circuit (IC). The types include bipolar, bipolar with JFET inputs, LinCMOS
(linear CMOS) and BiCMOS (incorporating bipolar and CMOS transistors).

The majority of op-amps are designed to use voltage feedback. However,
current feedback devices are now employed in radio frequency and video
signal processing because they have a very wide bandwidth capability. It
may be useful to define (i) voltage feedback, and (ii) current feedback.

Voltage feedback refers to a closed-loop configuration in which the error
signal is in the form of a voltage (see Figure 3.1). Traditional op-amps use
voltage feedback and produce an output voltage in response to a difference
in voltage at their inputs. In other words, their inputs respond to voltage
changes. The ideal voltage feedback op-amp has high impedance inputs and
zero input current. Voltage feedback is used to maintain zero differential
input voltage.

The transfer function of a non-inverting voltage feedback amplifier is 
given by:

Here loop gain (LG) is given by 

Current feedback refers to any closed-loop circuit that uses an error signal
in the form of a current (see Figure 3.2). Unlike voltage feedback op-amps,
current feedback devices have a low impedance inverting input. The low
impedance allows current to flow into and out of the inverting input. Any
current flow at this input is an error current, and the op-amp produces an
output voltage in proportion to its magnitude. Current feedback is used to
maintain zero error current at the inverting input. The non-inverting input is
high impedance, like that of a voltage feedback op-amp.

The heart of a current feedback op-amp is a transimpedance amplifier.
The transimpedance amplifier produces a voltage output from a current input.

AOL

1 � 
R2

R1

 � �AOL

Vo

VIN

 � �1 � 
R2

R1
� 

1

1 � 
1

LG

 

1111
2
3
4
5111
6
7
8
911
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

+
_

R1

R2Vin

Vfb

Vout

V R1 / (R1 + R2)in ~ Vfb = Vout
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Figure 3.1 Voltage feedback
amplifier
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Figure 3.2 Current feedback
amplifier
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As the function implies, the open-loop ‘gain’, Vo/Iin, is expressed in ohms.
We will consider this impedance in its separate resistive (Rm) and capacitive
(CC) forms, or as a complex impedance Z(s). Hence a current feedback op-
amp is sometimes called a transimpedance amplifier.

The transfer function of a non-inverting current feedback amplifier is 
given by:

In this case loop gain (LG) is given by 

The closed-loop gain now depends on just R2 and the op-amp’s trans-
impedance Z(s).

Op-amp integrated circuits employing bipolar transistors have been used since
1965. These op-amps were a great improvement on discrete ‘operational
amplifiers’ that were built using individual transistors, resistors and capacitors.
They were smaller, low cost and simple to use. Field effect transistors were
later used in some op-amps to improve certain aspects of bipolar op-amp
performance.

Devices with JFET input transistors, but otherwise using bipolar transistors
throughout, were developed in the late 1960s. The advantage of the JFET
input op-amp was reduced input bias current requirement. JFET input op-
amps were called ‘BiFET’ op-amps by Texas Instruments; this name is very
descriptive since it employs bipolar and FET transistors.

Op-amps that use CMOS transistors throughout have been used more
recently to allow very low power operation. Further development has
produced BiCMOS op-amps, employing both bipolar transistors and comple-
mentary MOSFET transistors.

3.1.1 Bipolar op-amps

The problem with the original (1965) op-amp designs was that the input
impedance was much lower than the ideal (about 200 k�). Also the input
bias current and offset voltages were significant. Continual development work
by several semiconductor manufacturers has enabled the performance of
bipolar op-amps to improve steadily.

Bipolar op-amps have a typical input impedance of about 10 M�, but
negative feedback can increase this to 1 G� or more. The greater problem
is that input bias currents are in the order of 10 nA, and the resulting noise
current is in the order of 0.3 pA/√Hz. These levels of bias and noise current
make bipolar op-amps unsuitable for use with high impedance sensors.

Bipolar op-amps use fast npn and pnp transistors. Typical input and output
circuits were described in Chapter 2 (Figures 2.1 and 2.3). These allow the
device to have a gain–bandwidth product of 10 MHz or more. Good matching
between the input transistors not only reduces the input offset voltage, but
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also reduces drift with temperature and with time. Op-amps with a bipolar
input stage have the greatest long-term stability of all existing technologies.
One reason is that collector currents flow vertically through the semicon-
ductor, and hence are not subject to lateral stress and strain due to temperature.

The noise voltage in a bipolar transistor is due to the emitter resistance,
and this is far lower than the equivalent resistance in JFETs or MOSFETs.
Hence the noise voltage is lower in a bipolar input stage, compared with a
FET input stage. Typical noise voltage is 15 nV/√Hz, although low noise
types have a noise voltage below 5 nV/√Hz.

3.1.2 Complementary bipolar (Excalibur) technology

There are thousands of different types of integrated circuit op-amps available
commercially, and the number is increasing almost daily. The many manu-
facturers of these different types are trying to produce the best devices by
giving them improved DC precision, faster AC performance and lower power
consumption.

One difficulty in improving the performance of op-amps is the relative slow
response of the pnp transistor compared with that of the npn. The reason for this
is the low mobility of the majority carrier ‘holes’ in the pnp transistor, com-
pared with that of the electrons in the npn transistor. Many op-amp designs use
pnp transistors, particularly in input stages that use differential pair transistors;
they are also used in emitter follower outputs. However, the pnp transistor has
a typical fT of only 5 MHz compared with 150 MHz for the npn transistor. One
method of increasing the speed of slow complementary bipolar circuits is to
increase the speed of the npn element, so the overall speed increases. This is
the approach of several semiconductor manufacturers.

Conventionally, a vertical structure in the silicon die is used to create tran-
sistors. An npn transistor will have a p-type substrate and an n-type epitaxial
layer. In theory, faster pnp transistors can be achieved by simply reversing this
design, with a substrate of n-type silicon. Although this method successfully
increases the pnp transistor speed, it reduces the speed of the complementary
npn fabricated in the same IC.

In contrast to this, Texas Instruments has developed a manufacturing
process for a fast vertical pnp device structure that retains the speed of the
npn devices. Texas Instruments call this their Excalibur process and it uses
a deeply submerged n-region as an ‘artificial substrate’ in which a buried 
p-region becomes the collector. The fast pnp Excalibur transistor can be inte-
grated directly into the signal path without fear of limiting the bandwidth or
slew rate. This often has the added benefit of requiring less supply current
than its predecessors.

An example of the Excalibur range of op-amp is the TLE2021, which is
a low power, precision op-amp. The TLE2021 achieves a unity-gain band-
width in excess of 2 MHz and a slew rate of 0.9 V/�s. The supply current
is less than 200 �A with an input voltage offset of less than 100 �V.

A common problem with many op-amps is that they suffer from ‘phase
inversion’. This happens if the input swings close to the power rail poten-
tial, causing the output to change state and swing to the opposite rail. Many
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of the older bipolar and BiFET op-amps are known to have this problem.
Many newer products, such as the TLE2021 family, have been designed to
avoid this.

3.1.3 ‘Chopper’ stabilization

The TLC265X family of CMOS technology op-amps offers enhanced DC
performance using a technique known as chopper stabilization. The chopper
op-amp is designed continuously to undertake self-calibration to provide an
ultra low offset voltage, which is extremely time and temperature stable. At
the same time, the CMRR is increased and the 1/f noise content is reduced.
Figure 3.3 shows a typical chopper stabilized op-amp.

Basically, the enhanced performance of a chopper stabilized op-amp is
achieved by using two op-amps. A nulling op-amp and a main op-amp are
used together with an oscillator, switches and two external (or internal) capac-
itors to create a system that behaves as a single op-amp. With this approach,
the TLC2652 op-amp achieves a sub-microvolt input offset voltage and a
sub-microvolt input noise voltage. Offset variations with temperature are in
the nV/°C range.

The on-chip control logic produces two dominant clock phases: a nulling
phase and an amplifying phase. During the nulling phase, switch ‘A’ is
closed, shorting the nulling op-amp inputs together. This allows the nulling
op-amp to reduce its own input offset voltage, by feeding its output signal
back to an inverting input node. Simultaneously, the external capacitor, CXA,
stores the nulling potential, to allow the offset voltage of the op-amp to
remain nulled during the amplifying phase.

During the amplifying phase, switch ‘B’ is closed. This connects the output
of the nulling op-amp to the non-inverting input of the main op-amp. In this
configuration, the input offset voltage of the main op-amp is nulled. Also,
the external capacitor, CXB, stores the nulling potential, to allow the offset
of the main op-amp to remain nulled during the next phase.
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This continuous chopping process allows offset voltage nulling during
variations in time and temperature. The nulling process works over both the
common mode input voltage range and the power supply voltage range.
Additionally, because the low frequency signal path is through both the
nulling and main op-amps, an extremely high gain is obtained.

The level of low frequency noise output from the chopper op-amp depends
upon the magnitude of component noise prior to chopping. It also depends upon
the capability of the circuit to reduce this noise while chopping. Increasing 
the chopping frequency reduces the low frequency noise. Limiting the input
signal frequencies to less than half the chopping frequency reduces the effects
of intermodulation and aliasing.

3.1.4 JFET input op-amps

Junction field effect transistors (JFETs) were introduced into op-amp input
stages in an attempt to increase the input impedance and reduce the bias
current. The intermediate and output stages of the op-amp continued to use
bipolar transistors, as shown in Figure 3.4.

Op-amps with JFET inputs have very high input impedance, typically
1 T�. Their input bias current is typically 50 pA and their noise current is
about 10 fA/√Hz. Noise voltage is higher in JFET input op-amps than in
bipolar devices, due to the high channel resistance. The noise voltage is
typically 20 nV/√Hz.

Input offset voltages in JFET input op-amps (typically 500 �V) are about
ten times that for bipolar input op-amps. The stability of a JFET input op-
amp is also far worse than for a bipolar input device. Current flow through
a lateral JFET channel is subject to stress and strain due to temperature,
which results in changes in the channel current. Special circuits that use
bipolar transistors to reduce input offset voltage drift are used in the ‘Texas
Instruments’ Excalibur process.

The JFET at the input does not allow as much gain as in a bipolar stage.
Because of this, greater slew rates can be achieved than for a bipolar input
op-amp having the same gain-bandwidth product. A fast slew rate makes
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Figure 3.4 JFET input op-amp circuit
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JFET input op-amps suitable for use in rectifier circuits, peak detector circuits,
pulse amplifying circuits and sample and hold circuits.

3.1.5 CMOS op-amps

Digital electronics has employed CMOS transistors for many years, in order
to reduce the size and power consumption of circuits. Power consumption
has been reduced by the combination of low voltage and low quiescent
(steady state) current requirements. Now analogue op-amps use CMOS for
similar reasons, as shown in Figure 3.5.

Op-amps are available that draw just 1 �A quiescent current from their
supply rails. Devices that operate from supply voltages as low as 1.4 V are
also available. Most CMOS op-amps are unable to operate with supply volt-
ages greater than 16 V and many are limited to about 6 V operation.

As a result of using p-channel MOSFETs on their input, CMOS op-amps
can operate correctly with input voltages down to the negative supply rail.
This makes them suitable for use in single supply circuits where the input
voltage is referenced to the negative rail. The MOSFET input provides high
input impedance, with low offset and bias currents.

The input bias current is typically about 100 fA. However, like the JFET
input, this current doubles for every 10°C rise in temperature. The CMOS
op-amp is therefore susceptible to drift with temperature.

Offset voltages are typically 1 mV, although some op-amps are designed
for offset voltages as low as 200 �V. This is better than many JFET input
op-amps, but not as good as can be achieved with bipolar devices. Chopper
stabilized CMOS op-amps achieve high DC precision, with maximum offset
voltage in the order of 1 �V. The offset voltage stability is generally better
in CMOS op-amps than in JFET input devices.

Unfortunately, CMOS op-amps suffer from high noise voltage. Noise volt-
age is typically 30 nV/√Hz, although some devices have been designed for low
noise and produce a noise voltage of about 10 nV/√Hz. This level of noise is
lower than that of JFET input op-amps, and lower than some bipolar types.
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Figure 3.5 CMOS op-amp circuit
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The single supply, low voltage and low quiescent current requirements
make CMOS op-amps ideal for portable equipment. The high input imped-
ance and low bias current make them suitable for interfacing high impedance
transducers.

To prevent damage due to electrostatic discharge (ESD), care has to be taken
with all electronic devices. Bipolar and JFET inputs will conduct when a 
high voltage is applied. If reverse biased, a pn junction will break down 
temporarily, like a zener diode. Provided that current flow is limited, no 
permanent damage occurs. The very high impedance of MOSFET input 
op-amps makes them more susceptible to ESD damage. Overvoltage applied
to an input will permanently damage a MOSFET gate by burning a hole in its
surface.

3.1.6 BiCMOS op-amps

BiCMOS technology has been used in logic integrated circuits for a few
years, but until the late 1990s there were few BiCMOS analogue devices.
However, the move to BiCMOS has been encouraged by the need to 
use single-rail low-voltage power supplies. Op-amps are available that 
operate from a single-rail supply, typically between 2.7 V and 12 V, 
and draw very little current. They are therefore suitable for battery-operated
equipment.

The input stage of a BiCMOS op-amp is illustrated in Figure 3.6. The
current source connected to the V� supply limits the current into the circuit,
and the bipolar transistors form an amplified current mirror. If the voltage
at input IN1 is made negative to increase the current flow through the
MOSFET Q1, then more current flows through the base of Q3. This current
is amplified by Q3 and then used to drive the bases of Q4 and Q5. An increase
in current through Q5 lowers the output voltage. Thus the gain of this stage
is very high due to the amplified current mirror.

Like CMOS op-amps, the use of p-channel MOSFETs at the input allows
the BiCMOS op-amp to operate down to the negative supply rail. They are
ideal for single supply operation where the input voltage is referenced to the
negative supply rail. The MOSFET input gives very high input impedance
and bias currents of 1 pA are typical.

One advantage of BiCMOS is the ability to produce a good output band-
width and slew rate, whilst drawing little current from the supply. One device,
the TS951, is intended for use in mobile phones. This op-amp draws 0.9 mA
from the supply and delivers a gain-bandwidth product of 3 MHz. Another
op-amp, the LMV321, requires just 0.1 mA to deliver a gain-bandwidth
product of 1 MHz.

3.2.1 DC considerations

Table 3.1 shows typical DC performance figures and highlight some of the
features and benefits for the three basic types of op-amp technology: bipolar,
BiFET and CMOS.
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Bipolar features

Very low offset and drift; allow low level signal conditioning.
Stable bias current; remains low at high temperature.
High voltage gain; ensures accurate amplification.
Lowest voltage noise; wide dynamic range.

BiFET features

Very low input bias and noise current; matches high impedance circuits.
Good AC performance; useful for combined AC and DC applications.

CMOS features

Very low input bias and noise current; matches high impedance circuits.
Single supply operations; can be operated from battery or 5 V supply.
‘Chopper’ stabilizing techniques are used to overcome the large input offset
drift prevalent in standard MOS devices; can be used to amplify very small
signals and provide a wide dynamic range.

BiCMOS features

DC operation of BiCMOS is similar to that of CMOS. Very low input bias
and noise current that matches high impedance circuits and the ability to
operate from low voltage, single rail supplies.

Comparing DC errors for the different types of op-amp shows that the
newer bipolar designs are better than the older LM741 and LM301 devices.
The input offset and bias current have been greatly reduced, while the open-
loop gain has been increased dramatically.

BiFET op-amps normally have higher input offset voltage and drift,
compared with bipolar devices. However, the input bias current of FET op-
amps is insignificant when compared with that of bipolar devices. The FET
bias current doubles for every 10°C temperature increase. Note that some
bipolar designs actually have lower bias currents at higher temperatures than
FET input op-amps.

Silicon gate CMOS technologies such as LinCMOS have reduced the
problem of unstable offsets in CMOS designs. The TLC2201, designed using
LinCMOS, is an example of the new breed of CMOS devices. It offers
extremely low and stable offsets while simultaneously featuring the high
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Table 3.1 DC comparison of voltage feedback op-amps

DC parameter Bipolar BiFET CMOS/BiCMOS

Input offset voltage 10 �V–7 mV 500 �V–15 mV 200 �V–10 mV
Input offset voltage 0.1–10 �V/°C 5–40 �V/°C 1–10 �V/°C
drift
Input bias current 100–50 000 pA 1–100 pA 0.1–10 pA
Input bias current Fairly stable with Doubles for Doubles for every 
drift temperature every 10°C 10°C increase

change increase
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input impedance and low noise current found in the best of JFET devices.
For high order DC precision, the chopper stabilized op-amps, such as the
TLC2652, provide the lowest input offset and drift.

3.2.2 AC considerations

Op-amps require both AC and DC accuracy. While input offset voltages and
bias currents are relevant in DC applications, other parameters must be con-
sidered for AC circuits.

The op-amp is designed to perform an amplification function. Unfor-
tunately, amplification of the signal is usually accompanied by a phase shift,
which can lead to instability of the device. To prevent instability, a Miller
compensation capacitor is used, but only at the expense of the slew rate and
gain of the op-amp. Ultimately this compensation capacitor defines the unity-
gain bandwidth. The AC performance of an op-amp is determined by the
process technology used in manufacture, or the design techniques employed.
Wide bandwidth devices usually have high supply current requirements.

Bipolar op-amps offer good gain and bandwidths but their slew rate for
a given bandwidth is slow. This is a limitation of the bipolar technology
process (high transconductance, gm) and is not easily designed out. As
discussed in Section 3.1.1, the use of pnp transistors in bipolar op-amps
provides a speed limitation.

BiFET op-amps are designed using a combination of bipolar and JFET
structures. P-channel JFETs (with much lower transconductance than have
bipolar transistors) are used in the input stage. The remaining circuit is
designed using bipolar transistors. This combination has produced op-amps
with significantly higher slew rates than purely bipolar designs.

CMOS technologies such as LinCMOS have a similar performance to
designs using BiFETs, but are of particular benefit for low power or single
supply applications.

BiCMOS techniques have many of the same qualities as CMOS, except
that for a given supply current they have much higher dynamic response.
The slew rate and gain-bandwidth product of BiCMOS op-amps is gener-
ally greater than a CMOS op-amp that draws the same current. They are
widely used in the audio amplifier circuits of mobile telephones.

3.2.3 Noise considerations

An op-amp’s input voltage noise is described in terms of nanovolts per root
hertz (nV/√Hz). This level is higher at very low frequencies than across the
majority of the op-amp’s operating bandwidth. The break point where the noise
level ‘flattens out’ is known as the 1/f corner frequency. Below the 1/f corner
frequency, the noise level rises inversely proportional to frequency. In a bipolar
op-amp, the 1/f corner frequency can be as low as 100 Hz, but in FET input 
op-amps this frequency can be much higher (several kHz).

Bipolar devices offer the lowest voltage noise among those commercially
available, typically 15 nV/√Hz, although some devices have much lower volt-
age noise levels (< 5 nV/√Hz). The voltage noise from a bipolar input stage, in
the flat part of the band, is dominated by thermal noise from the base-spread
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resistance and the emitter resistance. Unfortunately, the shot noise arising from
the input bias current can be significant. Therefore, in order to reduce this cur-
rent noise, bias current cancellation circuits are sometimes used.

The input noise current of FET input op-amps is caused by shot noise,
due to the gate current. This is very low at temperatures around 25°C
compared with the base current in bipolar inputs. Consequently, FET input
op-amps have negligible input current noise and provide a superior noise
performance with high impedance sources.

A FET input stage has higher voltage noise and higher 1/f corner frequency
than a bipolar input stage. The gate current is negligible and the input current
is reduced to leakage current by the input protection network. The noise
sources of a MOSFET input device are similar to those of the junction FET.
A common disadvantage of MOSFET input op-amps (i.e. CMOS and BiCMOS
op-amps) is their relatively high voltage noise and high 1/f frequency.

In contrast, some devices (e.g. the Texas Instruments LinCMOS op-amp,
TLC2201) offer current noise levels similar to the very best junction FET input
op-amps. They also have voltage noise levels comparable to many bipolar
designs. The TLC2201 features low input offset voltages coupled with a very
low drift with time and temperature change. Additionally, the device features
operation from a single 5 V supply and rail-to-rail output swing.

In summary, bipolar input stages give the lowest voltage noise and lowest
1/f corner frequency and are well suited for interfacing with low impedance
sources. JFET, CMOS and BiCMOS input stages have negligible input current
noise, allowing them to be used with extremely high source impedances.
Noise current is related to the input bias current and it will increase by V2

for every 10°C rise in temperature.

3.2.4 Power supply considerations

Op-amps are required to operate with many different supplies. Circuits may
be battery powered and required to run off a single 1.5 V supply or they
may have a �22 V or more supply in an instrumentation application. The
available power affects the choice of op-amp.

Single supply op-amps will normally need to operate from a low voltage
supply, maybe as low as 1.5 V if used with battery powered equipment. They
will also require an input common mode range down to the negative rail
and an output that swings near to ground. These restrictions do not usually
apply to dual supply op-amps.

An op-amp with a common mode range down to the negative rail can
easily be designed using a bipolar process. PNP input transistors ensure that
the input can swing down to the negative rail, or below, without causing
problems.

A good output swing is not so easy to achieve. Many bipolar devices are
optimized for dual supply operation, that is, capable of sinking and sourcing
current. This therefore means that the output will not normally swing down
to the negative rail. If a device is optimized for single supply operation, its
output suffers from crossover distortion when it is operated with dual supplies.
Bipolar devices suitable for both single and dual power supply operation 
are uncommon.
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BiFET op-amps have been designed for dual supplies and are generally
unsuitable for single supply operation. Their common mode input range
reaches (and sometimes exceeds) the positive supply rail potential. The output
will normally swing to within 2.5 V of each supply voltage. They operate
from a wide range of supplies (�3 V to �22 V) and are optimized for AC
performance.

CMOS devices (LinCMOS) and BiCMOS have been specifically designed
for single supply operation. The supply voltage range is typically �2 V to
�16 V. The input voltage range extends below the 0 V supply. The output
voltage swing can approach the power rails for high impedance loads. Unlike
bipolar designs, CMOS devices with push–pull outputs can also perform well
with dual supplies. However, a limitation in some dual supply applications
is the limited operating voltage.

The disadvantage of voltage feedback op-amps is that the gain-bandwidth
product is constant. Extending the bandwidth is at the expense of gain.
Current feedback op-amps have an entirely different gain-bandwidth 
product relationship. In fact, the bandwidth is almost constant, irrespective
of gain.

The simplest model of a current feedback amplifier is shown in Figure
3.7. In this model, the input of a current feedback amplifier is a buffer,
connected between the non-inverting and inverting inputs. The non-inverting
input is connected to the buffer input and has high impedance. The inverting
input is connected to the buffer output and has low impedance. Current can
flow in and out of the low impedance inverting input. An internal amplifier
senses the current flow and produces a voltage output proportional to the
current. Current flowing out of the inverting input produces a positive output
voltage. Current flowing into the inverting input produces a negative output
voltage.
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3.3 Current feedback
op-amps

Vo = Iin .Z(s)

Iin

Vin

+

-

Output

Inverting
input

Vo

Non-
inverting
input

Figure 3.7 Simple current feedback op-amp model
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3.3.1 AC performance

The bandwidth relationship of a current feedback op-amp can be explained by
studying the amplifier in more detail. Figure 3.8 shows the small-signal model.

The input buffer has its output connected to a current mirror. When current
flows from the buffer, out of the inverting input, an equal current flows out
of the current mirror. A resistive load (Rm) across the current mirror converts
the current flow into a proportional voltage. A small frequency compensating
capacitor (Cc) is connected across Rm to ensure stability of the op-amp. The
voltage across Rm is output via a second buffer.

The node equations for this model can now be worked out to find the
frequency response. Since the input buffer forces the inverting input to have
the same voltage as the non-inverting input, V1 � Vin.

The voltage across Rm is 

And 

And since Vout is a buffered version of V2, Vout � V2.
Now these can be combined to find Vout.

If Rm >> R2, this can be simplified to:

The closed-loop gain is 1 � R2/R1, therefore:

When 1 � 2�fCCR2, the closed-loop gain falls by 3 dB, thus:

Thus the bandwidth is dependent upon R2 and the internal compensation
capacitor. The bandwidth is not dependent upon R1 and is therefore not
dependent upon the closed-loop gain.

If we consider the gain in terms of the complex impedance Z(s), we find:

In this case loop gain (LG) is given by LG � 
Z(s)

R2

VO

VIN

 � �1 � 
R2

R1
� 

1

1 � 
1

LG

 

f(–3dB) � 
1

2�CCR2

Vout

Vin

 � 
AVCL

1 �  j	CCR2

Vout

Vin

 � 

1 �
R2

R1

1 �  j	CCR2

Vout � 
�Vin � 1

R1

 �  
1

R2
� – 

Vout

R2

 �Rm

1 �  j	CCRm

I � V1 � 1

R1

 �  
1

R2
� – 

Vout

R2

V2 � 
IRm

1 �  j	CCRm
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IINV

IINV

Rm
Cc

+ In

- In

Out

Figure 3.8 The small signal
current feedback op-amp
model
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But what about the circuit design assumptions that were made for ideal op-
amps, in Chapter 1? Figure 3.9 shows a simple current feedback op-amp
model using the complex transimpedance Z(s), within a non-inverting ampli-
fier circuit.

First consider what happens when the input voltage Vin is raised above
0 V. The input buffer responds to the increasing input voltage by raising the
voltage at the inverting input. A current then flows out the inverting input.
The current flow is sensed by the transimpedance stage and the output voltage
rises. The output voltage ceases to rise when a balance is reached; this is
when the current fed back through R2 is equal to the current flowing through
R1. Feedback current thus replaces the current from the inverting input. In
steady state conditions, the current from the input buffer can be very small;
this is dependent upon the gain of the transimpedance stage.

If the transimpedance stage has high gain (high Z(s)), the current from the
inverting input can be assumed close to zero. The voltage gain of the input
buffer is close to unity, which means that the differential voltage between
inverting and non-inverting inputs can be assumed to be close to zero. Thus
the ideal model can be used to determine gain; in this case AVCL � 1 � R2/R1.

In practice, the input buffer’s non-ideal output resistance (Ro) will be typically
about 20 � to 40 �, as shown in Figure 3.10. This additional resistance will
modify the response, because the two input voltages will not be exactly equal
while an error current flows. Some small voltage will be dropped across Ro.

The additional resistance in the feedback path means that the loop gain will
actually depend somewhat on the closed-loop gain of the circuit. At low gains,
R2 dominates, but at higher gains, the internal resistance has a greater effect
and this reduces the loop gain, thus reducing the closed-loop bandwidth.

The transfer function of a non-ideal, non-inverting current feedback ampli-
fier is given by:

VO

VIN

 � �1 �  
R2

R1
� 

1

1 �  
1

LG
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IINV

IINV

+ In

–In

OUT

Z(s)

R2

R1

INPUT

OUTPUT

If Z(s) >> R2, Vo/Vin ~ 1 + R2/R1

Figure 3.9 Non-inverting amplifier with ideal current feedback op-amp
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Loop gain (LG) is modified by the introduction of Ro, and becomes:

The gain error due to Ro is 

High-frequency circuits

Current feedback op-amps can be used in most applications where voltage
feedback op-amps are used. They have the advantage of having very high
slew rates at low supply currents. Slew rates of 1000 V/�s or more are
common. The availability of high slew rates means that current feedback 
op-amps are often found in video amplifier and cable driver circuits.

The low impedance inverting input of a current feedback op-amp allows
fast transient currents to flow into the amplifier as needed. The internal current
mirrors convey this input current to the compensation node, allowing fast
charging and discharging. The actual slew rate will be limited by saturation
of the current mirrors, typically at 15 mA. The overall slew rate is also
limited by the slew rate limit of the input and output buffers.

Using current feedback op-amps in Sallen and Key low pass filters enables
much higher frequencies to be used, compared to voltage feedback designs.
However, the group delay of the op-amp becomes significant if the �3 dB
bandwidth of the op-amp is less than ten times that of the filter.

Sallen and Key filters usually use op-amps as unity gain buffers. These
have a direct connection between output and the inverting input. Current
feedback op-amps cannot be connected in this way because the inverting
input of the op-amp is actually the output of a buffer. Large amounts of
current would flow between the two outputs if they were connected together.

Ro�1 �  
R2

R1
�

Z(s)

LG � 
Z(s)

R2 � Ro �1 � 
R2

R1
�
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IINV

IINV

+ In

–In

OUT

Z(s)

R2

R1

INPUT

OUTPUT

Ro

Ro reduces loop gain, hence overall gain

Figure 3.10 Non-inverting amplifier with non-ideal current feedback op-amp
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Instead a resistor can be connected between them, to limit the current flow.
Alternatively, the op-amp can be given some gain using feedback and shunt
resistors. Note that the filter circuit component values are dependent upon
the amplifier gain.

Filter topologies that use reactive feedback, such as multiple feedback
types, are not suitable for current feedback op-amps. Sallen and Key filters
are feasible because the op-amp is used as a fixed gain block. In general, it
is not desirable to add capacitance across the feedback resistor of a current
feedback op-amp circuit.

Stability

Current feedback op-amps are like voltage feedback op-amps, because they
both suffer greater phase shifts at higher frequencies. Instability can be
produced with phase shifts approaching 180°. Because the optimum value
of R2 will vary with closed-loop gain, op-amp manufacturers usually supply
a Bode plot and tables that give the bandwidth and phase margin for various
gains. High values of closed-loop bandwidth can be obtained at the expense
of a lower phase margin, which results in peaking in the frequency domain,
and overshoot and ringing in the time domain.

With a voltage feedback op-amp, shunt capacitance at the inverting input
(CIN) generates an excessive phase shift that can lead to instability. The same
effect occurs with a current feedback op-amp, but the problem may be less
pronounced. This is because the phase shift occurs at higher frequencies due
to the inherently low impedance of the inverting input.

Consider an amplifier circuit that employs a wide-band voltage feedback
op-amp with R1 � 680 �, R2 � 680 �, and CIN � 10 pF. The phase shift
reaches 90° (and is thus unstable) at 1/[2�CIN(R1//R2)], which is roughly
47 MHz. Let us now replace the voltage feedback op-amp with a current
feedback device having an inverting input resistance (Ro) of 40 �. The
frequency where 90° phase shift occurs is now given by 1/[2�CIN(R1//R2//Ro)],
this is about 445 MHz.

If the unity-gain bandwidth of both amplifiers is 500 MHz, the voltage
feedback op-amp will require a feedback capacitor for compensation.
Although this will reduce the effect of CIN, it will also reduce the ampli-
fier’s bandwidth. Using the current feedback device will give reduced phase
shift, because the break point is about a decade higher in frequency. This
means that the amplifier’s bandwidth will be greater because a compensating
capacitor will not usually be required, unless to flatten the passband or to
give optimum pulse response.

3.3.2 DC performance

The DC gain accuracy of an amplifier using a current feedback op-amp can
be calculated from its transfer function.

The gain error due to Ro is Ro�1 �  
R2

R1
�

Z(s)
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Using a typical transimpedance of 1 M�, a feedback resistor of 1 k�, and
an inverting input resistance of 40 �, the gain error at unity gain is 0.004
per cent (basically Ro/Z(s)). At higher gains, gain accuracy degrades signifi-
cantly. Current feedback amplifiers are rarely used for high gains, particularly
when gain accuracy is required.

For many applications, settling times are more important than gain accuracy.
Although current feedback amplifiers have very fast rise times, many data
sheets will only show settling times to 0.1 per cent. This is because of thermal
settling tails, which are a major contributor to lack of settling precision.

Thermal tails are caused by temperature differences between input stage
transistors. Power dissipation of each transistor occurs in a very small area,
which is too small to achieve thermal coupling between devices. Thermal
errors are significant in non-inverting circuits because these have a common
mode input voltage and are thus more sensitive to differences in performance.
Errors can be reduced by using the op-amp in the inverting configuration,
because the common mode input voltage is eliminated.

Thermal tails do not occur instantaneously; the thermal coefficient of the
transistors (which is process dependent) will determine the time it takes for
the temperature change to occur and alter parameters – and then recover.
Amplifiers do not usually exhibit significant thermal tails for input frequen-
cies above a few kHz, because the input signal is changing too fast. Step
waveforms, such as those found in imaging applications, can be adversely
affected by thermal tails when DC levels change. For these applications,
current feedback amplifiers may not offer adequate settling accuracy.

One application that is difficult for current feedback op-amps is an inte-
grator circuit. The problem is that direct capacitive connection between the
output and the inverting input can cause instability. Instability is a result of
phase shifts in the feedback path. The frequency compensating capacitor
produces up to 90° of phase shift. The gain and phase shift in the feedback
circuit are frequency dependent due to the feedback capacitor. The circuit
oscillates if the signal fed back to the inverting input approaches 180° at a
frequency where the gain is greater than unity.

The integrator circuit has to be modified to prevent instability when using
current feedback op-amps. A resistor (Rf) has to be inserted between the
feedback capacitor (C1) and the inverting input. This resistor ensures that a
minimum value of resistance is always in the feedback path, which limits
the gain. A resistor (R2) in parallel with capacitor C1 determines the minimum
frequency (Fc) at which the integrator is effective.

3.3.3 Current feedback noise considerations

When amplifying low level currents, higher feedback resistance means higher
signal-to-noise ratio. This is because signal gain increases in proportion 
to R, whilst resistor noise increases in proportion to √R. Doubling the 

Fc � 
1

2� R2C1
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feedback resistor value doubles the signal gain and increases resistor noise
by a only factor of 1.4.

However, doubling the feedback resistor value causes the contribution
from current noise to be doubled and the signal bandwidth to be halved.
Therefore, the higher current noise of current feedback op-amps may rule
out their use in photodiode amplifier circuits. In circuits where noise is less
critical, select the feedback resistor based on bandwidth requirements. If
more gain is required, use a second stage.

The number of applications for current feedback amplifiers will be limited
because of current noise. The inverting input current noise can be about
30 pA/√Hz. However, the input voltage is somewhat lower than in voltage
feedback op-amps, 2 nV/√Hz or less. The feedback resistor will usually be
under 1 k� and, in a unity-gain circuit, the dominant noise source will be
the inverting input noise current flowing through the feedback resistor.

Let the input noise current be 25 pA/√Hz in a unity gain circuit with a
feedback resistor value of 680 �, this gives 17 nV/√Hz noise at the output.
If the input noise voltage is 2 nV/√Hz, the noise current is the dominant
noise source.

Let the gain of the circuit now be increased, by reducing the input resistor
value. The output noise due to input current noise will not increase, because
it is determined by the feedback resistor value. Now the amplifier’s input
voltage noise will dominate. When the closed-loop gain reaches 10, the
contribution from the input noise current is only 1.7 nV/√Hz when referred
to the input. The two noise sources are combined using the equation
√(In

2 � Vn
2) to give an input-referred noise voltage of only 2.6 nV/√Hz

(neglecting the resistor’s thermal noise). The current feedback op-amp is thus
useful in low noise amplifiers having a moderate gain.

3.3.4 Using current feedback op-amps

The inverting amplifier circuit works because of the low impedance node
created at the inverting input. The summing junction of a voltage feedback
amplifier (inverting input of the op-amp) has low impedance. A current feed-
back op-amp will operate very well in the inverting circuit because it has
inherently low inverting-input impedance. The internal buffer holds the
summing node at the same potential as the non-inverting input.

In the inverting circuit, voltage feedback amplifiers suffer from voltage
spikes at the summing node in high speed applications. This is because the
feedback loop takes time to settle and, until the loop has settled, the summing
node impedance is not low. Current feedback op-amps do not produce these
voltage spikes because the summing node is low impedance irrespective of
the feedback loop. Other advantages of the inverting circuit include maxi-
mizing the input slew rate and reducing thermal settling errors.

Current feedback op-amps can be used in current-to-voltage converters,
by applying the input current into the op-amp’s inverting input. There are
limitations introduced by this arrangement: the amplifier’s bandwidth varies
directly with the value of feedback resistance; and the inverting input current
noise tends to be high.
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Although the inputs of a current feedback op-amp are not matched, the
transfer function for the ideal difference amplifier is still valid. At low
frequencies, the differential amplifier’s CMRR is limited by the matching of
the external resistor ratios, with 0.1 per cent matching yielding about 66 dB.
At high frequencies, what matters is the matching of time constants formed
by the input impedances. High speed voltage feedback op-amps usually have
well-matched input capacitance, achieving a CMRR of about 60 dB at 1 MHz.

Because the current feedback op-amp’s input stage is unbalanced, the input
capacitance will not be matched. Low value external resistors (100 � to
200 �) must be used on the non-inverting input of some amplifiers to mini-
mize the mismatch in time constants. With careful attention given to resistor
selection, an amplifier using a current feedback op-amp can yield a high
frequency CMRR equal to that obtained using a voltage feedback op-amp.
Both voltage feedback and current feedback amplifiers can further benefit
from additional trimmer capacitors, but this reduces the signal bandwidth.

If higher performance is needed, the best choice would be a monolithic
high speed difference amplifier, such as the AD830. It requires no resistor
matching and has a CMRR > 75 dB at 1 MHz, which reduces to about 53 dB
at 10 MHz.

Load capacitance presents the same problem with a current feedback ampli-
fier as it does with a voltage feedback amplifier. It causes increased phase
shift of the error signal, which results in reduction of phase margin and possible
instability. The most popular method of dealing with capacitive loads is a
resistor in series with the output of the op-amp. The resistor should be outside
the feedback loop, but in series with the load capacitance. A current feedback
op-amp also gives the option of increasing R2 to reduce the loop gain. All
methods produce a reduction in bandwidth, slew rate and settling time.

Care has to be taken with all circuit layouts to prevent instability. Stray
and parasitic capacitance can reduce the phase margin and lead to oscilla-
tion. It is not a good idea to use sockets for the op-amp; these increase the
capacitance between device pins. Capacitance can be reduced by removing
the printed circuit ground plane from the area around the input pins.

Low value feedback resistors are advisable to reduce capacitive effects.
Many current feedback op-amps have recommended feedback resistor values
quoted on their data sheets. Often graphs of frequency response versus feed-
back resistor values are given to show how the flatness of the response varies
with resistance. As we know, the feedback resistor determines the bandwidth
of the amplifier circuit.

3.3.5 Power supplies for current feedback amplifiers

Current feedback op-amps cannot be used for single supply operation. Op-
amps that are designed to deliver good current drive and have a voltage
swing that approaches the supply rails usually use common emitter output
stages, rather than the usual emitter followers. Common emitter circuits allow
the output voltage to swing almost to the supply rail (less the output tran-
sistor’s collector–emitter saturation voltage). This type of output stage is
slower than emitter followers, due to the increased circuit complexity and
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higher output impedance. Because current feedback op-amps are specifically
developed for the highest speed and output current, they feature emitter
follower output stages.

Higher speed processes have produced a common emitter output stage
with 160 MHz bandwidth and 160 V/�s slew rate. An example of a device
using this technology is the ‘Analog Devices’ AD8041. This voltage feed-
back op-amp is powered from a single 5-volt supply.

Single supply input stages use pnp differential pairs. This arrangement
allows the common mode input range to extend down to the lower supply
rail (usually ground). Such an input stage is impossible with current feed-
back op-amps. Note that even in circuits using ‘rail-to-rail’ voltage feedback
devices, the output voltage will not be near the supply rails if driving a low
impedance load; this is due to the voltage drop across the output stage’s
internal resistance.

Current feedback op-amps can be used in single supply circuits provided
that the input and output voltages are not allowed to approach the supply
rails. This may require level shifting or AC coupling. The non-inverting input
must be biased to the middle of its working range, but this is already a
requirement in most single supply systems.

Decoupling capacitors across the power supplies are very important. As
with all high frequency circuit design, capacitors suitable for all encountered
frequencies are needed. As a rule of thumb, a 10 �F tantalum capacitor in
parallel with a 10 nF or 100 nF ceramic capacitor should be used. The capac-
itors should be connected close to the op-amp’s power supply pins.

3.1 In an inverting amplifier circuit, using a current feedback op-amp, the
transimpedance is 1 M� and the feedback resistor R2 is 750 �. Find
the loop gain (LG). Resistor R1, connecting the inverting input to ground
has a value 100 �. What is the closed-loop gain VO/VIN at low frequen-
cies? (Assume an ideal amplifier.)

3.2 The circuit in Exercise 3.1 is now used with a non-ideal amplifier,
having a non-inverting input resistance of Ro � 30 �. What is the
closed-loop gain VO/VIN in this case?

What is the gain error due to the introduction of Ro?

3.3 A current feedback amplifier has a voltage noise of 2 nV/√Hz and
inverting input current noise of 25 pA/√Hz. With a feedback resistor of
750 � and a gain of 20, what is the input referred noise?
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4 Applications:
linear circuits 

This chapter concentrates on linear circuit applications, including inverting
and non-inverting amplifiers, differential amplifiers, buffers, current-to-
voltage converters and voltage-to-current converters. Modifications to these
basic circuits can be found in later chapters. A further collection of op-amp
circuits will be found in Appendix A1. The usefulness of the op-amp approach
is the many variations of a basic circuit that are possible.

Op-amps are used extensively in analogue circuit design. The approach
involves breaking down the circuit, or system function, into a series of
specific operations. A separate op-amp circuit can then perform each oper-
ation. The requirements of each circuit may vary considerably, but the specific
operations required in the different systems are common to many systems.
The designer should be able to pick out, from the many circuits given, those
appropriate to their own particular system.

The circuits presented in this chapter do not generally refer to particular
op-amp devices. Most applications will function with any op-amp type. The
particular op-amp used in a circuit determines the errors and performance
limits of the application. In order to make a working circuit from those given
in the text, all that is normally required is to add power supply connections
to the op-amp. Only those applications requiring very low noise, or wide
bandwidth, or very fast slew rate, will normally require the use of more
specialized (and more expensive) op-amps.

Passive external components are connected to the op-amp in order to define a
precise circuit operation. The circuit designs given do not generally give compo-
nent values, and the designer must choose these for himself. As a general guide-
line to resistor value selection, choose the lowest value that does not significantly
load the op-amp’s output. Most op-amps are designed to supply a load at their out-
put terminal that should be no less than 1 k�. Large input resistor values increase
the offset errors due to bias current (see Chapter 2); and they are shunted by stray
capacitance, which limits the operating bandwidth. It should be remembered that
the feedback resistor also contributes to the op-amp’s load. The effective load is
the parallel combination of an external load and feedback resistor.

In inverting amplifier circuits, the inverting input of the op-amp is effec-
tively at earth potential. The input resistors provide a load to the signal
source, and their value must be chosen with care. In some instances, imped-
ance matching may be required and the input resistor should have a value
equal to the characteristic impedance (often equal to the source impedance).
Most often, input resistors are chosen to have a higher value than the input
signal source, so that they do not significantly load it.
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Ideal forms of the basic voltage scaling and buffer circuits have already been
dealt with in Chapter 1. The circuits are for convenience shown again in
Figure 4.1.

The great attraction of all op-amp circuits lies in the ability to set a precise
operation with a minimum number of precise components. In Figures 4.1(a)
and (b), closed-loop gain is determined by simply selecting two resistor
values. The accuracy of this gain depends almost entirely upon the resistor
value tolerance.

The inverting circuit in Figure 4.1(a) can be given any gain from zero
upwards. The lower limit of the gain for the non-inverting circuit Figure
4.1(b) is unity. In both configurations, the practical upper limit to the gain
depends on the requirement for maintaining an adequate loop gain, so as to
minimize gain error (see Section 2.3.1). Also, closed-loop bandwidth
decreases with increase in closed-loop gain. If high closed-loop gains are
required, it is often better to connect two op-amp circuits in cascade rather
than to use a single op-amp circuit.

Both inverting and non-inverting amplifier circuits feature low output imped-
ance. This is a characteristic of negative voltage feedback (see Chapter 2).
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4.2 Voltage scaling and
buffer circuits

(a)

(b)

(c)

eo=  1+        ei

R2

R1

Figure 4.1 Basic voltage scaling applications (a) Inverting amplifier. 
(b) Non-inverting amplifier. (c) Unity-gain follower (buffer)
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The main performance difference between them, apart from signal inver-
sion, lies in their input impedance. In the case of the inverter, resistor R1

loads the signal source driving the circuit. The non-inverting amplifier
presents very high input impedance, which ensures negligible loading in most
applications.

The main limitation of the inverting circuit is that its input impedance is
effectively equal to the value of the input resistor R1. The application may
require high input impedance, to minimize signal source loading. This
demands a large value for the resistor R1 and an even larger value for R2,
dependent upon the gain required. Large resistor values inevitably give
increased offset errors due to op-amp bias current. Also, stray capacitance
in parallel with a large feedback resistor limits bandwidth.

For example, assume that it is required to use the inverting circuit with
closed loop gain 100 and input resistance 1 M�. In Figure 4.1(a) R1 � 1 M�
and R2 � 100 M� is required. Stray capacitance Cs in parallel with R2 would
limit the closed-loop bandwidth to a frequency f � 1/(2�CsR2). With Cs say
2 pF, the closed-loop bandwidth would be limited to 800 Hz – a severe
restriction!

Stable very high value resistors are not freely available. If the inverting
configuration must be used, the need for a very high value feedback resistor
can be overcome by the use of a T resistance network as shown in Figure 4.2.
This is at the expense of a reduction in loop gain and an increase in noise
gain (1/�).

The non-inverting circuit achieves high input impedance without the use
of large value resistors. This is an advantage in applications requiring wide
bandwidth, since large value resistors and stray circuit capacitance interact
to cause bandwidth limitations. The effective input impedance of the non-
inverting configuration was described in Section 2.3.3. This was shown to
be equal to the differential input impedance of the op-amp, multiplied by
the loop gain in the circuit (Zin�AOL). Practical op-amps have their common
mode input impedance Zcm between their non-inverting input terminal and
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Figure 4.2 Inverter circuit using resistive T feedback network
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earth. This shunts Zin�AOL and so reduces its value. The effective input
impedance of the follower configuration is thus Zcm.

The high input impedance of the non-inverting circuit makes it a better
choice than the inverting circuit for use in many applications. However, the
non-inverting circuit is subject to common mode errors (see Section 2.11).
Also, the voltage applied to the non-inverting input must not be allowed to
exceed the maximum common mode voltage for the op-amp (since feedback
will force both inputs to have the same potential). These points do not usually
impose too serious a restriction.

The buffer circuit in Figure 4.1(c) has high input impedance and low
output impedance. It is often used to prevent interaction between a signal
source and load, e.g. for unloading potentiometers, or buffering voltage refer-
ences. Buffers are used in Sallen and Key filter circuits (see Chapter 9) to
prevent interaction between filter stages and to allow simple design rules.

4.2.1 Variable gain control

Instead of using fixed value resistors to set the gain, potentiometers may be
used to give variable gain control. The arrangement shown in Figure 4.3(a)
allows a variation of gain from zero to a very high value. However, the
scaling factor does not vary linearly with respect to potentiometer rotation.
A second disadvantage is that the input impedance falls as the gain is
increased.

The circuit of Figure 4.3(b) gives a narrower range of scale factor variation
from zero to R2/R1, but the gain variation is linear with respect to poten-
tiometer setting and the input impedance remains constant (equal to R1).

Changing the closed-loop gain inevitably changes the closed-loop band-
width. Also, changes in the values of gain setting resistors produce a change
in the offset error due to op-amp bias current. Offset errors due to bias
current can be minimized by using a low bias current FET input op-amp.
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(a) (b)

Figure 4.3 Variable scale factor. (a) Non-linear gain control. (b) Linear
gain control
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4.2.2 Switched scaling factor

Gain setting resistors can be switched into circuit. Different values of scale
setting resistors are switched into the signal path, thus allowing switching
of the gain between preset values. Switching can be performed by a manual
control of a mechanical switch, by an electromechanical switch or by means
of some form of solid state switch. The circuit given in Figure 4.4 illustrates
the use of an analogue switch in a programmable gain circuit.

4.2.3 Voltage controlled gain

Voltage control of an op-amp’s gain requires a voltage controlled resistive
element. Junction gate FETs when operated below pinch-off behave as linear
resistors with channel resistance (rds) determined by the value of the gate
source voltage. For small values of drain source voltage they exhibit a bi-
lateral characteristic.

Linear voltage control of gain can be obtained by using a feedback arrange-
ment between the drain and gate of the FET. The voltage swing across the
FET can be kept small by including it in a T-network as shown in the circuit
of Figure 4.5. The effective resistance of the resistive T when connected to
the op-amp summing point is

Where rds is the drain source resistance of the FET, which is determined by
the relationship

Re � R2 � R3 � 
R2R3

rds
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Figure 4.4 Programmable gain operational amplifier
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where:
ro is the drain source resistance for Vds � 0; Ids � 0,
Vp is the pinch-off voltage and
Vc is the control voltage applied to the gate of the FET via a series resistor.

Substitution gives

Which is a linear function of Vc.
The closed-loop signal gain of the circuit, �Re/R1, also varies linearly

with the value of Vc. The range of gain variation obtainable depends upon
the r0 of the FET used in the circuit. A practical circuit with the component
values shown in Figure 4.5 gives the gain control shown by the graph.

The voltage summing property of an ideal op-amp has been treated in 
Chapter 1. The behaviour of a practical summing circuit is now discussed.

Re � R2 � R3 � 

R2R3�1 – 
Vc

2Vp
�

ro

rds � 
ro

1 – 
Vc

2Vp

 

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

Applications: linear circuits 87

Figure 4.5 Voltage controlled scaling factor

4.3 Voltage summation
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A summing configuration is shown in Figure 4.6. In this circuit the input
signals are effectively isolated from one another by the ‘virtual earth’ at the
inverting input terminal of the op-amp.

Some consideration has to be given about the resistor values used in this
circuit. The resistors should have a high enough value to prevent signal
source loading, but low enough to prevent input bias current from causing
offset errors. If large values of input resistor are necessary, use a low bias
current FET input op-amp in order to minimize the offset error.

In the ideal circuit there is no limit to the number of input voltages that
can be summed, but in the practical circuit the number of inputs is limited
by the need to maintain an adequate loop gain. All paths to the inverting
input terminal of the op-amp should be taken into account when assessing
loop gain, closed-loop signal bandwidth and drift error. Note that the closed-
loop gain 1/� for the circuit is

(4.1)

A differential amplifier circuit is commonly used to amplify or buffer differ-
ential signals whilst rejecting common mode signals. A differential signal is
presented across two terminals; the voltage on one terminal rises as the
voltage on the other terminal falls (relative to earth). A common mode signal
is one where the voltages on both terminals rise and fall together.

An example use of a differential amplifier is terminating transmission lines
where signals common to both wires are due to induction from external
sources, such as mains power supplies. In many cases, the wanted differential
signal is smaller in amplitude than the common mode signal, but the differ-
ential amplifier is able to extract the wanted signal because of the common
mode rejection by the amplifier.

Differential amplifiers also allow one signal to be subtracted from another.
Figure 4.7 shows the type of circuit configuration that is employed. An ideal

1

�
 � 1 � 

Rf

R1 // R2 // R3
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Figure 4.6 Voltage summation

4.4 Differential input
amplifier configurations

(voltage subtractor)
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analysis of this circuit was given in Chapter 1; some of its practical limitations
are now discussed.

A prime requirement of a differential input amplifier circuit is that it should
have a high common mode rejection ratio (CMRR). According to the ideal
performance equation of the circuit in Figure 4.7, the output is zero if the two
input signals e1 and e2 are equal. The ideal circuit has an infinite CMRR –
not the case with practical circuits. In a practical circuit any mismatch in
the resistor ratio values connected to the op-amp input terminals causes a
common mode signal (e1 � e2 � ecm) to inject a differential signal to the
amplifier. This differential signal is amplified to produce a non-zero output
signal. CMRR is thus degraded unless the resistor values are exactly matched.

In assessing the common mode characteristics of differential amplifiers,
care must be taken in distinguishing between the characteristics of the circuit
and those of the op-amp used in it. The CMRR of the circuit is defined as:

CMRR �
Differential gain of circuit

Common mode gain of circuit (4.2)

In the circuit of Figure 4.7, CMRR depends both upon resistor matching and
upon the CMRR of the op-amp. The CMRR of the circuit due to resistor
mismatch using resistor values with tolerance x is in the worst case:

CMRR (due to resistor tolerance) � (4.3)

(see Appendix A3)

For example, a single op-amp differential input circuit (such as Figure 4.7)
with differential gain 10 (R2/R1 � 10), using resistors of 1 per cent toler-
ance (x � 0.01) in the worst case has:

CMRR (due to resistor tolerance) � 11/0.04 � 2.75, or � 49 dB

The overall CMRR of the circuit due to both resistor mismatch and the finite
CMRR of the op-amp is:

1 � 
R2

R1

4x
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Figure 4.7 Single op-amp differential amplifier
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(see Appendix A3)

The common mode errors due to the two effects may be of the same or
opposite sign, so that the total CMRR may be greater than or less than the
CMRR of the op-amp used in the circuit.

It is of course possible to trim one of the external resistors in Figure 4.7.
This enables the common mode gain, due to resistor tolerance, to be equal
in magnitude but opposite in sign to the common mode gain of the circuit
(due to the non-infinite CMRR of the op-amp alone). In theory, an infinite
CMRR can be attained in this way. In practice, resistor trimming can give
a 10 to 100 times increase in CMRR for the circuit over the CMRR of the
op-amp used in it. A high CMRR achieved in this way is unfortunately not
maintained: resistor values change with temperature, and also the CMRR of
an op-amp does not remain stable.

In many applications a requirement of differential input amplifiers is that
they have high differential and common mode input impedance. The input
impedance of the circuit in Figure 4.7 is determined by the resistor values.
Its differential input resistance is 2*R1 and it has an effective common mode
input resistance at each input point of R1 � R2. If large resistor values are
used in the circuit, to give a high input resistance, this can have side effects.
One effect is stray capacitance that causes degradation in CMRR at the higher
frequencies. Another effect is to give an increased offset error because of
op-amp bias current.

The single op-amp differential amplifier has limitations in its performance.
Despite this, it is often used (because of its simplicity) in non-critical differ-
ential applications. Improved performance can be obtained with circuit
configurations using two or more op-amps; or by using application specific
integrated circuits which have the functionality of differential amplifiers.

The circuit shown in Figure 4.8 is a differential input amplifier. It uses
two coupled followers to attain high input impedance without the use of
high value resistors. It also provides the possibility of gain setting with a
single resistor.

Treating each op-amp and its associated input and feedback resistors separ-
ately, we can derive the ideal performance equation for the circuit in Figure
4.8. Analysing the circuit we can see that op-amp A2 has two input signals
applied to it. These are signal e2 and the output from A1, which is signal e1

multiplied by [1 � R1/R2]. The output of A2, due to input e1 alone, is the
signal from A1 multiplied by �R2/R1 (see Chapter 2).

Thus the output from A2, in terms of input e1, is:

Now considering the output from A2, due to input e2 alone, we have:

eo′′ � e2 �1 � 
R2

R1
�

eo′ � e1 �1 � 
R1

R2
� �– R2

R1
�

Total CMRR � 
CMRR(R) CMRR(A)

CMRR(R) ± CMRR(A)
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The total output from A2 (eo), in terms of inputs e1 and e2 applied together,
is found by adding the two expressions:

eo � eo″ � eo′

This becomes:

(4.4)

A practical circuit based upon Figure 4.8 has a CMRR that depends upon
both resistor tolerances and upon the CMRR of the op-amps used in it. The
input common mode range for the circuit is equal to that of the op-amps.
With the gain setting resistor R3 in circuit the output voltage in the ideal
case is determined by the equation:

(4.5)

In deriving this equation it should be remembered that, with R3 in circuit,
R2 and the parallel combination of R1 and R3 now determine the value of
1/� for op-amp A2.

Another differential amplifier configuration that is often used is shown in
Figure 4.9. This circuit has two stages: a differential input stage and a subtractor
stage. The differential input stage presents high impedance to both inputs.

eo � (e2 – e1) �1 � 
R2

R1

 � 2
R2

R3

 �

eo � (e2 – e1) �1 � 
R2

R1
�

eo � e2 �1 � 
R2

R1
� – e1 �1 � 

R1

R2
� �R2

R1
�
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Figure 4.8 High input impedance differential amplifier
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Two coupled non-inverting amplifiers form the differential input stage.
This stage produces a differential output voltage in response to a differential
input signal. Assuming that the op-amps in the input stage take no current
at their input terminals, the same current must flow through the three resis-
tors (labelled R1 and R2). If we make the further usual assumption of negligible
voltage between op-amp input terminals then this current

Thus 

And 

The input stage has a differential output, given by:

(4.6)

Note that if e1 � e2 � ecm then eo
1

� eo
2

� ecm. The input stage passes
common mode input signals at unity gain. If the input stage used separately
connected follower circuits, these would pass both common mode and differ-
ential signals at the same gain. The advantage of a cross-connected differential
input stage, which is configured to provide some voltage gain, is that it
amplifies differential input signals but not common mode signals.

An isolated load, such as a meter, can be driven directly by the differen-
tial output from the input stage. This has a theoretically infinite CMRR
unaffected by resistor tolerance and the possibility of gain setting by means
of a single resistor value (R1). In practice CMRR is not infinite, because of
differences in the internal common mode errors of the two op-amps. Dual
op-amps can be used in this type of circuit, with the possibility of drift error

(eo1
 – eo2

) � (e1 – e2) �1 � 2 
R2

R1

 �

eo2
 � �1 � 

R2

R1
� e2 – 

R2

R1

 e1

eo1
 � �1 � 

R2

R1
� e1 – 

R2

R1

 e2

I � 
eo1

 – e1

R2

 � 
e1 – e2

R1

 � 
e2 – eo2

R2
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1 + 2
R2

R1

R4

R3
[e2– e1]eo=

eo1

eo2

Figure 4.9 High input impedance differential amplifier configuration
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cancellation (if the temperature drift coefficient on the two op-amps matches
and tracks).

Monolithic dual op-amps have the advantage of maintaining both op-amps
at the same temperature. However, despite the monolithic construction, the
op-amp parameters are not matched. Improved performance can be obtained
by using dual op-amp devices in which two separately matched op-amp chips
are assembled into a single dual-in-line package.

To drive an earth-referred load, a single ended output is required. The
differential output produced by the cross-coupled followers can be converted
into a single ended output by using the differential amplifier circuit of Figure
4.7, which uses a single op-amp. The overall CMRR obtained with a circuit
that uses three op-amps is greater than that of the single op-amp circuit, by
a factor equal to the differential gain of the input stage.

The resistor values in the single op-amp circuit should be well matched,
to give good common mode rejection. The input common mode range of
the circuits of Figures 4.8 and 4.9 is limited to that of the op-amps used in
the circuits. A differential input circuit configuration using two inverting
amplifiers (see Appendix A1, Figure A1.2) can be given a larger input
common mode range but with the disadvantage of lower input resistance in
the inverter configuration.

In the presence of large or potentially dangerous common mode signals,
consideration should be given to the use of an isolation amplifier.

The op-amp circuits considered up to now are suitable for scaling input
signal voltages. In many systems there is a need to scale the output from
current sources, such as light-sensitive diodes. Light-sensitive diodes provide
a reverse leakage current proportional to the light intensity at their pn junction.
The circuits considered in this section are designed to process an input
current, rather than an input voltage.

4.5.1 Current-to-voltage conversion

In Chapter 1, it was shown that an ideal op-amp could provide an ideal,
zero voltage drop, current-to-voltage conversion. There are two things that
must be considered: (1) the possibility of closed-loop instability and (2) the
reduction of drift errors that determine conversion accuracy.

(1) Closed-loop stability

In practice, the stability problem does not usually present too serious a diffi-
culty. An externally connected capacitor Cf (see Chapter 2) connected in
parallel with the scaling resistor Rf normally assures closed-loop stability.
The importance of offset is dependent upon the size of the current to be
measured and the processing accuracy required.

In Figure 4.10, an op-amp current-to-voltage converter is supplied with
signals by a current source. Stability is determined by the source capacitance.
Source capacitance causes a phase lag in the feedback signal at the higher
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4.5 Current scaling
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frequencies, which can lead to insufficient phase margin. Closed-loop stability
is most conveniently examined in terms of the appropriate Bode plots. The
Bode plot for 1/� is superimposed upon the open-loop Bode plot in order
to examine the frequency dependence of the magnitude and phase of the
loop gain (see Chapter 2).

The value of 1/� for the circuit of Figure 4.10 without the capacitor Cf

in the circuit is

(4.7)

This breaks up at the angular frequency �c � Cs(Rs//Rf). If this frequency
occurs before the frequency at which 1/� and AOL intersect, the two plots

1

�
 � �1 � 

Rf

Rs
� [1 � j�Cs (Rs // Rf )]
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without Cf

with Cf

Figure 4.10 Current-to-voltage converter–stability analysis
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will have a rate of closure of 40 dB/decade. This means that there may 
be insufficient phase margin. Note that at frequency �1 the phase shift in 
� is 	 � tan�1(�1/�c) and the phase margin in the circuit is 90° � 	 (see
Chapter 2). If Cf is connected in circuit it introduces a phase lead into the
feedback loop which offsets the lag due to Cs . With Cf in circuit, the value
of 1/� becomes

(4.8)

The (1/�) log(f ) plot breaks back at the angular frequency 1/(CfRf) and if
this frequency is suitably chosen the 1/� and AOL plots close at 20 dB/decade
thus ensuring an adequate phase margin. The closed-loop signal bandwidth
is fixed by the value used for Cf at the frequency f � 1/(2�CfRf).

(2) Conversion accuracy

In many practical applications of the current-to-voltage converter, Rs will be
greater than the value of the scale setting resistor Rf, making the value of
1/� approximately unity at low frequencies. If the impedance of the source
current is lower than Rf, the noise gain 1/� will be greater and the loop gain
smaller. Consequently, there will be a decrease in accuracy, and an increase
in drift error due to op-amp input offset voltage temperature dependence.

Offset and drift error may be estimated by applying the general method
outlined in Section 2.10.4. An expression for the total equivalent input offset
voltage is:

Eos � Vio � (Rf // Rs)Ib
�

This appears at the output multiplied by 1/�.

Output offset voltage � Eos(1 � Rf /Rs)

In order to assess accuracy this may be referred to the input (by dividing
by Rf) as an equivalent input error current.

Op-amp bias current is normally the main error component. The large resistor
values commonly used in current-to-voltage converters make the error due
to op-amp input offset voltage negligible. Initial offset can be zeroed using
a high value resistor, to feed a small adjustable current to the inverting input
terminal of the op-amp.

The temperature drift of the op-amp bias current is then the limiting factor
in determining accuracy. A low bias current op-amp should be chosen for
accurate measurements of small currents, e.g. a FET input type. Measurement
of currents in the pico-amp range requires particular attention to the avoid-
ance of stray leakage currents otherwise the performance capabilities of low
bias current op-amps cannot be realized (see Section 9.4).

Ios � �1 � 
Rf

Rs
� 

Eos

Rf

 � ± 
Vio

Rs //Rf

 � Ib
–

1

�
 � �1 �  

Rf

Rs
� �1 �  j� (Cs �  Cf) (Rs //Rf)

1 �  j�Cf Rf
�
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High value resistors are necessary to set the scaling factor in small current
measurements. Unfortunately, high value resistors tend to be less stable than
commonly available devices. Sensitivity of the circuit can be increased
without using very high value resistors by using a resistive T network as
shown in Figure 4.11, but note that this is at the expense of a decrease in
loop gain and an increase in offset and noise gain.

The transfer function for this circuit can be derived from consideration of
currents in the feedback loop; see Figure 4.12.

Negative feedback forces the op-amp’s inputs to be at the same (earth)
potential. A voltage at the output, eo, causes current Io to flow through R2

and the parallel combination of R1 and Rf. Thus:

(4.9)

Current Io flows through the parallel combination of R1 and Rf. The share
passing through Rf is equal to Iin, but with opposite polarity, since no current
flows into the op-amp’s inverting input. The current through Rf is given by:

Transposing this to find Iin in terms of Io, we get:

(4.10)

Combining equations 4.9 and 4.10, we get:

(4.11) eo � � Iin �R2 � Rf � 
R2Rf

R1
�

 eo � � Iin �R1 � Rf

R1
� [R2 � Rf]

eo � – Iin �R1 � Rf

R1
� �R2 � 

R1Rf

R1 � Rf
�

 Io � � Iin �R1 � Rf

R1
�

– Iin � Io � R1

R1 � Rf
�

eo � Io �R2 � 
R1Rf

R1 � Rf
�
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Figure 4.11 Resistive T network gives increased sensitivity without high
value feedback resistor

+
_

R1

R2

-Iin

Io Iin

Rf

eo

Figure 4.12 Current flow to
derive transfer function
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A current-to-voltage converter overcomes the problem of the finite resistance
of moving-coil meters when used for current measurement. Possible circuit
configurations are shown in Figure 4.13. Battery operation of the op-amp
allows non-earth referred measurements to be made as in Figure 4.13(c).
Note that equation 4.10 is used, except that Rf is replaced by R2 and �Io

becomes Im. What was R2 in Figure 4.11 is now the meter resistance, which
does not affect the transfer function.

–  Io � Im � Iin �R1 � R2

R1
� � Iin �1 � 

R2

R1
�
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(a)

(b)

(c)

Figure 4.13 Current measurement circuits. (a) Simple measurement. 
(b) Current measurement with increased sensitivity. (c) Current
measurement not referred to earth (battery supplies)
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4.5.2 Current summation

The basic current-to-voltage converter circuit of Figure 4.11 can be used to
sum currents to earth from separate signal sources. All that is required is to
add the extra input paths to the inverting input terminal of the op-amp. The
circuit shown in Figure 4.14 illustrates the principle. In order to ensure
adequate phase margin, the value required for the feedback capacity Cf is
now governed by the total capacitance to ground at the inverting input
terminal (Cs1

� Cs2
etc.).

4.5.3 Current difference-to-voltage conversion

Op-amps allow the measurement of current with no voltage drop in the
measurement circuit. Current is supplied to the inverting input terminal of
an op-amp and its non-inverting input terminal is earthed. The feedback
resistor provides a path for the current whilst the inverting terminal is held
at earth potential.

A current difference measurement requires the use of two op-amps in order
to satisfy the zero voltage drop criterion. The circuit shown in Figure 4.15
combines the summing property of one op-amp with a current inversion
performed by a second op-amp. Op-amp A2, with equal value resistors (R1)
connected between its output and its two input terminals, forces equal currents
to flow towards its two input terminals in order to maintain them at the same
potential. The inverted current I2 is supplied to the summing op-amp A1 via
a very high effective output impedance obtained as a result of the positive
feedback applied to amplifier A2.

In cases where a voltage intrusion into the measurement circuit is allow-
able, a single op-amp can be used to perform a current difference conversion.
The circuit shown in Figure 4.16 gives an output voltage that is proportional
to the difference in the two input currents, I1 and I2. Note that, in this circuit,
a voltage drop, V � I2R, is introduced into the measurement path. This
voltage drop represents a common mode input to the amplifier. Subtraction
of equal input currents requires accurate matching of resistor values.
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Figure 4.14 Current summing circuit
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Some loads require a current drive rather than a voltage drive. In such cases,
an op-amp circuit configuration is required that will give a linear voltage-
to-current conversion. Voltage controlled current sources are very useful in
a variety of measurement applications, such as resistance measurement. They
can also be used to drive inductive loads for the production of controlled
magnetic fields.

There are several ways in which an op-amp may be used to produce a
voltage-to-current conversion. The circuit configuration adopted is determined
by the operating requirements of the load. For example, is the load to be
earthed or can it float, is a unidirectional or bi-directional current drive
required?

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

Applications: linear circuits 99

Figure 4.15 Current difference-to-voltage conversion

Figure 4.16 Single op-amp for current difference-to-voltage conversion

4.6 Voltage-to-current
conversion
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4.6.1 Voltage-to-current converters – floating load

The simplest current-to-voltage converter circuits are those for which the
load is allowed to float. Basic inverting and non-inverting voltage-to-current
converters are illustrated in Figure 4.17. In each case the ideal performance
equation, I � ein/R1, follows directly from the usual ideal op-amp assump-
tions. In the inverting configuration the input signal source must supply a
current equal to the load current. In the non-inverting circuit, negligible
current is drawn from the signal source but common mode limitations and
errors must be considered.

In all voltage-to-current conversions, the op-amp used in the circuit must
be capable of providing the desired maximum load current. Also, the output
voltage that is required for maximum load current must not exceed the op-
amp’s rating. Remember that some form of booster circuit (see Chapter 9)
can always increase op-amp output limits.

Inductive loads (coil driving) require particular attention, in terms of the
op-amp’s maximum output limits and in achieving closed-loop stability. An
inductive load introduces an extra phase lag in the feedback loop. This can
lead to an inadequate phase margin, even when the op-amp used in the circuit
is frequency compensated for unity-gain operation. Closed-loop stability can
often be achieved by connecting a resistor in series with the inductive load,
and by adding a lead capacitor directly between op-amp output and phase
inverting input. Bandwidth is inevitably limited by these added components.

4.6.2 Voltage-to-current converters – earthed load

Simple circuits can be used for current drive of an earthed load provided
that either the controlling input signal voltage or the power supplies to the
op-amp can be floated. The input signal must float in the circuit of Figure
4.18. Negative feedback forces the differential input terminals of the op-amp
to be at the same potential and in doing so produces a voltage across the
resistor R that is equal to ein. The current through R, except for the small
op-amp bias current, passes through the load, and there is negligible loading
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Figure 4.17 Simple voltage-to-current converter load floating
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of the input voltage signal. Note that the voltage that appears across the load
represents a common mode input voltage to the amplifier and common mode
limitations and errors must therefore be considered.

4.6.3 Voltage-to-current converter – earthed load and power supplies

The circuit shown in Figure 4.19 can be used to supply a bi-directional
current to an earthed load.

In the circuit of Figure 4.19, the current is controlled directly by a single
ended input voltage. Making use of the usual ideal op-amp assumptions, we
can derive the ideal performance equation for the circuit. Thus the signal at
the inverting input terminal is:

e– � ein 
R2

R1 � R2

 � eo 
R1

R1 � R2
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Figure 4.18 Voltage-to-current converter floating signal source

Figure 4.19 Voltage-to-current converter (earthed load and power supplies)
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and the signal at the non-inverting input is:

It is assumed that [R3 � R4] >> R5//RL. The op-amp forces e� � e�. Resistor
values are chosen so that R2/R1 � R3/R4. Making these substitutions the
performance equation simplifies to:

The offset error for the circuit when referred to the signal input is:

where Eos � ±Vio � Ib
�Rs

� � Ib
�Rs

� (see Chapter 2).
The load current is supplied by very high effective impedance. The value

of this impedance depends upon accurate matching of resistor ratios in the
circuit. Accurate matching of resistor ratios provides stability of load current
against fluctuations in load impedance. Trimming the value of resistor R4

(by the use of a small potentiometer in series with it) allows the circuit to
produce near constant output current with variations in load. A preferable
alternative to a trimming potentiometer would be to use close tolerance (<< 1
per cent) metal film resistors.

4.6.4 Unidirectional current sources and sinks

The voltage-to-current sources considered so far have provided a bi-directional
output current. Unidirectional current sources can be formed using a simple
circuit comprising a transistor, a resistor and an op-amp, as shown in Figure
4.20.

Vin(offset) � Eos �1 � 
R1

R2
�

Io � – 
einR2

R5R1

e� � [eo – IoR5] 
R4

R3 � R4
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Figure 4.20 Current source and sinks
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Resistor R1 is a current sensing resistor. Feedback around the op-amp forces
the current through resistor R1 to take on a value such that I1R1 � ein. The
current I1 is the emitter current of the transistor, less the very small bias
current of the op-amp. The collector current of the transistor, which is almost
equal to its emitter current, forms the stable output current to the load.

Output currents greater than the capability of the op-amp are possible, since the
op-amp need only supply the output transistor’s base current. A current limit is
set by transistor saturation caused by the voltage that appears across the load.

Departure from linearity in voltage-to-current conversion is likely at low
current levels. This is because the gain of a bipolar transistor falls at low
values of collector current. The linearity dependence on transistor current gain,
exhibited by the current sources of Figure 4.20, can be overcome by using a
FET in place of the bipolar transistor. However, output current is then limited
to the Idss of the FET. The output current limit can be overcome by combining
an n-channel FET and a bipolar npn transistor as shown in Figure 4.21.

Io � 
 �ein ± Vio

R1

 �  Ib�
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Figure 4.21 Precise current sink

In the circuit given in Figure 4.21, virtually all the current through the
sensing resistor R1 flows as output current. The only error contributions being
the very small gate leakage current and the op-amp bias current.

A simple voltage regulator is shown in Figure 4.22. This uses an op-amp 
to drive the base of a power transistor, to turn on the transistor and pass current
from the input (Vin) to the output (Vout). The accuracy of the output voltage
depends upon both the gain of the op-amp and the transistor, as well as the
reference voltage Vref. This reference voltage is applied to the non-inverting
input of the op-amp. A potential divider, comprising R1 and R2, applies a 

4.7 Voltage regulators
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fraction of the output voltage to the inverting input of the op-amp. The output
voltage is stable when the feedback voltage equals the reference voltage. 

The output voltage equals the reference voltage (developed across R1) plus
the voltage drop across R2. The current through R2 is VREF/R1, therefore:

This simplifies to: 

Integrated circuit voltage regulators are popular, because they have current
limiting outputs and over-temperature shutdown circuits built into them. One
such regulator is the LM317, which is produced by a number of manufac-
turers. This uses external resistors to set the output voltage and a typical
circuit is shown in Figure 4.23. The reference voltage is a band-gap refer-
ence set at 1.25 V. Resistor R1 is usually set at 240 �, to give a nominal
5 mA through the potential divider R1 and R2. This level of current over-
comes any errors due to small current leakage out of the LM317 reference
terminal. The output voltage is given by the equations above.

VOUT � VREF �1 �
R2

R1
�

VOUT � VREF � R2�VREF

R1
�
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R1

R2

Vref

Vin Vout

Ground (0V)

Vout+ 0.6V–
+

Figure 4.22 Simple voltage regulator

–
+

Vref
1.25V

Vin
Vout

Reference

Vout+ 0.6V

LM317

R1

R2

Ground (0V)

C1

C2

Figure 4.23 Standard LM317 voltage regulator circuit
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Capacitors C1 and C2 connected from the input and output terminals to ground
are necessary to prevent oscillation. 

The disadvantage of the LM317 type of regulator is that the device needs
at least 3 V between the input and the output in order to provide power to
the internal circuits. Fixed voltage regulators are slightly better in this regard
because their internal circuits are able to use the higher potential difference
between input and ground. However, in a fixed voltage regulator with an
integral output driving NPN transistor, the minimum potential difference
between Vin and Vout must be about 1 V. This is because the base of the
NPN transistor must be at least 0.6 V above the output voltage and a frac-
tion of a volt will be dropped across the op-amp output stage.

A modification to the simple regulator circuit is given in Figure 4.24. This
uses a PNP transistor Q1 to drive the output and a second PNP transistor Q2

to buffer the op-amp output. The op-amp output is held at about Vin � 1.2 V.
Note that the input terminals of the op-amp are reversed, compared to the
regulators shown in Figures 4.22 and 4.23. If the voltage at the junction of
resistors R1 and R2 is higher than Vref, the output of the op-amp goes posi-
tive, reducing the base current through transistor Q2, which in turn reduces
the base drive to transistor Q1. This circuit arrangement allows the minimum
voltage between Vin and Vout to become very low (about 0.2 V). This is because
the transistor base drive from the op-amp is relative to Vin, instead of Vout.
The maximum voltage across a voltage regulator is usually limited to 
37 V � 60 V.
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–
+

R1

R2

Vref

Ground (0V)

Vin–1.2V

Q2

Q1Vin Vout

Figure 4.24 Simple low drop-out (LDO) regulator

However, increasing the working voltage range of a regulator is possible using
a high voltage depletion mode MOSFET. The circuit shown in Figure 4.25 has
the MOSFET Q1 preceding the regulator IC1. The drain of Q1 is connected to
the high voltage supply, the source is connected to IC1 input and the gate is
connected to IC1 output. A depletion mode MOSFET conducts between drain
and source until a voltage that is about 3 V negative, with respect to the source,
is applied to the gate. This means that if the regulator has more than about 3 V
dropped across it, the MOSFET conduction decreases and a greater proportion
of the applied voltage is dropped across the MOSFET. However, heat dissipa-
tion limits the current that can be supplied from such a circuit, because most
of the power is dissipated by the MOSFET. The LR8 high voltage regulator
from Supertex uses this technique to allow supply voltages of up to 450 V.
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Figure 4.26 Phase inverting AC amplifier

Op-amps are basically high gain DC amplifiers, but they are often used in
applications not requiring a DC response. When used for AC amplification,
DC blocking capacitors are placed in the signal path. The op-amp offset and
drift specifications are not as important in AC applications, and are often
ignored. Operation from a single rail supply is often used, with mid-rail
biasing, to avoid the need for separate positive and negative power supplies.

4.8.1 Phase inverting AC amplifier

Figure 4.26 illustrates the basic inverting amplifier with a capacitor C1 con-
nected in series with the input resistor. Bias current to the inverting input
terminal of the op-amp is supplied through the feedback resistor R2. The gain
of the amplifier is R2/R1, with the low frequency 3 dB fall in gain occurring at
f�3 dB � 1/(2�C1R1). The upper frequency limit of this circuit will depend on
the compensated open-loop frequency response of the particular op-amp used.
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Q1

R1

R2

Vin Vout

Ground (0V)

LM317

C1

C2

d   s

g

IC1

Figure 4.25 High voltage regulator

4.8 AC amplifiers

4.8.2 Non-inverting AC amplifier

The circuit illustrated in Figure 4.27 is basically a non-inverting amplifier,
with the addition of DC blocking capacitors and the DC bias path R3. The
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Figure 4.27 Non-inverting AC amplifier

closed-loop gain of the circuit is 1 � (R2/R1). The closed-loop low frequency
response will show two breaks at f1 � 1/(2�C1R1) and f2 �1/(2�C2R3). Bias
resistor R3 determines the input impedance of the circuit.

4.8.3 High input impedance AC amplifier (bootstrapped input)

The non-inverting amplifier, being a voltage follower, is intrinsically capable
of high input impedance. Input impedance in the simple follower of Figure
4.27 is reduced by the need to provide a DC bias path (R3). In the circuit
illustrated in Figure 4.28, high effective input impedance is obtained because
of positive feedback applied via R2, C1 and R1 to the ‘earthy’ end of R3. The
technique of raising the apparent value of an impedance by driving its low
potential end with a voltage in phase with, and almost as large as, the voltage
at its high potential end is known as ‘bootstrapping’. The effective value of
R3 is increased by a factor equal to the loop gain.

Figure 4.28 High input impedance AC amplifier

4.1 In the circuit shown in Figure 4.6, input signals e1, e2 and e3 are applied
through input resistors 100 k�, 47 k� and 10 k� respectively. The feed-
back resistor has a value 100 k�. Write down the ideal expression for

Exercises
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the output signal. If the operational amplifier is assumed ideal except
for a finite open-loop gain of 80 dB what is the percentage error involved
in the output sum?

4.2 An internally frequency compensated operational amplifier has an open-
loop gain 100 dB, unity-gain frequency 4 � 106 Hz, input offset voltage
2 mV and bias current 100 pA. It is used in the circuit of Figure 4.2,
with R1 � 1 M�, Rf � 1 M�, R3 � 1 k�, R2 � 100 k�. Find: (a) the
signal gain, (b) 1/�, (c) the closed-loop bandwidth, (d) the output offset.
(Hint, consult Sections 2.4 and 2.9.3.)

4.3 Resistors R1 � 10 k�, R2 � 1 M�, with tolerance 1 per cent are used
in the circuit of Figure 4.7. The operational amplifier has AOL � 100 dB,
CMRR � 80 dB, unity-gain frequency f1 � 106 Hz, input offset voltage
Vio � 2 mV, input difference current Iio � 50 nA. Find:
(a) the worst case CMRR of the circuit (use equations 4.3 and 4.4);
(b) the closed-loop bandwidth (consult Section 2.5);
(c) the output offset.
(Hint, consult Section 2.9.3.)

4.4 Resistors R1 � 1 k�, R2 � 100 k�, of 2 per cent tolerance, are used
in the circuit of Figure 4.8. What is the worst case CMRR of the circuit
due to resistor mismatch? If the operational amplifiers have an open-
loop gain bandwidth product of 4 � 106 Hz, what is the closed-loop
signal bandwidth? (See Section 2.4.)

4.5 An internally frequency compensated operational amplifier with unity-gain
frequency 106 Hz is used as a current-to-voltage converter and is supplied
by a current source of very high internal resistance and capacitance Cs �
5 pF. A feedback resistor of value 1 M� is used. Initially no feedback
capacitor is connected, but the circuit is found to be very lightly damped.
Explain this fact and estimate the phase margin in the circuit.

The problem of the lightly damped response is overcome by connect-
ing a capacitor of value 10 pF in parallel with the feedback resistor.
Explain the action of this capacitor and estimate the phase margin and
signal bandwidth with the capacitor connected. Illustrate your answer
with appropriate Bode plots. (Consult Sections 4.5.1 and 2.5.)

4.6 A current-to-voltage converter has a feedback resistor of value 1 M�.
Initial offset in the circuit is balanced by means of an adjustable current
bias supplied through a resistor of value 10 M�. Assuming a temperature
change of 10°C, estimate the smallest current which can be converted
with an error no greater than 1 per cent:
(i) (a) using a bipolar transistor input operational amplifier with

�IB/�T � 1 nA/°C and �Vio/�T � 10 
V/°C; (b) using a FET
input operational amplifier with IB � 50 pA, doubling for a 10°C
rise in temperature and �Vio/�T � 40 
V/°C. Assume the input
signal source has a resistance Rs � 10 M�.

(ii) Repeat the question assuming a source resistance Rs � 100 k�.
(Hint, consult Section 4.5.1.)
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5 Logarithmic amplifiers and
related circuits

In Chapter 4, amplifier circuits were described that had a linear and frequency
independent relationship between input and output. This relationship arose
because of the use of linear resistors for input and feedback components.
Later, Chapter 6 will describe circuits that use reactive components to give
frequency dependent relationships. This chapter discusses the use of non-
linear components to give non-linear relationships.

Non-linear circuits find many applications in signal processing. In partic-
ular, logarithmic (log) amplification has many uses; principally to increase
the voltage range of signals that can be handled. Conversely, a power law
(anti-log) relationship allows an expansion of a narrow range of voltages.
Operations such as multiplication, division, and the taking of powers or roots
may also be performed using log and anti-log circuits.

Defined non-linear amplification requires defined non-linear element char-
acteristics to produce the desired input–output relationship (or transfer
function). In the general case, a non-linear element may comprise one or
many non-linear components.

The non-linear element is connected as either the input or feedback path
in an op-amp circuit. In Figure 5.1 a non-linear element is shown replacing
the normal input resistor used in the inverting amplifier circuit.

The usual summing point restraints applied to the circuit give:

Ii � f(ei) and Ii � If � �eo/R

Thus eo � �Rf(ei)
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Figure 5.1 Op-amp with non-linear input path
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In Figure 5.2, the positions of resistor and non-linear element are inter-
changed. The op-amp output voltage drives the non-linear element and the
feedback current is thus related to the output voltage in the defined non-
linear manner.

If � �f(eo)

and Ii � If � ei/R

Thus eo � �f�1(ei/R)

The circuit develops the required inverse function f �1.
The main problem is finding a component that has the desired non-linear

characteristic. Such components are required to show this non-linear char-
acteristic over the widest possible range of current. They should also be
insensitive to temperature changes.

The techniques used to achieve non-linear amplification generally fall into
two categories. In one method, the desired non-linear response is synthesized
by a network using a number of semi-linear elements (piecewise linear). The
other method makes use of the inherent non-linearity of semiconductors.

In graphical terms, any non-linear function can be approximated by a series
of straight-line segments, each tangential to the desired function. The process
is illustrated by the graph in Figure 5.3 in which the currents are:

I1 � k1(ei � e1), for ei > e1;

I2 � k2(ei � e2), for ei > e2;

I3 � k3(ei � e3), for ei > e3; etc.

In the circuit shown in Figure 5.3, the break points, e1, e2, e3, . . ., etc. are
each set by a diode, a resistive divider, and a reference voltage supply. The
input voltage is connected to these networks. The reference voltage polarity
and the diode orientations shown are appropriate to a positive input signal.
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Non-linear element

Figure 5.2 Op-amp with non-linear feedback path

5.2 Synthesized 
non-linear response
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Diode D1 becomes forward biased when the input voltage exceeds the first
break point e1 � Eref (Ra1

/Rb1
). Feedback from the amplifier output, through

the resistor R, holds the inverting input terminal of the amplifier at earth
potential. Neglecting the diode voltage drop, the current through diode D1

for values of the input voltage greater than the first break voltage e1 is thus

Similar reasoning gives the values of the currents through D2, D3, . . ., Dn, as

The values for the break voltages are given by

en � Eref 
Ran

Rbn

 

In � 
1

Ran

 (ei – en)

I1 � 
1

Ra1

 (ei – e1)
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Figure 5.3 Synthesized non-linear response
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The slopes of the straight-line segments used to approximate the desired
function are

Negative input signals may be handled by using additional input networks,
with diode and reference voltage polarities reversed. Non-monotonic func-
tions can be generated by the use of an additional op-amp to invert the
polarity of the input signal. Input networks with appropriate diode and refer-
ence voltage polarities must follow the op-amp.

This simple treatment has neglected diode voltage drops. Practical diodes
exhibit a non-zero forward voltage drop with the added complication of
temperature dependence. By using additional op-amps, diode effects can be
reduced to negligible proportions and give break point voltages that change
insignificantly with temperature. The circuit shown in Figure 5.4 illustrates
a method of reducing diode effects.

The op-amp diode combinations used in the input network act essentially
as precision rectifiers (see Chapter 8). Break point voltages are determined
by Eref, resistors Rc and resistors Rb1

, Rb2
, . . ., Rbn

, and

The slopes of the line segments are determined by resistors Re1
, Re2

, . . . , Ran
, and

The circuit shown in Figure 5.5 illustrates another method of producing
temperature stable break points. The external transistors should all be of the
same type and have a high current gain.

In the circuit of Figure 5.5, the gain for small output signals is R2/R1.
Transistors Tr2 and Tr3 are conducting, but feed back very little current to
the amplifier summing point. When the output voltage rises to a certain level
(set by R3, R4 and Vs), transistor Tr2 saturates and effectively connects R3

in parallel R2. This makes the gain of the circuit reduce to:

When the output voltage rises further, to a level set by R5, R6 and Vs, satu-
ration of transistor Tr3 occurs and connects R5 in parallel with R3 and R2.
The gain is thus reduced further to:

Temperature compensation is achieved in the circuit by the inclusion of tran-
sistors Tr1 and Tr4. Transistor Tr1 is used to temperature compensate the
base-emitter voltages of Tr2 and Tr3. This arrangement keeps the voltage

Gain � 
R2 // R3 // R5

R1

 

Gain � 
R2 // R3

R1

 

Sn � R � 1

Ra2

 � 
1

Ra2

 � . . . � 
1

Ran

�

en � Eref 
Rc

Rbn

 

Sn � R � 1

Ra1

 � 
1

Ra2

 � . . . � 
1

Ran

�
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across the feedback resistors R3 and R5 equal to the output voltage across
the feedback resistor R2. Transistor Tr4 is used to provide temperature
compensation for change in saturation voltage of the transistors Tr3 and Tr2.

The non-linear effects of diodes and transistors are often used to obtain loga-
rithmic amplification. The logarithmic performance obtained using an op-amp
with non-linear components is influenced by the characteristics of both the
amplifier and the non-linear component. Therefore, an understanding of accu-
racy limitations requires some knowledge of the non-linear component.
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Figure 5.4 Non-linear amplifier, break points stabilized

5.3 Logarithmic
conversion with 

an inherently
logarithmic device
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Shockley’s first order theory for a single pn junction gives the relationship

(5.1)

where:
I is the current through the junction (A),
Io is the theoretical reverse saturation current (A),
V is the voltage across the junction,
q is the magnitude of the electronic charge (1.6 � 10�19 C),
k is Boltzmann’s constant (1.38 � 10�23 J/K) and
T is the temperature in Kelvin.

Substituting values of constants gives kT/q ~ 26 mV at 27°C; thus for values
of V greater than say 100 mV the exponential term in equation 5.1 predom-
inates and we may write:

(V > 100 mV)

Now, by taking natural logarithms:

hence 

To give this result in terms of logarithms to base 10, i.e. log(I/Io), we use
the mathematical relationship log(x) � ln(x)/ln(10), where log(x) is to the
base 10.

V � 
kT

q 
 ln� I

Io
� 

ln� I

Io
� � 

qV

kT

I � Io e
qV/kT

I � Io (e
qV/kT – 1)
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Figure 5.5 Non-linear amplifier with temperature compensated break
points
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Thus, 

Note that ln(x) � 2.3 log10(x), because ln(10) � 2.3.
In terms of diode junction voltage, we have:

(5.2)

According to equation 5.2, a plot of log(I) against V gives a straight line 
of slope 2.3 kT/q volts per decade of current change. (Note the factor
2.3 kT/q ~ 60 mV at 27°C.)

A diode, which is assumed to obey equation 5.2, is shown connected as
the feedback element in the circuit illustrated in Figure 5.6.

Referring to the circuit in Figure 5.6, and assuming ideal op-amp perform-
ance:

or (5.3)

The input current in the circuit shown is I � ei/R. In the derivation of equa-
tion 5.3 we neglect the loading effect of the current, I, on the resistive divider
R1 and R2. This divider is used to set a convenient scaling factor. The
60 mV/decade current change is a somewhat inconvenient factor, and a
1 V/decade scaling factor is usually preferred.

The circuit given in Figure 5.6 is attractively simple but is unfortunately
rather limited in performance. Even assuming the availability of diodes that
accurately obey equation 5.1, there remains the problem of temperature depen-
dence. The scaling factor of 2.3kT/q is linearly dependent on temperature,
with a positive coefficient of 0.3 per cent/K. This temperature dependence

eo � – 2.3 
kT

q
 log10� I

Io
� �R1 � R2

R1
�

V � 
–R1 eo

R1 � R2

 � 2.3 
kT

q
 log10 � I

Io
�

V � 2.3 
kT

q
 log10 � I

I10
�

log10 � I

Io
� � 

ln� I

Io
�

ln(10)
  and  ln(10) log10 � I

Io
� � ln� I

Io
�
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Figure 5.6 Log amplifier with a diode as log element
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can be compensated by replacing resistor R1 with a temperature sensitive
resistor, having a temperature coefficient closely matched to the scaling factor.

Most diodes do not accurately obey equation 5.1. The derivation of this
equation is based upon a single diffusion mechanism of current flow. There
are actually several mechanisms operating and diode current is more accu-
rately represented as the sum of several (N) components. The current
components each have the form

j � 1, 2, . . ., N

where mj can take values between 1 and 4.
A typical example of V/log(I) plots for general-purpose silicon diodes is

shown in Figure 5.7. The two straight lines in this case have slopes corres-
ponding to values of m equal to 1.78 and 1.55.

The resistance of bulk semiconductor material causes errors in the loga-
rithmic relationship. The voltage across a diode is that across the junction
and the internal resistance. At higher currents, the voltage drop across this
resistance becomes significant, hence only a fraction of the total diode voltage
appears across the junction.

The above factors make general-purpose diodes unsuitable for accurate
logarithmic conversion, except over a restricted range (three decades of
current at the most). Temperature compensation requires the selection 
of matched diodes (matched m factors), and this presents an added difficulty.

Ij � Ioj (e
qV/mjT – 1)
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Figure 5.7 Typical V/log(I) plot for a general-purpose diode
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So-called ‘log diodes’ are available which are said to exhibit a 7-decade
current logarithmic range, but they are expensive. Transistors, which we will
now consider, appear to be the most convenient elements for accurate loga-
rithmic conversion.

A bipolar transistor consists essentially of two interacting pn junctions;
the circuit symbol and a simple model for an npn transistor are illustrated
in Figure 5.8. The collector current of a transistor can be accurately repre-
sented by the equation

(5.5)

where:
�F is the current transfer ratio between emitter and collector; it is very

nearly unity,
ICS is the collector reverse saturation current with the emitter shorted to the

base,
IES is the emitter reverse saturation current with the collector shorted to the

base,
mj is the ideality factor that takes on values between 1 and 2 for silicon

transistors and up to 10 for III–V materials, and
j is the number of the current path (1, 2, . . ., N).

The sign convention adopted is shown in Figure 5.8. Equation 5.5 is appropri-
ate for an npn transistor, the senses of VS and IS being reversed for a pnp device.

The first term in equation 5.5 represents that part of the emitter current,
comprised of minority carriers in the base, which diffuses to the collector.
The second and third terms are analogous to the diode current equations
(equations 5.1 and 5.4); they give the collector current for the emitter shorted
to the base.

The adoption of a circuit configuration which makes VC � 0 causes all
but the first term in equation 5.5 to become zero and the collector current
is then given by the equation

(5.6)

This is analogous to the ‘ideal’ diode relationship of equation 5.1.
Note that the m ≠ 1 components of collector current become zero. The

emitter (m ≠ 1) current components behave largely as majority carriers in the

Ic � �F IES (e–qVE /kT – 1)

Ic � �F IES (e–qVE/kT – 1) – ICS (e–qVC/kT – 1) – � ICSj
 (e–qVC/mjT – 1)
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Figure 5.8 Simple transistor model and sign conventions
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base and as such do not diffuse to the collector. IES is typically of the order
10�13 A and �F is very nearly unity. For values of collector current IC >> IES

the exponential term in equation 5.6 predominates. Under these conditions,
the following relationship holds:

(5.7)

where Io � �FIES.
Note that �F should not be confused with the commonly used grounded

base current gain � � IC/IE. The value of �F remains essentially constant
over the range of collector currents for which equation 5.7 is valid.

The VC � 0 condition may be obtained by connecting the collector of the
transistor to the summing point of an op-amp, and the transistor base is
connected to earth. This connection is made in the circuit shown in Figure
5.9. The circuit illustrates the so-called transdiode (Patterson diode) loga-
rithmic configuration. The amplifier output terminal is connected to the emitter
and provides the driving voltage (eo � VE).

The transdiode configuration of Figure 5.9 is capable of the widest 
range of logarithmic (log) conversion of input current. Accurate log conver-
sion requires that �F remain constant over a wide range of current values.
Silicon planar transistors have this characteristic and can have a range of up
to 10 decades. The upper end of the useful current range is determined by
semiconductor bulk resistance effects and is usually between 1 mA and
10 mA.

The earthed base used in the transdiode configuration has two disadvant-
ages. It allows only single polarity input signals; the reverse polarity requires
the use of a complementary transistor type. Also, the transistor has a frequency
dependent gain and, since it is connected inside the feedback loop, this intro-
duces closed-loop stability problems.

An alternative arrangement is illustrated in Figure 5.10. In this circuit the
collector and base are connected together and the transistor acts as a diode.

– VE � 2.3 
kT

q
 log �IC

Io
�
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Figure 5.9 Logarithmic amplifier, transdiode configuration

AMPLIFIERS 05  2/6/03  6:10 PM  Page 118



The circuit in Figure 5.10 is not capable of such a wide range as the trans-
diode circuit, but in many respects it is more versatile. Since it is a two-
terminal device, its polarity can be reversed to allow a reversed input polarity.
Several diodes may, if required, be connected in series for greater output
voltages. Since the transistor produces no gain when connected as a diode,
closed-loop stability is achieved.

In the diode configuration the feedback current (If) is not exactly equal to
the collector current (IC). But,

If � IC � IB

� IC(1 � 1/hFE)

where IB � IC/hFE is the base current drawn by the transistor and hFE is the
common emitter DC current gain. Equation 5.7 becomes

(5.8)

Transistors with a large value of hFE should be used in order to reduce the
error term. The fall in hFE, which occurs at low current levels, sets the lower
level of the input current at which the configuration departs significantly
from logarithmic accuracy. The logarithmic range obtainable is typically
within the range 10�3 A to 10�9 A.

The curves illustrated in Figure 5.11 show the logarithmic characteristics
of diode connected type 2N3707 transistors. The curves show the typical
upper and lower limits of logarithmic range.

A third transistor logarithmic configuration, which is sometimes used, is
illustrated in Figure 5.12. The most useful feature of this connection is the
reduced loading on the op-amp output (only a small base current is required).
Disadvantages of the circuit are the lack of reversibility, the separate supply
for the collector, and a reduced logarithmic range.

�eo � �VE � 2.3 
kT

q
 log �

Ii

�F IES

 
1

1 � 
1

hFE

 �

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

Logarithmic amplifiers and related circuits 119

Figure 5.10 Log amplifier, diode connected transistor
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The current fed back to the op-amp summing point is the emitter current
of the transistor (npn) which is given by equation 5.9.

(5.9)

Where �R is the reverse current gain of the transistor (�R ~ 0.2).
The collector is usually taken to a reverse bias of order 1 V. This gives

Vc ≠ 0 and the first term in the equation contributes a small error. A more

IE � �RICS(e–qVC /kT – 1) – IES(e–qVE /kT – 1) – �IESj(e
–qVE /mkT – 1)
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Figure 5.11 Logarithmic characteristics of diode connected transistors
(type 2N3707)

Figure 5.12 Log amplifier, transistor connection
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significant error is contributed by the mj ≠ 1 components of current repre-
sented by the third term of the equation. The useful logarithmic range with
this configuration is typically within the range 10�5 A to 10�8 A.

We will now look at practical considerations for logarithmic amplifiers. A
more general treatment of practical considerations for op-amp circuits is
given in Chapter 9.

The following are some of the more important points requiring attention
in a practical logarithmic converter:

(1) The designer must ensure closed-loop stability. The method used to
achieve this may affect the output slew rate, so this must be considered.

(2) Offsets must be balanced out if the full capability of the op-amp is to
be exploited. The logarithmic range is usually determined by op-amp
offsets, rather than by the logarithmic range of the transistor. The relative
importance of voltage and current offset is determined by the magnitude
of the source resistance (see Chapter 2).

(3) The transistor must be protected against possible damage caused by acci-
dentally applying a reverse polarity voltage.

(4) A means of temperature compensating the logarithmic transistor must be
employed, unless the circuit is going to be used in a temperature controlled
environment.

5.4.1 Closed-loop stability

Chapter 2 discussed amplifier stability. Stable (non-oscillatory) closed-loop
operation requires that the loop gain (�AVOL) should be less than unity at
frequencies where the phase shift around the loop reaches 180°. The condition
implies that, on a Bode plot, the intersection of 1/� and AVOL should occur
with a rate of closure of less than 40 dB/decade.

In the feedback circuits considered so far we have assumed the feedback
fraction � to be determined by purely resistive components. This makes 1/�
real at all frequencies and never less than unity. Under these conditions, an
op-amp open-loop response characterized by a 20 dB/decade roll-off, down
to unity gain, ensures closed-loop stability for all values of input and feedback
resistors.

In practical circuits, the 20 dB/decade roll-off does not always ensure closed-
loop stability. Stray capacitance between the op-amp’s summing point and
earth causes a phase lag in the feedback fraction � at the higher frequencies.
This produces a corresponding phase lead in 1/�. Capacitance at the op-amp
output can cause an additional phase lag. Both effects can lead to instability.

The problem of stability in logarithmic amplifiers is further complicated
by the non-linear nature of the feedback. The feedback is greater, and there-
fore 1/� is smaller, at the higher input currents. In examining stability criteria,
it is convenient to assume an op-amp with a finite open-loop gain with a
20 dB/decade roll-off down to unity gain. The effects of other departures
from the ideal op-amp are initially neglected.
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5.4 Logarithmic 
amplifiers: practical

design considerations
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Since the feedback fraction � is dependent on the operating current, we
examine stability in terms of a small-signal feedback ratio. The small-signal
feedback ratio �ef /�eo is assumed to be defined about some DC operating
current IC. Referring to the circuit shown in Figure 5.13, the current fed back
to the op-amp summing point (If) is equal to the collector current of the
transistor (IC).

Assuming a predominance of the exponential term in equation 5.6 we may
write this equation as

(5.10)

Differentiating equation 5.10 with respect to eo gives the small signal feed-
back resistance rE.

Thus

And (5.11)

Note that for an operating current of 1 mA, the transistor’s intrinsic emitter
resistance rE � 25 	, but when the operating current is, say, 1 nA, rE � 25 M	.
A change in the output voltage �eo results in a change in the feedback current
�If � ��eo/rE. This in turn causes a change ��IfZ1 in the voltage fed back

rE � 
kT

qIf

 �  
1

40If


If


eo

 � 
–qIf

kT
 � – 

1

rE

If � �F IES e–qeo /kT 
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Figure 5.13 Bode plot for transdiode configuration
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to the op-amp summing point. We may thus write the value of the small-
signal feedback ratio as

� � Z1/rE (5.12)

Z1 is the impedance between op-amp summing point and earth. In Figure
5.13, Z1 � R1/(1 � j�C1R1) where C1 is the total capacitance between op-
amp summing point and earth. C1 is taken to include the capacitance between
the collector and base of the transistor. The shunting effect of the collector
output resistance is neglected.

Substituting for Z1 gives

1/� � rE(1 � j�C1R1)/R1 (5.13)

Note that, at the higher operating currents, it is possible for 1/� to be consid-
erably less than unity (rE < R1). This feature is peculiar to the transdiode
configuration; in other feedback circuits the lower limit of 1/� is unity.
Remember that in the transdiode configuration the transistor acts as a common
base amplifier for feedback signals and, as such, it can provide a voltage
gain which is greater than unity.

Values of 1/� for different operating currents are shown in Figure 5.13.
For the purpose of the discussion, component values are chosen to simplify
the arithmetic. The op-amp is assumed to have a unity-gain bandwidth product
of 107/(2�) Hz. We see immediately that the circuit fails to satisfy the closed-
loop stability criterion for operating currents greater than 1 
A.

One solution to the stability problem is to connect a capacitor C2 between
the op-amp output terminal and the summing point. This capacitor and rE

cause a break in the Bode plot at an angular frequency �2 � 1/(C2rE). This
causes attenuation in the value of 1/�. But remember that the value of rE

depends on the level of the operating current.
The magnitude of C2 required to ensure closed-loop stability at the higher

operating currents places a severe restriction on the bandwidth and output
slew rate at the lower levels of operating current. For example, to make 
�2 � 106 rad/s at an operating current of 1 mA requires a value of C2 equal
to 0.04 
F. This value of C2 makes �2 � 1 rad/s at an operating current 
of 1 nA, this has a time constant of 1 s.

Another practical difficulty arises because of the finite open-loop output
impedance of the op-amp. This inevitably causes a reduction in open-loop
gain when the amplifier is used to supply a low value load resistor. At an
operating current of 1 mA, the transistor’s intrinsic emitter resistance is 
rE � 25 	; such a small value is likely to have a marked effect on the gain-
bandwidth product of the amplifier.

A remedy is to connect a resistor RE in series with the emitter of the tran-
sistor. In addition to reducing the loading on the op-amp’s output, the
introduction of RE allows the use of smaller values for C2. This in turn gives
the system a wider bandwidth and an increased slew rate at the lower levels
of input current. The arrangement is illustrated in Figure 5.14.

Closed-loop stability is again conveniently examined in terms of a small-
signal value of the feedback fraction �. Referring to Figure 5.14,
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ef is the feedback voltage developed between the amplifier summing point
and earth.

�ef � � �IfR1/(1 � j�C1R1)

The small-signal feedback ratio

� � �ef /�eo

Manipulation of the above equations gives

(5.14)

where R2 � RE � rE.
The larger the value used for RE, the smaller is the value of C2 required

to ensure closed-loop stability at the higher operating currents. The Bode
plot breakout frequency for 1/�, �2 � 1/(C2R2) (at the higher operating
currents) should be made to occur at least an octave before the intercept of
1/� with AVOL. The maximum value which may be used for RE is limited
by the maximum output voltage swing of the op-amp, bearing in mind that
the maximum output voltage across the logarithmic transistor is approxi-
mately 0.6 V. Thus RE should be chosen so that

1

�
 � 

R2

R1

 
1 � j� (C1 � C2) R1

1 � j�C2R2

– �If � 
�eo

RE � rE 
 � j�C2 (�eo – �ef)
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Figure 5.14 Bode plots for stable closed-loop operation
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Vo max � 0.6 V > (IL max � IC max)RE (5.15)

The Bode plots in Figure 5.14 show values of 1/� obtained from equation 5.14.
If the transdiode configuration is used for logarithmic scaling of current,

R1 > � and equation 5.14 becomes

1/� ≈ R2 j�(C1 � C2)/(1 � j�C2R2) (5.16)

The Bode plots in Figure 5.15 show values of 1/�, given by equation 5.16.

In Figures 5.14 and 5.15, the small-signal value of 1/� tends to the value
1 � C1/C2 at high frequencies. In both cases the breakout frequency for 1/�
at the higher operating currents is

�2 ≈ 1/(C2RE) when RE >> rE

A suitable choice for C2RE ensures closed-loop stability at the higher oper-
ating currents. The use of the maximum value of RE allowed by equation
5.15 permits the smallest value of C2, and hence gives the fastest slew rate
at the low current levels. The low current value of �2 is �2′ ≈ 1/(C2rE).

In the diode configuration shown in Figure 5.16, the gain of the transistor
is shorted out which means that 1/� cannot be less than unity. The circuit
used with an op-amp having a 20 dB/decade roll-off may be closed-loop
stable without the addition of a stabilizing network. If the simple circuit is
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Figure 5.15 Bode plots, logarithmic current scaling
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not closed-loop stable, it may be stabilized in the same way as the trans-
diode circuit. If a transistor’s operating current makes its value of rE less
than the rated load of the op-amp, a resistor RE connected in series with the
emitter will be needed.

The diode configuration Bode plots are illustrated in Figure 5.16.

In the circuit shown the small-signal value of 1/� is given by the relationship

1/� � 1 � Z2/Z1

where Z2 � R2/(1 � j�C2R2), Z1 � R1/(1 � j�C1R1) and R2 � RE � rE.
Substituting for Z2 and Z1 gives

(5.17)

At high currents, (rE << RE), the break frequency in 1/� is

and the break out frequency is

�2 ≈ 1/(C2RE)

�1 �  

1 �  
RE

R1

(C1 �  C2)RE

1

�
 � 

1 � 
R2

R1

 � j� (C1 � C2) R1

1 � j� C2 R2
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Figure 5.16 Bode plots, diode configuration
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At low current

�1′ ≈ 1/[(C1 � C2)R1] and �2′ ≈ 1/(C2rE)

Stability considerations in the transistor configuration of Figure 5.12 are
similar to those encountered in the diode configuration, although the problem
of the loading of the op-amp output does not arise. We will not consider
this connection in any detail.

5.4.2 Offset errors

The lower limit to the range of a logarithmic converter is, in many DC appli-
cations, determined by op-amp offsets rather than by the logarithmic range
of the transistor. In the circuit for the transdiode configuration illustrated in
Figure 5.17, we represent op-amp offsets in terms of equivalent input gener-
ators. The op-amp is assumed to have infinite open-loop gain.

Referring to Figure 5.17 we see that the voltage at the summing point of
the amplifier

esp � Vio � Ib
�R1

A finite voltage at the summing point makes VC ≠ 0 giving the possibility of a
logarithmic error through the ICS terms of equation 5.5. Clearly any appreciable
forward collector bias (VC negative in the case of an npn transistor) must be
avoided. Dependent on the magnitude of the bias current Ib

�, it may be advis-
able to omit the bias current compensating resistor and return the non-inverting
input of the op-amp directly to earth. Reverse collector bias (VC positive in the
case of an npn transistor) can only contribute a small error since ICS < 1 pA.

Assuming that the ICS terms in equation 5.5 can be neglected, we may
use equation 5.7. Thus

VE � eo � –Eo log �IC

Io

 �
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Vio

Figure 5.17 Offset errors, transdiode configuration
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Where we write

Eo � 2.3kT/q and Io � �FIES

In Figure 5.17,

Therefore, (5.18)

We may use equation 5.18 to estimate the offset error for the transdiode
configuration. If the bias current compensating resistor is omitted from the
circuit we replace Iio in the equation by Ib.

A similar analysis may be carried out for the diode configuration illus-
trated in Figure 5.18.

In this circuit,

VE � eo � esp � eo � Vio

A bias current compensating resistor does not balance out bias currents in
this configuration (because of its effect on esp) and we return the non-inverting
input of the op-amp directly to earth.

Now

Making use of equation 5.8 and neglecting the 1/hFE term gives

(5.19)eo � Vio – Eo log �
ei – Vio

R1

 – Ib
–

Io

 �

IC � 
ei – Vio

R1

 – Ib
–

eo � –Eo log �
ei – Vio

R1 
 – Iio

Io

�
IC � 

et – esp

R1

 – Ib
– � 

ei – Vio

R1

 – Iio
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Vio

Figure 5.18 Offset errors, diode configuration
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5.4.3 Balancing offsets

Initial op-amp offsets may be balanced out; errors are then due to offset
drifts. Separate biasing of voltage and current offsets reduces errors and gives
maximum logarithmic range. Voltage bias should be applied to the non-
inverting input of the op-amp. Current bias should be applied to the inverting
input of the op-amp. Figure 5.19 illustrates a typical biasing arrangement.

When balancing offsets, a high value resistor (Rf) in the feedback path
should replace the logarithmic element. A resistor of the same order of magni-
tude as the highest value of rE to be encountered should be used. Input offset
voltage is balanced by first shorting the inverting input of the op-amp to
earth and then, after removing the short, adjusting the bias current to zero
the amplifier output.

In practice it is advisable to inject a bias current slightly larger than Ib
� to

ensure that the collector current is not zero when the input is zero (see slew rate
considerations in previous section). A collector current equal to say 1 per cent
of the smallest input current to be measured should be suitable. Component
values used in the biasing networks should be chosen to allow balancing of the
maximum specified values of Vio and Ib

�. Once the adjustments have been made
the feedback resistor Rf is replaced by the logarithmic element.

5.4.4 Circuit protection

A small input signal of the wrong polarity applied to a logarithmic circuit can
cause a large reverse emitter bias, with possible destruction of the transistor.
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+Vs

+Vs

–Vs

Figure 5.19 Offset balancing
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It is advisable to provide logarithmic elements with protection against exces-
sive inverse voltage. Examples of such protective circuits are illustrated in
Figure 5.20.

5.4.5 Temperature compensation

Transistor logarithmic elements have an inherent temperature dependence,
which makes a single transistor log converter inaccurate unless the temper-
ature is kept very constant. The main effect is due to the variation with
temperature of the term Io � �FIES , this approximately doubles for every 10
degrees Celsius change in temperature. A less significant effect is due to the
linear temperature dependence of the multiplying factor

Eo � 2.3kT/q

The slope of the logarithmic characteristic changes with temperature, by 0.3
per cent per degree Celsius in the vicinity of 27°C.

The use of matched transistors enables cancellation of the Io terms. Consider
two transistors with saturation currents Io1

and Io2
. We may write

And

This gives

Matched transistors make Io1
� Io2

and

(5.20)VE2
 – VE1

 � Eo log �IC1

IC2

 �

VE2
 – VE1

 � Eo log �IC1

Io1

 
Io2

IC2

�

VE2
 � –Eo log �IC2

Io2

�

VE1 � –Eo log �IC1

Io1

�
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Figure 5.20 Protection against inverse polarity
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Thus, a circuit using a matched pair of transistors performs a subtraction
operation (by effectively taking the logarithm of a current ratio). This replaces
the uncontrollable Io term with a fixed adjustable reference current IC2. Even
if the transistors are not perfectly matched it is generally found that, for tran-
sistors of the same type, the ratio Io1

/Io2
remains fairly constant with change

in temperature.
The linear temperature dependence of the scaling factor Eo can be compen-

sated by using an op-amp with a temperature sensitive feedback divider (see
Figure 5.6 and equation 5.3). The scaling factor of Eo � 60 mV at 27°C is some-
what inconvenient. This system has gain that can be used to give a more con-
venient scaling factor; 1 V per decade of current change is normally preferred.

Circuits suitable as a basis for implementing practical log and antilog appli-
cations are now discussed. Because of the temperature dependence of
transistors, circuits that use a single transistor are only suitable for non-
critical applications and then only when ambient temperature variations are
small. Most practical circuits employ a pair of matched transistors and achieve
temperature compensation using the method outlined in the previous section.

Silicon planar transistors exhibit a logarithmic characteristic, but those
designed for use at low values of collector current should be chosen if a
wide logarithmic range is required. Care should be taken to ensure that the
transistors are maintained at the same temperature; the use of dual transistors
ensures matching and thermal tracking.

In some circuits, a temperature sensitive resistor is used to compensate
for the temperature dependence of the scaling factor. This needs to be main-
tained at the same temperature as the transistor.

5.5.1 Temperature compensated log of voltage and current

The circuit for a temperature compensated log converter is shown in Figure
5.21. With care in design and construction, the circuit may be expected to
provide logging of positive input voltages (use pnp transistors for negative
input signals) in the range 10 mV to 10 V. The accuracy over the whole
range may be in the order of 3 per cent, referred to the input, for temperature
changes of ±10°C. Errors are greatest at the lower end of the logarithmic
range. The use of low drift op-amps improves accuracy and extends the
lower limit of the useful logarithmic range.

The circuit uses two op-amps and two transistors. The output of ampli-
fier A1, attenuated by the resistive divider R3 and R4, provides the emitter
base differential voltage between transistors T1 and T2. Neglecting the base
current loading imposed by transistor T2, the following relationship holds:

(5.21)

Negative feedback around amplifier A2 forces VE2
to take on that value which

causes the collector current IC2
� Iref to flow in transistor T2 . The collector

VE1
 – VE2

 � eo 
R3

R3 � R4
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current IC1
� Iin flows through transistor T1 because of VE1

imposed by nega-
tive feedback around amplifier A1.

Substituting VE values from equation 5.7 into equation 5.21 and rearran-
ging gives the following circuit performance equation

(5.22)

where Iref � Vs/R2 and Iin � ein/R1 in a logarithmic voltage circuit.

eo � – 
R3 � R4

R3

 2.3 
kT

q
 log � Iin

Iref

 
Io2

Io1

�
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Figure 5.21 Temperature compensated log of voltage converter
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In a logarithmic current circuit Iin is supplied directly to the inverting input
of amplifier A1. There are different considerations regarding the offset
balancing of voltage and current circuits, which will be discussed shortly.

Output zero crossing

Readers who are unfamiliar with log amplifiers should carefully consider the
significance of equation 5.22. Zero input signal does not give a zero output
(log(0) is not defined). The output signal given by the circuit of Figure 5.21
is proportional to the log of the current ratio Iin/Iref � Io2

/Io1
. Since log(1) � 0,

zero output occurs if Io1
� Io2

and Iin � Iref.
The point at which the input voltage causes zero crossing at the output is

under the control of Iref . In Figure 5.21 Iref � Vs/R2 and zero crossing of the
output may be adjusted by choice of R2.

Wide range logarithmic applications require a very low drift op-amp for A1.
An amplifier of more modest drift performance can be used for A2 by making
Iref greater than the smallest value of Iin. If Iin << Iref the base drive to T2 forward
biases its collector base junction, causing an effective change in the reference
current. The extent to which this contributes an appreciable error is dependent
upon the ICS terms in equation 5.5 and upon the value of Iref .

For example: Assume Iin � 1 nA, Iref �100 
A, ICS � 1 pA and
R3/(R3 � R4) � 1/16. There are five decades difference in Iin and Iref , the
output voltage is �5 V and a bias 5/16 V is applied to the collector base
junction of T2. If we take only the m � 1 term of the collector current
equation (equation 5.5)

≈ 10�12 2.6 � 105

Expressed as a percentage of Iref this represents a 0.26 per cent error. If the
expected operating conditions are more extreme, the collector base voltage
of T2 can be held near zero by returning the non-inverting input of op-amp
A2 to the base of transistor T2, instead of to earth. A current source is then
required to supply the reference current Iref instead of the resistor R2.

Scaling factor

The scaling factor for the circuit

(5.23)

may be set at any convenient value by choice of resistor values R3 and R4. A
scaling factor of unity is often convenient; it corresponds to a 1 V change in
output for each decade change in input current. Substitution of constants gives

at 25°CK � 59 � 10–3 
R3 � R4

R3

K � 2.3 
kT

q
 
R3 � R4

R3

ICS [e–qVC/kT – 1] � 10–12 e5/16� 0.025 
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If R3 � 1 k	 a value of R4 � 15.9 k	 is required to make the scaling factor
unity. Trimming the value of R4 provides a convenient method for adjusting
the scaling factor. The scaling factor varies by 0.33 per cent per degree
Celsius. If such a variation is not tolerable the scale factor may be compen-
sated by using a temperature sensitive resistor for R3 with resistance varying
directly with temperature. This resistor must be kept at the same tempera-
ture as the transistors.

Logarithmic voltage

Amplifier input offset voltage and bias current give rise to an equivalent
input offset voltage:

EOS � ±Vio � Ib
�RS

� � Ib
�RS

�

In a logarithmic voltage circuit, bias current can be compensated for temper-
ature by making RS

� � RS
� (the function of resistor R5 in Figure 5.21),

where RS
� is effectively equal to R1 plus the resistance of the signal source.

EOS acts as a signal in series with the input signal source and the output
voltage given by the circuit may be expressed as

(5.24)

Consideration of the implications of equation 5.24 may be used to arrive at
a convenient adjustment procedure for practically trimming offsets. EOS could
quite easily be trimmed to within 100 
V of zero (or closer for low drift
op-amps). In equation 5.24 substitute ein � 0, EOS � 10�4, R1 � 10 k	, 
Iref � 10�4, K � 1. This gives

eo � �1 log(10�4) � �4 V

The initial offset of amplifier A1 can thus be adjusted to within 100 
V of
zero by setting ein to zero and adjusting the trim potentiometer P for an
output of �4 V. Subsequent temperature drift of EOS may degrade accuracy.

Logarithmic current

In logarithmic current circuits, input current is supplied directly to the
inverting input of op-amp A1. It is inadvisable to use a bias current compen-
sating resistor at the non-inverting input of the op-amp, because current
sources usually have high impedance. The equivalent input offset voltage is

EOS � ±Vio � Ib
�RS

where RS is the output resistance of the signal source.
The input error is more usefully expressed as an equivalent input offset

current by dividing the equation by RS. Thus

IOS � EOS/RS � ±Vio/RS � Ib
�

eo � –K log �ein ± EOS

Iref R1
�
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The effect of op-amp input offset voltage Vio is negligible for large values
of RS . Accuracy at the lower levels of the input current range depends upon
the op-amp bias current.

In logarithmic current circuits, which have low source impedance, it may
be necessary to balance out the initial value of Vio. An adjustable voltage
bias may be applied to the non-inverting input of the op-amp. When making
the adjustment, the inverting input should be connected to earth through a
10 k	 resistor and the procedure for offset trimming outlined in the previous
section for a logarithmic voltage circuit should be carried out.

The use of low offset drift FET input op-amps in the circuit of Figure
5.21 makes it suitable for both logarithmic voltage and current conversion.
A circuit to produce the logarithm of very small input currents requires low
bias current op-amps.

Closed loop stability and dynamic response

The dynamic response of a log amplifier is directly determined by the com-
ponents used to achieve closed-loop stability (C1, C2 and RE). Log amplifiers
have a non-linear feedback path; the small-signal feedback fraction varies with
the level of the input signal. This makes the transient response and small-signal
bandwidth dependent upon the signal level. The effect can be investigated in
the circuit of Figure 5.21 by superimposing an input signal variation on top
of a DC bias, using the test arrangement shown in Figure 5.22.

The results shown in this figure were obtained by adjusting the amplitude
of the input square wave and the value of the DC bias. The adjustments
produced an output step covering the various levels of its full range. Note
that the response time for a 1 V step at the output depends upon the input
signal level. The response time for increasing input signals is less than that
for decreasing signals (note that the log converter is inverting, so the 10 V
input produces �1 V output).

The time taken for the output to slew through its full output range is domi-
nated by the time taken to slew through the range corresponding to the
smallest decade of the input signal (1 mV to 10 mV). Measured response
times for the circuit obtained by observing the output steps with expanded
time scale are as follows:

The test arrangement of Figure 5.22 can be used to measure the small-
signal 3 dB bandwidth of the circuit for sinusoidal signals. Log amplifiers
accept only single polarity input signals; the sinusoidal signal must be super-
imposed upon a steady DC bias. The small-signal bandwidth, like the transient
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ein eo Input Input
increasing decreasing

1 V to 10 V 0 to �1 V lightly damped
100 mV to 1 V 0 to �1 V 22 
s 92 
s
10 mV to 100 mV �1 V to �2 V 230 
s 1 ms
1 mV to 10 mV �2 V to �3 V 2.2 ms 9.6 ms
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response time, depends upon input signal level. The output signal is of course
non-sinusoidal.

Adequate phase margin for op-amp A2 is ensured by choosing C2 and RE

so that the frequency fC2
occurs at least an octave before the loop gain

becomes unity. The frequency fC2
is given by:

The value of rE2
depends upon the value of the fixed reference current Iref

(see Section 5.4.1). The closed-loop small-signal 3 dB bandwidth of op-amp
A2 is equal to the frequency fC2

.
Now consider the feedback loop around op-amp A1. At frequencies much

less than fC2
, op-amp A2 holds VE2

constant at a value determined by the
reference current. Changes in the output signal of op-amp A1, attenuated by
the dividers R3 and R4, are in effect applied directly to the emitter of T1.
The effective feedback resistance around op-amp A1 is thus:

fC2
 � 

1

2� C2 [RE � rE2
]
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Figure 5.22 Testing the dynamic response of a log converter
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But at frequencies approaching fC2
, reduction in the gain of op-amp A2 causes

an effective increase in the feedback path impedance and introduces a phase
lag. Critical damping of the response of op-amp A1, for input signals at the
upper end of the range, requires careful choice of the lead capacitor, C1.
Capacitor C1 should be chosen so that the break frequency fC1

� 1/(2�C1rref)
occurs well below fC2

.
In practice C1 is often made less than that required for critical damping

at the upper end of the input range. The lightly damped response at the
higher input signal levels is accepted, in order that the response time at 
the lower levels of the input signal should not be excessive. Using amplifiers
with higher unity-gain bandwidth can decrease response times; this allows
the use of smaller frequency compensating capacitors.

5.5.2 Temperature compensated antilog converter

Circuitry of the type used in the temperature compensated log converter of
Figure 5.21 can be rearranged to give a circuit that will perform the antilog
conversion. Such a circuit is shown in Figure 5.23.

The input signal to the circuit, attenuated by the resistive dividers R3 and R4,
provides the emitter base differential voltage between transistors T1 and T2 and

Negative feedback around op-amp A1 forces VE1
to take on that value which

will cause the current I1 � Iref to flow as a collector current in transistor T1.
If I1 is held constant, VE1

is constant and VE2
varies directly with the input

signal. The voltage VE1
determines the collector current that flows in tran-

sistor T2 . Negative feedback around op-amp A2 forces this current to flow
through resistor R2. Op-amp A2 develops an output voltage

eo � I2R2

Substitution of VE values from equation 5.7 gives

(5.25)

where I1 � Iref � VS /R1 and I2 � eo/R2 .
Antilog and rearrangement of equation 5.25 gives

(5.26)

The equation can be interpreted in terms of any base other than the expo-
nential by the use of the mathematical identity

ax � bx logba

eo � R2 Iref 
Io2

Io1

 e–ein R3/R3 � R4 q/kT

ein 
R3

R3 �  R4

 � 
kT

q
 ln �I1

I2

 
Io2

Io1

� 

ein 
R3

R3 � R4

 � VE2
 – VE1

reff � 
R3 � R4

R3

 rE1
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Expressed in terms of the normal base 10 the circuit performance equation
becomes

(5.27)

where 

Adjustment procedure

1. Balance A2 offset. Set ein sufficiently positive to cut off transistor T2

completely (say ein � �5 V) and adjust the offset trim on A2 for zero
output.

2. Trim multiplying constant. The multiplying constant, M � IrefR2(Io2
/Io1

),
may be set at any convenient value which allows output signals within
the capability of the op-amp A2 . Set ein at zero and adjust Iref (by adjusting

K � 2.3 
kT

q
 
R3 � R4

R3

eo � R2 Iref 
Io2

Io1

 10�ein/K
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Vs–ve

Figure 5.23 Temperature compensated antilog converter
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the value of resistor R1) to make the output voltage of A2 exactly equal
to the value of the desired multiplier factor M.

3. Trim value of base. Apply an input signal of �1 V and trim R4 to make
the output of op-amp A2 exactly bM volts (10M for base 10). Response
curves for the antilog converter are shown in Figure 5.25 plotted in terms
of log eout/ein; note that ein can be positive or negative but the output is
always single polarity. If negative output signals are desired, pnp tran-
sistors should be used as the logarithmic elements.

Log and antilog converters can be combined to generate a variety of both
linear and non-linear functions. The circuits are interconnected in such a way
that they perform operations normally involved in logarithmic computations.
Examples of such computations are:

antilog[n log(x)] � xn (5.28)

antilog[log(x) � log(y) � log(z)] � xy/z (5.29)

5.6.1 A log–antilog true RMS-to-DC converter

The circuit configuration shown in Figure 5.24 gives a DC output signal
proportional to the true RMS value of an input signal. This signal may have
a complex alternating waveform or an alternating wave superimposed upon
a DC level. The circuit consists of a precise rectifier (see Section 8.10) that
is used to provide unidirectional signals to a following log–antilog computing
circuit.

The performance equation can be derived, by summing emitter voltages
and using the basic transistor log relationship. Thus, starting at the base of
T1 and ending at the base of T4 we have

VE1
� VE2

� VE3
� VE4

� 0

Substituting for VE values and cancelling out the temperature dependent
scaling factor after antilog conversion gives:

(5.30)

Neglecting transistor base currents

IC1
� IC2

� ein/R1

Amplifier A3 performs a running averaging of the current IC3
. Provided that

the averaging time constant (C � R2) is considerably longer than the period
of any alternating input signal, the output of A3 is a steady voltage propor-
tional to the average value of IC3

. We write:

eo � IC3
R

2
, where IC3

represents the average value of the current IC3
.

IC1
IC2

Io3
Io4

IC3
IC4

Io1
Io2

 � 1
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Op-amp A4 forces the relationship:

IC4
� eo/R3 � IC3

R2/R3

Substitution of current values in equation 5.30 gives
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Op-amps LF 356

Figure 5.24 Log–antilog RMS-to-DC converter
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or 

Thus: (5.31)

Mismatch in the Io terms can be balanced, and the scaling factor can be
set to unity, by adjustment of the resistor R3.

Practical points

In the circuit shown, the four transistors are conveniently provided by a tran-
sistor array (such as CA3086). Note that one of the transistors in the array
is unused and the substrate pin 13 is connected to the �15 V supply rail.
Four separate transistors or two dual transistors could be used as an alter-
native to the transistor array provided that they are maintained at the same
temperature. FET input op-amps with offset adjustment points could be used
to allow the use of an offset balancing potentiometer.

Setting-up procedure

1. Set ein � 0 V and adjust potentiometer P1 to make eo approximately
10 mV.

2. Make ein � �10 V; adjust potentiometer P2 to make the output read
�10 V.

Errors no greater than 1 per cent of full scale (full-scale input equals 10 V
peak) are achievable. Accuracy at the lower level of input signals could be
improved by separately balancing the offsets of all op-amps.

Log–antilog multiplier circuits allow only single polarity signals. Multipliers
designed for four quadrant operation make use of alternative methods to
obtain the multiplier operation. A commonly used technique is variable
transconductance. Four quadrant multiplier integrated circuits are used in
many signal processing applications.

Four quadrant variable transconductance multipliers do not provide the
accuracy at low signal levels that log–antilog multipliers give, but they allow
operation with alternating signals and provide greater speed and bandwidth
than log multipliers.

As an alternative to buying a ready built transconductance multiplier it is
possible to build a useful general-purpose four quadrant multiplier out of an
op-amp, a five transistor array and a few resistors. The circuit shown in
Figure 5.25 is based upon an offset-linearized, two quadrant multiplier cell.

The action of the circuit in Figure 5.25 can be understood in terms of the
basic model shown in Figure 5.26(a) and (b).

IC3
R2 � eo � 	 R2R3

R1
2  

Io3
 Io4

Io1
Io2

 e2
in

I2
C3

 � 
R3

R1
2 R2

 
Io3

 Io4

Io1
 Io2

 e2
in

IC3
IC3

 � 
R3

R1
2 R2

 
Io3

 Io4

Io1
 Io2

 e2
in
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Figure 5.25 Variable transconductance four-quadrant multiplier

Figure 5.26 Models of transconductance multiplier cell. (a) Basic
linearized transconductance cell. (b) Model of offset transconductance cell
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Current relationships which must hold for the circuit in Figure 5.26(a) can
be derived by summing emitter voltages. Starting at the emitter of T1 and
ending at the emitter of T4, the emitter base voltages must sum to zero, thus:

VE1
� VE2

� VE3
� VE4

� 0

Analysis requires a few assumptions. Transistors T2 and T3 can be assumed
matched, with negligible base currents. The transistor’s collector and base
voltages can be assumed to be zero. Now we can make use of the basic log
relationship between collector current and emitter voltage (equation 5.7).
After cancelling out the temperature dependent scaling factor and antilogging
the relationship between the currents in the multiplier cell we obtain the
relationship:

I1 I3 � I2 I4 (5.32)

In Figure 5.25 currents are supplied by input signal voltages Vx and Vy as shown
by the simplified model in Figure 5.26(b). The tail reference current of the pair
T2 and T3 is made to vary with Vx. Note that I1 � Ir � Iy, I4 � Ir � Iy and 
I3 � 2(Ir � Ix) � I2. Substituting values in equation 5.31 and rearranging gives

I2 � Ir � Ix � Iy � Ix Iy /Ir

Also we have

I2 � Ir � Ix � Iy � Io

The output current is converted to an output voltage by the op-amp:

Io � IxIy/Ir

Now Ix � Vx/Rx, Iy � Vy/Ry, Ir � VS/R1

and the output voltage is determined by the relationship

Component values are selected to give a scaling factor of 1/10. Input signals
Vx and Vy may be of either polarity; with Vx � Vy � 10 V the multiplier
gives its full-scale output of 10 V. The bandwidth and the output slew rate
of the multiplier are determined by the dynamic response characteristics of
the op-amp that are used as the output current-to-voltage converter.

Setting-up procedure

1. x and y offsets. Earth Vy making Vy � 0. Apply a 20 V peak-to-peak 100 Hz
input to Vx and adjust P1 for minimum AC output. Make Vx � 0, 
apply a 20 V peak-to-peak 100 Hz input to Vy and adjust P2 for minimum
AC output.

IoRS � eo � � R1RS

RXRYVS
� VXVY
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2. Output offset. Make Vx � Vy � 0, adjust P3 for zero output.
3 Scale factor. Make Vx � Vy � 10 V (DC), adjust P4 for 10 V output.

5.1 The non-linear amplifier shown in Figure 5.5 uses the following compo-
nent values: R1 � 10 k	, R2 � 10 k	, R3 � 10 k	, R4 � 150 k	, 
R5 � 4.7 k	, R6 � 22 k	, VS � �15 V. Deduce the values of the
break point voltages and the slopes of the straight-line segments in the
amplifier response. Sketch the relationship between amplifier input and
output voltage. Neglect the voltage drop across a saturated transistor.

5.2 Calculate the output voltage of the simple log amplifier shown in Figure
5.9 if the input current is 1 nA and the ambient temperature is 27°C.
Assume that �FIES � 1 pA at 27°C and that the op-amp behaves ideally.
What does the output voltage become if the temperature rises by 10°C?

5.3 In the circuit shown in Figure 5.14, C1 � 100 pF, C2 � 100 pF, R1 �
47 k	, RE � 10 k	. Sketch the Bode plots for 1/� for input currents
of 100 
A, 1 
A and 10 nA.

5.4 The basic transdiode log configuration, Figure 5.9, is used with an input
resistor R � 100 k	. The op-amp has an input offset Vio � 1 mV and
a bias current Ib

� � 20 nA. If no offset balancing is employed, what
is the smallest input signal voltage that can be logarithmically converted
with an error no greater than 2 per cent? Assume that the temperature
remains constant.

5.5 What values are required for resistors R4 and R2, in Figure 5.21, in
order that an input voltage change from �10 mV to �10 V will cause
an output voltage change from 0 to �10 V? Assume that the tran-
sistors are perfectly matched and that all other circuit parameters are as
shown.

5.6 In the circuit of Figure 5.21 resistor R2 is 1.5 M	; other circuit para-
meters are as shown. There is a mismatch in the transistors such that
Io1

� 0.7Io2
. Find the value of the input signal for which the output is

zero. Neglect amplifier offsets.

5.7 The circuit of Figure 5.21 is used as a logarithm of current converter.
The non-inverting input of A1 is connected to earth. The input current
is supplied directly to the inverting input of A1. Let A1 be a FET input
op-amp, with bias current IB � 50 pA and input offset voltage Vio �
2 mV. What is the smallest input current which can be converted with
no more than 2 per cent error if it is supplied by (a) a true current
source; (b) a current source of internal resistance 1 M	?

5.8 In the circuit of Figure 5.23, Iref � 0.1 mA, R3 � 1 k	. What values
are required for resistors R4 and R2 in order that the circuit should
generate an output signal ? Assume that the temperature iseo � 2–ein
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300 K and that transistors are perfectly matched. (Boltzmann’s constant
k � 1.38 � 1023 J/K, electronic charge q � 1.6 � 10�19 C.)

5.9 Assume ideal op-amp action and that transistors are matched and follow
the log relationship (equation 5.7). Find the relationships between output
and input signals for the circuits shown in Figure 5.27. Discuss prob-
lems likely to be encountered in practical realizations of the circuits.
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Figure 5.27 Circuits for Exercise 5.9
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6 Integrators and
differentiators

At the heart of most op-amp applications lies the ability of the circuit to
force precise mathematical relationships between input and output signals.
This chapter examines integration and differentiation circuits.

Integrators are used to perform timing functions, to measure charge, to
generate linear ramps and triangular waves and in many other applications.
In this chapter we consider integrator action and the factors which must be
taken into account when connecting and using practical integrators. Many
examples of integrator applications will be found in subsequent chapters of
the book.

An understanding of practical integrator circuits is helped by first consid-
ering the behaviour of an ideal circuit. Errors in practical circuits may then
be understood in terms of departures from ideal behaviour. There are two
main principles underlying the action of an ideal integrator.

The first principle concerns the ideal amplifier summing point restraints.
All current from signal sources arriving at the inverting input terminal of an
ideal amplifier must exit through the negative feedback path. The output
voltage of the amplifier takes on just that value needed to keep the inverting
input terminal at the same potential as the non-inverting input terminal. This
prevents accumulation of charge at the inverting input terminal.

The second principle concerns the relationship between the voltage across
a capacitor and the charge upon its plates, Vc � (q/C ). For charge to exist
on the plates of a capacitor, charge must flow on to its plates. This charge
flow represents a current and we may write:

thus

The voltage across a capacitor is proportional to the integral of capacitor
charging current with respect to time.

The two principles applied to the basic integrator circuit of Figure 6.1
lead directly to the ideal performance equation. Thus, an input current Iin �
ein/R arrives at the op-amp’s inverting input. Since the op-amp takes no
current into its inverting input, all the current that flows through the resistor
must also flow through the capacitor.

Vc � 
� Iin dt

C

i � 
dq

dt
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Negative feedback forces the op-amp to produce an output voltage that
maintains a virtual earth at the op-amp’s inverting input. This means that
the output voltage will be such that the current through the capacitor will
be equal to Iin. For positive ein, the output of the op-amp will be negative,
relative to earth. Since the capacitor is connected between the op-amp’s
inverting input (which is at earth potential) and the op-amp’s output (which
is negative), the potential developed across the capacitor VC will be positive
at the end connected to the op-amp’s inverting input.

(6.1)

The input impedance of the integrator circuit is equal to the resistance R.
The output impedance is low because of the negative feedback that is inherent
in the circuit. CR gives the characteristic time of the integrator. It is some-
times useful to think of 1/CR as the integrator ‘gain’ in terms of V/s output
for each volt of input signal.

For example, if C � 1 �F and R � 1 M�, an input signal of �1 V would
cause a current of 1 �A to flow towards the amplifier summing point. To
maintain this charging current through capacitor C, the output would have
to decrease linearly with time at a rate of �1 V/s.

If during the integration process the input signal were switched to zero,
the input current would become zero and the output voltage of the ideal inte-
grator would remain constant (hold) at any value it happened to have reached.
If the input polarity were reversed (Vin � �1 V) this would require the
output voltage to increase linearly at a rate of 1 V/s to maintain the 1 �A
current flow away from the amplifier summing point.

In a practical integrator circuit it is necessary to provide some means of
setting a desired initial value of the integrator output voltage at the start 
of the integration period. In some systems, it is also desirable to be able to
stop the integrator at any time and for the integrator output then to remain
constant at the value it has reached at that time. The principles underlying

eo � – 
1

CR
 �ein dt

eo � –VC � –  
�Iin dt

C
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ein dt

Figure 6.1 The basic integrator

6.2 Integrator run, set
and hold modes
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the switching of an integrator between its various modes of operation are
shown in Figure 6.2. Manual switching, relay switching or some form of
solid state switching can be used.

The switches put in the ‘set’ position allow the initial value of the integrator
output to be set at any desired value within the output capability of the amplifier.

The integrator output does not immediately take on this value when switched
to the set mode. It approaches the value exponentially in accordance with
the relationship

where eo′ is the value of eo at the instant of switching to the set mode. Note
the period of the set mode must be long enough for the exponential to decay.

When switched to the ‘run’ mode the circuit integrates the input voltage and

If the integrator is switched to the ‘hold’ mode integration is stopped and
ideally the output of the integrator then remains constant at any value it may
have reached. In practice, in both the ‘run’ and ‘hold’ modes, drift causes
an integrator error.

The deviations from ideal behaviour that are exhibited by a practical inte-
grator circuit are conveniently treated as errors. A firm understanding of the
sources of error enables the designer to choose an amplifier and associated
circuit to minimize errors.

eo � eo(t�0) – 
1

CR
 �t

0 

ein dt

eo � eo(t�0) � (e′o –  eo(t�0)) exp � – t

R2 C
�

eo(t�0) � 
– R2

R1 
 Eref 
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Figure 6.2 Integrator run, set and hold modes

6.3 Integrator errors
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6.3.1 Offset and drift errors in practical integrators

The greatest source of error in practical integrators is usually due to offset
and drift of the op-amp. Even with zero applied input signal, the op-amp’s
input offset voltage and bias current cause a continuous charging of the feed-
back capacitor. Consequently, the output voltage of a practical free running
integrator will change continuously. Eventually, the op-amp’s output will
drift into either positive or negative saturation.

Integrator output voltage drift with time can be adjusted to zero by can-
celling the effects of the amplifier offsets with a suitable balance control (see
Section 9.6). However, amplifier offsets are temperature dependent, supply
voltage dependent, and they show long-term time dependence. This means that
a zero output drift condition established with a balance control is not main-
tained and a free running integrator therefore always ends up in one of its sat-
urated states. Integrator error due to amplifier input offset voltage and bias
current is readily deduced from the equivalent circuit shown in Figure 6.3.

For the moment we assume that the open-loop gain and open-loop input
impedance of the amplifier are infinite. We may write

If � Iin � IB
�

where Iin � (ein � Vio)/R.

Now, 

Thus eo � ideal performance equation � error due to offset and bias current.

(6.2)

The percentage error after a particular integration time may be written

(6.3)
Vio � IB

– R

ein

 � 100%

eo � � 
1

CR
 �ein dt � 

1

CR
 �Vio dt � 

1

C
 �IB dt � Vio

Vc � Vio – eo � 
�If dt

C
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Figure 6.3 Equivalent circuit used for estimating error due to input offset
voltage and bias current
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where is the time average of the input signal over the integration period.
In some applications it is more useful to refer integrator offset errors to

the output. Offsets cause the output of an integrator to have an error in the
form of an output drift rate (a ramp) determined by the relationship:

(6.4)

It should be noted that Vio and IB
� are initial values plus accumulative drift.

If initial values are balanced this leaves temperature drift values only.
The error component due to amplifier bias current can be reduced by

connecting a resistor equal in value to that of the integrating resistor between
the non-inverting input terminal of the amplifier and earth. With this resistor
in circuit, values of the amplifier input difference current Iio should be substi-
tuted for IB

� in the drift error equations.
When switched to the hold mode, an integrator normally has R open circuit

so that, according to the error equations, it is bias current alone that accounts
for drift in the hold mode. However, as will be shown later, finite open-loop
gain and finite amplifier input impedance give rise to an additional source
of error in the hold mode.

Examination of equation 6.4 suggests that for a particular integrator char-
acteristic time drift error is minimized by using a large value capacitor. The
value needs to be large enough to make the bias current contribution to the
drift negligibly small, compared with the input offset value contribution.

There are practical considerations that limit the capacitor value. A large value
of C requires a correspondingly small value of R for a particular CR value.
The input impedance of the integrator is set by the value of the resistor R; the
minimum value that can be used is dependent upon signal loading error.
Capacitor leakage represents an additional source of integrator drift. Large value
high performance capacitors are expensive, and should have dielectric leakage
current that is less than the amplifier bias current. The dielectric absorption of
a capacitor will also cause drift. Polypropylene and polystyrene dielectrics have
lowest absorption, whilst electrolytic and tantalum have the highest.

For low drift integrators with long-term stability it is best to use low cur-
rent FET input op-amps. These allow the bias current contribution to integra-
tor drift to be made negligible without the use of excessively large capacitor
values. When such op-amps are used, it is important to prevent leakage paths
to the summing point from degrading performance (see Section 9.4.3).

6.3.2 Integrator errors due to finite open-loop gain, finite input
impedance and finite bandwidth

The ideal performance equation for an integrator (equation 6.1) was obtained
from the assumption that the op-amp used in the circuit had infinite open-
loop gain and bandwidth. In all op-amp circuits using negative feedback, the
extent to which a practical circuit performance departs from the ideal is
governed by the loop gain �AOL (see Section 2.2). The larger the loop gain
the closer the practical circuit conforms to the ideal.

In a practical integrator, finite open-loop gain causes integrator performance
errors for very low frequency input signals, and finite bandwidth causes errors

deo

dt(due to offset)
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for high frequency input signals. Integrator errors due to inadequate loop gain
are discussed in terms of the circuit and Bode plots shown in Figure 6.4.

The op-amp used in the circuit of Figure 6.4 is assumed to have a finite
differential input resistance Rd, finite open-loop gain and a first order
frequency response described by the relationship:

(see Section 2.4)

The closed-loop performance equation for the circuit expressed in the form:
actual performance equation � ideal performance equation � gain error factor
(see Section 2.3) is

(6.5)

Provided that the magnitude of the loop gain is large the integrator perfor-
mance closely approximates the ideal. The feedback fraction for the circuit is

� � 
R ′

R' � 
1

j2	 f C

eo(jf)

ei(jf)

 � � 
1

j 2	 f CR
 �

1

1 � 
1

�AOL(jf)

 �

AOL(jf) � 
AO

1 � j
f

fc
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Figure 6.4 Effect of finite open loop gain and input impedance
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where R′ � RRd /(R � Rd) and 1/� � 1 � 1/( j2	fCR′).
The intersection of the Bode plots for 1/� with the open-loop response

shows that the magnitude of the loop gain becomes unity at the frequencies
1/(2	AoCR′) and f1. The integrator must thus be expected to perform near
ideally at frequencies such that:

Errors at high frequencies due to finite open-loop bandwidth

At frequencies approaching and exceeding the amplifier unity-gain 
frequency f1

� → 1, AOL(jf) → �j(f1/f )

and, equation 6.5 approximates to

(6.6)

Equation 6.6 represents the equation for an ideal integrator when cascaded
with a first order low-pass function having a break frequency equal to the
open-loop unity-gain frequency of the op-amp. The attenuation and phase
shift produced by this first order function represents the errors in the steady
state sinusoidal response of the integrator at frequencies approaching f1.
Associated with this low-pass function, the output of a practical integrator
exhibits a time lag in response to an input step signal as shown in Figure
6.5. The time lag is inversely proportional to the open-loop unity-gain
frequency f1 of the op-amp.

eo(jf)

ei(jf)

 � – 
1

j2	 fCR
 � 1

1 � j  
f

f1

 �

1

2	 AoCR'
  �� f �� f1
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Figure 6.5 Time lag in integrator step response due to finite open-loop
bandwidth
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Errors at low frequencies due to finite open-loop gain

The gain of an ideal integrator circuit continues to increase as the signal
frequency is decreased, but clearly in a practical integrator circuit the gain
cannot be greater than the open-loop gain of the amplifier Ao (AoRd/(R � Rd),
if we allow for finite input resistance).

At frequencies less than f1/Ao, AOL(jf) → Ao and

Equation 6.5 approximates to

(6.7)

for f < fc.
From equation 6.7 we can gain some insight into the operation of inte-

grators at low frequencies. Equation 6.7 is equivalent to the response of an
ideal op-amp with infinite gain and infinite input resistance. However, it has
a feedback impedance consisting of a capacitor C in parallel with a resistor
AoR′ as shown by the equivalent circuit in Figure 6.6.

Connecting the input resistor R to a constant DC voltage produces a linear
ramp generator. In such applications, low frequency errors due to finite open-
loop gain cause departures from the ramp linearity. The output response of
the low frequency equivalent circuit of Figure 6.6 to an input step voltage
VS is determined by the relationship

(6.8)

Expanding the exponential in equation 6.8 as a power series gives

Vo(t) � – Ao

R′
R

 . VS �1 – exp� – t
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j2	 fCR
 �1 � �

1

1

j2	 fAoCR ′�� � � 

Ao

R ′
R

1 � j2	 fAoCR ′
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Figure 6.6 Integrator low frequency equivalent circuit representing effect
of finite open-loop gain
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(6.9)

The first term in equation 6.9 represents the ideal response (a linear ramp).
The second and subsequent terms represent the error due to finite gain, which
causes a departure from linearity. The departure from linearity is governed
principally by the second term; expressing this as a percentage of the ideal
linear term gives

Ramp non-linearity error � (6.10)

Finite open-loop gain causes errors in hold mode

If during an integration process the input voltage to the integrator is switched
to zero, the output of the integrator should ideally remain constant (hold) at
any value it may have reached. Finite open-loop gain and finite input resis-
tance, in addition to amplifier offsets, contribute errors in the hold mode.

Minimum error in the hold mode is obtained by open circuiting the input
resistor R. This makes the effective leakage resistance AoR′ equal to AoRd,
due to the amplifier’s finite open-loop gain and finite input resistance. This
effective leakage resistance tends to discharge any fixed voltage stored across
the integrating capacitor and the equivalent circuit shown in Figure 6.7 may
be used to compute drift error in the hold mode.

An expression for the output drift error in the hold mode can be obtained
by assuming that when the integrator is switched to the hold mode the capac-
itor in the equivalent circuit of Figure 6.7 has an initial voltage Vi. The
subsequent time variation of the amplifier output voltage is determined by
the relationship:

(6.11)
Vo(t) � Vi exp � – t

AoCRd
� � IB

– AoRd �1 – exp �1 – 
– t

AoCRd
�� � Vio 

– t

2AoCR′
 �100%  	  t << CR′A.
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Figure 6.7 Equivalent circuit used to find error in hold mode
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If we write

for t < CAoRd

The output drift value in the hold mode may be written as

(6.12)

In a practical integrator, the drift error in the hold mode is normally domin-
ated by the effect of amplifier bias current and stray leakage currents.
However, equation 6.12 shows that even if all leakage paths were eliminated
and amplifier bias current compensated, an error would still remain because
of the amplifier’s finite open-loop gain and finite input resistance.

6.3.3 Slew rate errors

Fast integrators require an output voltage that changes rapidly. Slew rate
limitations, which set the maximum rate at which the op-amp’s output can
change, can cause performance errors.

Slew rate limitations are inherent and arise from the basic mechanism of
capacitor charging. Amplifier slew rates are normally specified for an op-amp
when it is used to drive a resistive load. The slew rate is determined by the charg-
ing of the op-amp’s frequency compensating capacitor (see Section 2.7.1).

In integrator applications, the output current of the amplifier charges the
feedback capacitor. The output current limit of the amplifier may impose an
output slew rate limit that is less than the published amplifier slew rate.
Remember that the output current of the amplifier must supply any external
load as well as the current taken by the feedback capacitor. For example,
consider an amplifier with an output current limit of ±5 mA used in an inte-
grator circuit with a feedback capacitor of 0.01 �F. Even if all the output
current were available to supply the feedback capacitor, the maximum rate
of change of output voltage would be:

There are a variety of external circuit modifications that can be made to the
basic integrator circuit in order to change its response characteristics and
extend its usefulness.

6.4.1 Summing integrator

The current summing property of the inverting input terminal of a differential
input op-amp could be exploited, to allow a single amplifier to perform both

Io

C
 � 

5 �  10–3

10–8  � 0.5 V/�s
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dt(hold mode)
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6.4 Extensions to a
basic integrator
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summation and integration at the same time. The circuit shown in Figure
6.8 illustrates the principle.

Note that by using different input resistor values the contributions to the out-
put of the several inputs is weighted in inverse proportion to the resistor values.

Considerations involved in determining performance errors are much the
same as those outlined for the basic integrator. The error equations of 
the basic integrator included a single input resistor R. However, in the
summing integrator, a resistor Rp that is equal to the parallel sum of all input
resistors must be substituted in place of R.

Note that low frequency errors due to finite gain occur at frequencies
approaching and below the frequency at which the Bode plots for 1/� and
the open-loop gain intersect. For the summing integrator 1/� is determined
by the parallel sum of all input resistors Rp:

6.4.2 Augmenting integrator

A resistor connected in series with the feedback capacitor of a basic inte-
grator (Figure 6.9) makes the circuit produce a composite output consisting

1

�
 � 1 � 

1

j2	 fCRp
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eo

Figure 6.8 Summing integrator
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of a component proportional to the input signal added to a component propor-
tional to the time integral of the input signal. The principle may also be
adapted to the summing integrator of Figure 6.8 by connecting a resistor in
series with the feedback capacitor in that circuit.

6.4.3 Differential integrator

The subtraction principle of Section 4.4 can be applied to give a circuit in
which a single differential input op-amp produces an output signal propor-
tional to the time integral of the difference between two input signals. A
circuit for this purpose is shown in Figure 6.10.

This circuit may be used to integrate the output of a floating source whilst
rejecting common mode input signals. The ability of the circuit to reject
common mode signals depends on the CMRR of the amplifier but, in addi-
tion, it is also very much dependent upon an accurate matching of the time
constants of the networks connected to the two input terminals.

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

Integrators and differentiators 157

eo
ein

= –
R2

R1 BAOL(jω)

Figure 6.9 Augmenting integrator
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Performance errors in a practical circuit are similar to those of a basic
integrator. The errors are determined by amplifier input offset voltage, ampli-
fier bias current and by finite amplifier open-loop gain and bandwidth. Using
two capacitors with a single amplifier increases the problems associated with
providing a practical circuit with reset and hold modes. It may be found
more convenient to use the two-amplifier one-capacitor circuit shown in
Figure 6.11 to perform the differential integrator operation.

In this circuit one amplifier acts as a simple inverter and the other acts as a
summing integrator. The CMRR of the circuit does not depend upon the CMRR
of the amplifiers but it is still dependent upon accurate resistor matching.

6.4.4 Current integrator

It is sometimes desirable to form an output signal voltage proportional to
the integral with respect to time of input current rather than input voltage
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Figure 6.10 Differential integrator

Figure 6.11 Differential integrator using two op-amps
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(see also Section 8.1.2). The basic integrator is readily adapted to current
integration by simply omitting the input resistor R. A practical current inte-
grator circuit is outlined in Figure 6.12.

The circuit is suitable for integrating small high impedance currents to
earth. It produces a negligible voltage intrusion into the measurement circuit.
Assuming that offsets are nulled and suitable precautions taken to avoid
leakage, the circuit may be expected to provide accurate integration for very
small input currents. If external leakage is reduced to negligible proportions,
the accuracy limitations are set by amplifier bias current drift. A FET input
op-amp has low bias current drift and should be used.

6.4.5 Integral of current sum and current differences

The current integrator circuit (Figure 6.12) is readily adapted to summation,
all that is necessary being to supply the extra input currents to the amplifier
summing point. A one-amplifier circuit can also be used to generate an output
voltage proportional to the integral of a current difference. The circuit shown
in Figure 6.13 illustrates the principle.
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Figure 6.12 Current integrator and Bode plots
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However, with two capacitors, practical problems are involved in the provi-
sion of reset. Capacitors must be accurately matched if CMRR is not to be
degraded. The circuit introduces a voltage drop, 1/(C
I2 dt), into the measure-
ment circuit. Because of these difficulties it is usually more convenient to
employ two amplifiers in order to perform the integration of a current differ-
ence, one amplifier acting as a current inverter and the other as a summing
integrator. Offsets and drift of the amplifier types used in the practical circuit
determine performance accuracy in much the same way as before. A circuit
is illustrated in Figure 6.14.

Unlike a normal amplifier circuit, the output of an integrator does not return
to zero when the input signal is made zero. Therefore, a practical integrator
must always be provided with some means of resetting its output voltage to
zero (or some desired initial value). Switching of an integrator between its
various modes of operation can be performed by mechanical switches or
relays (see Section 6.2) but it is sometimes desirable to provide a solid state

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

160 Operational Amplifiers

Figure 6.13 Simple one-amplifier circuit for integral of current difference

Figure 6.14 Two-amplifier circuit for integral of current difference

6.5 Integrator reset
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reset switch or to arrange that the integrator automatically resets when its
output reaches some predetermined level.

Reset switches are connected in parallel with the integrator feedback capac-
itor. In the run mode, any leakage across the open switch adds to the error due
to amplifier bias current. The extent to which switch leakage becomes a design
consideration is dependent upon the magnitude of the integrator’s input signal
current and the desired accuracy. If input currents are large compared to the
leakage of a simple solid state switch then a simple switch will suffice. If not,
then a leakage reduction switch configuration must be sought.

A low leakage reset switch can be implemented using two MOSFETs as
shown in Figure 6.15. When using p-channel MOS switches, the source
substrate junction must not become forward biased. The substrate must there-
fore never be allowed to become negative with respect to the input signal.
The leakage current of a MOS switch in the ‘off’ state occurs mainly across
the substrate to drain junction.

In Figure 6.15 a negative going reset pulse turns on T1 and T2 shorting
the integrator capacitor and setting the output voltage to near zero (to a
voltage � �Vin2RON/R1, where RON is the low ‘on’ existence of the MOS
switch, RON << R2). When the switches turn off the leakage current of T2

passes through resistor R2. The small voltage across R2 is blocked from the
amplifier’s summing junction by T1. T1 has practically no voltage across its
junctions because its substrate is earthed and hence leakage currents are
negligibly small.

The reset switch of Figure 6.15 can be made to provide an automatic reset
by the addition of a comparator (see Section 7.1) used to sense the inte-
grator output and to provide the reset drive.

The circuit shown in Figure 6.16 allows independent adjustment of both the
integrator-reset voltage and the output level to which the integrator is reset.

Reset in this circuit occurs when the output voltage of the integrator reaches
the comparator trip point. During reset, the capacitor discharges until the
integrator output voltage reaches the lower comparator trip point, as deter-
mined by comparator hysteresis. Integrator errors are like those of the basic
integrator, and are governed by amplifier offsets and bias currents, finite
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Figure 6.15 Low leakage integrator reset
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open-loop gain and bandwidth. Finite comparator switching time and the
bias current and offset voltage of the comparator amplifier introduce errors
in the reset level and reset point but these can be compensated practically
by choosing values of Vref and VZ to give desired values of Vo(max) and Vreset.

In integrator applications not requiring a response down to DC it is possible
to avoid having an output reset. To do so means that the DC closed-loop
gain must be limited. The circuit shown in Figure 6.17 has a steady state
sinusoidal response governed by the relationship:

(6.13)

For �AOL >> 1 and for frequencies greater than 1/(2	CR2) the response
approximates that of the ideal integrator

At a frequency a decade away from 1/(2	CR2) the magnitude error is only
0.5 per cent.

The presence of R2 prevents integrator drift due to amplifier bias current
and offset voltage from causing the amplifier to drift into saturation. Instead
the output assumes a DC value of
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Figure 6.16 Comparator provides automatic integrator reset

6.6 AC integrators
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This output offset limits the dynamic range for AC output signals. As in all
applications an offset balance can be used to cancel initial values of amplifier
input offset voltage and bias current; output offset is then due to amplifier drift.

The differentiator is not as widely employed as the integrator operation, but
is nevertheless sometimes useful in signal processing applications. The
reasons for this are: (l) differentiation, unlike integration, is a noise ampli-
fying process – noise problems are inherent in differentiators and are not
just a defect of practical circuits; (2) differences between the ideal differ-
entiator circuit and the practical circuit are more marked than between the
ideal and real integrator.

6.7.1 The basic differentiator

A simple differentiator circuit (Figure 6.18) is obtained by interchanging the
position of the resistor and capacitor in the basic integrator circuit. The ideal
performance equation for the simple differentiator is readily derived from
the usual ideal amplifier assumptions. Since the input signal is applied through
a capacitor there is current flow to the amplifier summing point and a non-
zero output voltage only when the input voltage changes.

Vo(offset) � �1 � 
R2

R1
��±Vio – IB 

R1R2

R1 � R2
�
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Figure 6.17 AC Integrator

6.7 Differentiators
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The current to the amplifier summing point is

In the ideal case this current must be equal to the current through the feed-
back resistor R, thus:

eo � � If R

or (6.14)

The basic differentiator is unstable because of amplifier finite open-loop
bandwidth.

The feedback fraction � for the simple differentiator circuit of Figure 6.18 is

� � 

1

j�C

R � 
1

j�C

 � 
1

1 � j�CR

eo � –CR 
dein

dt

Iin � C
dein

dt
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Figure 6.18 Basic differentiation and Bode plots
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At angular frequencies greater than 1/CR the feedback signal lags behind
the amplifier output signal by a phase angle approaching 90°. Because of
the finite open-loop bandwidth of practical op-amps signals with frequency
above the open-loop bandwidth undergo an additional phase lag in their
passage through the amplifier. The two phase lags can readily add up to
180° making the overall feedback positive rather than negative and resulting
in oscillation.

Bode plots of 1/� and AOL for the simple differentiator are shown in Figure
6.18. The two plots intersect with a rate of closure of 40 dB/decade, indi-
cating a near zero phase margin. The simple differentiator produces gain
peaking for signal frequencies approaching the frequency at which the magni-
tude of the loop gain is unity. Any transient disturbance in the circuit gives
rise to output ringing. This very lightly damped response means that any
additional phase shift in the feedback loop, say due to capacitive loading at
the output, can cause sustained oscillations.

6.8.1 Bandwidth limits

Practical differentiator circuits often use some means of limiting the band-
width in order to achieve closed-loop stability. One method shown in Figure
6.19 is to connect a resistor R1 in series with the input capacitor C. Bode
plots for 1/� and AOL intersect with a rate of closure of 20 dB/decade, thus
ensuring adequate stability phase margin. Resistor R1 also serves to increase
the differentiator’s effective input impedance and to reduce its high 
frequency gain.
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6.8 Practical
considerations in

differentiator design

Figure 6.19 Input resistor R1 increases phase margin
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Note that the gain of a differentiator increases with frequency. This means
that high frequency noise is amplified, which may obscure the wanted signal
at the output. Adding the resistor R1 introduces a break in the differentiator
20 dB/decade rise at an angular frequency

In order to obtain additional attenuation of frequencies above those of interest,
a capacitor C1 may be connected in parallel with the differentiator feedback
resistor as shown in Figure 6.20.

With C1 chosen so that C1R � CR1, Bode plots are as shown in Figure
6.20. Note that the circuit acts as an integrator for frequencies greater than
1/(2	C1R). In the circuits of Figures 6.19 and 6.20, component values should
be chosen to place the break point �b well enough above the maximum oper-
ating frequency, to ensure the required accuracy.

6.8.2 Offset errors in a practical differentiator

Amplifier bias current and input offset voltage give rise to a DC offset error
at the output of a practical differentiator circuit. The error is readily deduced
from the equivalent circuit shown in Figure 6.21.

For the purpose of offset error evaluation the open-loop gain of the ampli-
fier is assumed to be infinite. We may write

�b � 
1

CR1
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Figure 6.20 Noise reduction in differentiation by restricting high
frequency gain
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and

Thus (6.15)

eo � ideal performance equation � error due to input offset voltage and bias
current.

The output offset error can be referred to the input of the differentiator
where it represents an equivalent input error:

(6.16)

Amplifier input offset voltage and bias current are initial values plus drift. If
initial values are balanced this leaves drift values only. The error component
due to amplifier bias current can be reduced by connecting a resistor, equal in
magnitude to the feedback resistor, between the non-inverting input terminal of
the amplifier and earth. With this resistor in circuit, values of the amplifier input
difference current Iio should be substituted for IB in the error equations.

Equation 6.16 suggests that for a particular CR value the equivalent input
error is reduced by making C as large as possible. But note that the current
through the feedback resistor R is supplied by the amplifier; R must there-
fore not be so small as seriously to load the amplifier output. Also there are
problems involved in large capacitor values (say C greater than 10 �F) as
discussed in Section 6.3.1.

6.8.3 Choice of differentiator component values

The component values and the amplifier type to be used in a practical differ-
entiator are dictated by the accuracy requirements assessed in terms of the
expected frequency content and magnitude of the input signal. The starting
point in a differentiator design is normally the choice of characteristic time CR.

dVin

dt(error)

 � – 
IB

C
 ± 

Vio

CR

eo � CR 
dein

dt
 � IBR ± Vio

If � Iin – IB � ± 
Vio – eo

R

Iin � C 
dein

dt
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Figure 6.21 Equivalent circuit for evaluation of differentiator offset error
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It is convenient to select a characteristic time such that the amplifier will
give near full-scale output for the maximum expected rate of change of the
input signal.

Choose (6.17)

An output bounding circuit can be added to prevent unexpectedly fast input
signals from driving the output into saturation limits. Select resistor value
say in the range 10 k�–100 k�, which is not too low as to draw seriously
on the amplifier output current, and then calculate the necessary value of
capacitor. If the calculation calls for a value of C greater than 10 �F, it is
usually better to increase the value of R and use an amplifier type with
smaller bias current. This is especially true if the equivalent input offset error
(equation 6.16) is such as to reduce the accuracy below the design limit.

Ensure adequate closed-loop phase margin and reduce high frequency noise
by selecting a value for R1 (Figure 6.19) or C1R1 (Figure 6.20). To mini-
mize noise, the break in the 20 dB/decade increasing gain should be set to
the highest expected input signal frequency.

Modifications comparable to those discussed in Section 6.4 can be made in
order to vary the response characteristics of a differentiator circuit.

6.9.1 Summing differentiator

The derivative of several input signals may be combined in a summing dif-
ferentiator. Introducing additional capacitive input paths to the amplifier sum-
ming point forms a summing differentiator, shown in Figure 6.22.

6.9.2 Differential differentiator

A circuit that produces an output proportional to the difference between the
derivatives of two input signals is shown in Figure 6.23.

6.1 A simple integrator circuit (Figure 6.l) uses C � 0.1 �F, R � 100 k�.
The input point of the circuit is connected to earth and the output drift
rate is adjusted to zero by means of a suitable offset balance (Section
10.6). Find the output drift rate if the temperature changes by 10°C
assuming that the op-amp has �Vio/�T � 20 �V/°C and �IB/�T �
0.5 nA/°C (see Section 6.3.1).

6.2 Show how you would use a single op-amp to generate the relationship

eo � – �t

0

(e1 � 2e2 � 10e3) dt

CR � 
|Vo |max

�dein

dt �max
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6.9 Modifications to
the basic differentiator

Exercises
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Find component values if the integrating capacitor has a value 1 �F.
Assume ideal operational amplifier action. If the op-amp has input offset
voltage Vio � 10 �V and bias current IB � 2 nA what is the integrator
output drift rate? (see Section 6.3.1 and Figure 6.8).

6.3 In the simple integrator circuit of Figure 6.1, C � 0.1 �F and R �
100 k�. If the open-loop gain of the operational amplifier at zero
frequency is 80 dB what is the lowest sinusoidal signal frequency for
which the phase error will be no more than 5 degrees?

What is the amplitude error at this frequency?
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Figure 6.22 Summing differentiator

Figure 6.23 Differential differentiators
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What happens to the phase and amplitude errors if an additional input
path in the form of a second 100 k� resistor is added to the circuit?
(see Section 6.3.2).

6.4 A simple operational integrator with C � 0.1 �F and R � 100 k� is
to be used to produce a linear ramp of amplitude 10 V and duration
100 ms. What is the minimum value of the open-loop gain of the ampli-
fier to ensure that the departure from linearity of the ramp is less than
0.1 per cent? (see equation 6.10).

6.5 An AC integrator (Figure 6.17) uses the component values R1 � 10 k�,
R2 � 1 M�, C � 0.1 �F. What is the lowest input signal frequency
for which the magnitude of the output is in error by no more than 
0.5 per cent? (see Section 6.6).

6.6 An internally frequency compensated operational amplifier with open-
loop gain 100 dB and unity-gain frequency 10 MHz is used as a simple
differentiator (Figure 6.18) with C � 0.1 �F and R � 100 k�. The
circuit is found to be very lightly damped; explain this fact and esti-
mate the approximate value of the frequency at which the output ‘rings’
when the circuit is subjected to a transient disturbance. In order to over-
come the stability problem, a resistor R1 � 1 k� is connected in series
with the input capacitor C.

Explain the action of this resistor and estimate the highest frequency
for which the magnitude of the output signal will be in error by no
more than 0.5 per cent with R1 in circuit. Illustrate your answer with
appropriate Bode plots (see Sections 6.7.1 and 6.8.1).

If the operational amplifier has a bias current IB � 0.1 �A and input
offset voltage Vio � 4 mV what will be the output offset in the circuit?
(see Section 6.8.2).

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

170 Operational Amplifiers

AMPLIFIERS 06  2/6/03  6:14 PM  Page 170



7 Comparator, monostable
and oscillator circuits

Negative feedback has been used in the op-amp circuits described so far. In
such circuits, the op-amp’s output voltage usually lies between its positive
and negative saturation limits. The differential input is very small at all times,
due to the use of negative feedback and because the op-amp has a high gain.

When an op-amp is used without feedback (open-loop operation) its output
will usually be in one of its saturated states. The application of a small differ-
ential input signal, of the appropriate polarity, will cause the output to switch
to its other saturated condition.

In this chapter we will consider circuits in which op-amps, and related
analogue integrated circuits, have positive feedback applied to them. Positive
feedback can be used to produce a comparator action, or a controlled oscil-
lation of definite frequency. Integrated circuits (ICs) that are designed
specifically to operate as comparators will be described, in addition to the
ubiquitous 555 timer IC and the 8038 function generator.

A comparator is a circuit used to sense when a varying signal reaches some
threshold value. Comparators find application in many electronic systems.
They may be used to sense when an electrical signal reaches or exceeds
some defined voltage level.

A comparator may be built using dedicated comparator ICs. These dedi-
cated devices are like op-amps except they usually have fast switching outputs
designed for driving digital circuits. Alternatively, op-amps may be used as
comparators, and are able to drive digital circuits if suitable output voltage
limiting is provided. However, not all op-amp types are suitable. In addition
to low offset and drift, rapid switching times are normally essential.

Comparators have a differential amplifier at their input. The output is a
switching driver stage. The simplest comparator circuit has the signal voltage
directly to one of the input terminals and a reference voltage to the other.
The principle for an op-amp is illustrated in Figure 7.1; the same principle
applies for a comparator IC, except that the minimum output voltage is
usually 0 V (earth).

The op-amp is used open loop. Its output makes a transition between
saturated states as the input signal passes through a value equal to Eref. Eref

must not exceed the maximum common mode voltage if the circuit uses an
op-amp. Swapping the connections of the signal and reference input changes
the polarity of the output.

The circuit in Figure 7.2 illustrates an alternative arrangement for com-
parator operation.
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In Figure 7.2, signal and reference voltages are applied to the same input
terminal through appropriate resistors. The other input terminal is earthed,
which means that the circuit is not subject to common mode voltage limi-
tations and that an op-amp could be used. The output transition occurs when

The threshold voltage et can be set by choice of input resistors. The refer-
ence voltage Eref may be any convenient voltage of opposite polarity to the
input signal.

In both the comparators shown, for the full output transition to take place
the input voltage must swing past the threshold voltage by an amount

In the case of rapidly changing input signals the output transition time is
dependent on amplifier characteristics. The switching time with slowly
varying input signals depends on the rate of change of the input voltage. In
such cases it is often advantageous to speed up the output transition by using
some form of positive feedback. A comparator circuit with positive feed-
back is regenerative, in that the feedback adds to the differential input signal.
A regenerative comparator (also known as a Schmitt trigger) using an op-
amp is shown in Figure 7.3.

Vo
�

sat � Vo
�

sat

AVOL

ei � et � � Eref 
R1

R2
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Figure 7.1 Simple op-amp comparator

Figure 7.2 Single ended input op-amp comparator
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Positive feedback is applied via resistor R2. This is connected between the
amplifier output and the non-inverting input terminal. When ei reaches the
threshold voltage the amplifier switches between saturated states. Positive feed-
back causes the voltage on the non-inverting terminal to rise or fall (depending
on the reference voltage polarity) such that the differential input voltage is
greater. This increases the drive to the output stage and the output transition time
is made virtually independent of the rate of change of input voltage.

The circuit in Figure 7.3 exhibits hysteresis; that is, the transition takes
place for different values of ei dependent on whether ei is increasing or
decreasing towards the threshold value. The transfer curve for the comparator
is illustrated for an op-amp with a value of Eref equal to zero. The threshold
value for ei at which the transition takes place has a value, neglecting offsets,
equal to

Vo sat can take on both its positive and negative saturation values and the
amount of hysteresis is thus

(7.1)

The amount of hysteresis is directly dependent on the magnitude of the
positive feedback fraction,

Avoid using a regenerative comparator (Schmitt trigger) with a very small
amount of hysteresis (small �) because this usually results in high frequency
oscillations at switching.

In all comparator circuits outputs may be clamped to desired values rather
than using saturation limiting. It must be stressed that care should be taken
to ensure that reference and input voltages do not exceed allowable limits
for common mode and differential input signals. A modification of the simple
comparator of Figure 7.2 is illustrated in Figure 7.4.

� � 
R1

R1 � R2

VH �  (Vo
�
sat – Vo

�
sat )  

R1

R1 �  R2

Vo sat 
R1

R1 � R2
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Figure 7.3 Regenerative comparator (Schmitt trigger)
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Diodes are used to impose output bounds; the output voltage varies approx-
imately logarithmically with the current into the amplifier summing point.
The circuit incorporates a variable amount of hysteresis, which may be used
to speed up the output transition for slowly varying input signals.

In both the circuits of Figures 7.2 and 7.4 the state of the output depends
essentially on the direction of the current flowing towards the amplifier
summing point. The circuits may thus be used to compare the sum of several
voltages against a reference merely by adding appropriate resistors to the
amplifier summing point. The principle is illustrated by the circuit shown in
Figure 7.5.

The output transition in this circuit occurs when

The circuit includes a method of restricting the comparator output for compat-
ibility with digital integrated circuits. Resistor R is included to limit the
amplifier output current.

e1

R1

 � 
e2

R2

 � � 
Eref

R3
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Figure 7.4 Comparator with diode bounding

Figure 7.5 Comparison of sum of input signals
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Multivibrators are a group of circuits that have two states; they are used
extensively in pulse systems. There are two types described here: astable
multivibrators (free running) and monostable multivibrators (one shot).
Generally, circuits to perform these functions are available as digital inte-
grated circuits. However, sometimes it is necessary to use analogue devices.
Op-amps with positive feedback can be made to operate as multivibrators.

7.2.1 Astable multivibrators

In an astable multivibrator the two states of the circuit are momentarily stable
and the circuit switches repetitively between these two states.

The circuit illustrated in Figure 7.6 shows a differential input op-amp
acting as a free running symmetrical multivibrator.

The two states of the circuit between which it switches are those in which
the amplifier output is at positive and negative saturation. The amplifier
output is thus a square wave. The period of the square wave is determined
by the time constant CR and the feedback ratio established by the potential
divider R1, R2.

The action of the circuit is conveniently described by reference to the
waveforms illustrated in Figure 7.7. Starting at the time t′ when the amplifier
is in negative saturation, the voltage at terminal A is

where

Terminal B is positive with respect to terminal A and its potential is decreas-
ing as C charges down through R. When the potential difference between the
two input terminals approaches zero the amplifier comes out of saturation. The
positive feedback from the output to terminal A causes a regenerative switch-
ing which drives the amplifier to positive saturation. The voltage across a

� � 
R1

R1 � R2

VA � �Vo
�

sat
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7.2 Multivibrators

Figure 7.6 Free running symmetrical multivibrator
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capacitor in series with a resistor cannot change instantaneously, and the
potential at the terminal B therefore remains substantially constant during this
rapid transition. Capacitor C now charges up through R and the potential at B
rises exponentially; when it reaches VB � �Vo

�
sat the circuit switches back to

the state in which the amplifier is in negative saturation.
The period of the oscillations may be obtained by making use of the

general equation for capacitor charging. A capacitor C with an initial voltage
Vi, charged through resistor R by a voltage Vf reaches voltage Vb in time
given by:

(7.2)

Substitution of appropriate voltages from Figure 7.7 gives the timing periods:

t1 � CR ln �Vo
�

sat – �Vo
�

sat

Vo
�

sat – �Vo
�

sat
�

t � CR ln �Vf – Vi

Vf – Vb
�
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Figure 7.7 Waveforms for free running multivibrator
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(7.3)

and 

(7.4)

If the positive and negative values of the amplifier saturation voltage have
the same magnitude, t1 � t2 and the expression to give the period of oscil-
lation becomes:

which simplifies to: (7.5)

Non-symmetrical multivibrator

A free running multivibrator with a non-symmetrical waveform may be
obtained by using the circuit illustrated in Figure 7.8. The timing can be
synchronized so that the period is an exact multiple of the period of a syn-
chronizing signal. The synchronizing signal can be injected into the circuit
at the non-inverting input terminal of the op-amp.

In this circuit capacitor C charges up through diode D1 and resistor R3.
Diode D2 is reverse biased during the timing period t1 which is governed by
the time constant CR3. Capacitor C charges down through diode D2 and
resistor R4; diode D1 is reverse biased and the time constant CR4 governs
the period t2. The waveforms are illustrated in Figure 7.9.

The timing equation for one output state of the non-symmetrical multi-
vibrator, when the positive and negative saturation voltages have equal
magnitude, is given by:

T � 2CR ln �1 � 2 
R1

R2
�

t � t1� t2 � 2CR ln �1 � �

1 – � �

t1 � CR ln �Vo
–
sat – �Vo

�
sat

Vo
–
sat (1 – �) �

t1 � CR ln �Vo
–
sat – �Vo

�
sat

Vo
–
sat – �Vo

–
sat
�

t1 � CR ln �Vo
�

sat – �Vo
–
sat

Vo
�

sat(1 – �) �1111
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Figure 7.8 Non-symmetrical multivibrator
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and as before

Here the value of R depends on the output voltage polarity. Referring to
Figure 7.8, a ‘mark’ is negative, so D2 conducts and R � R4. A ‘space’ is
defined as a positive polarity output, so D1 conducts and R � R3.

7.2.2 Monostable multivibrators

The monostable multivibrator has only one stable state. It can be made to
change to its other state by the application of a suitable triggering pulse.
After a time interval determined by component values, the circuit returns to
its stable state.

The connection of a diode in parallel with the timing capacitor in an
astable circuit may be used to prevent the phase inverting input terminal of
the amplifier from going positive; this gives a monostable circuit. The
arrangement is illustrated in Figure 7.10.

In the permanently stable state of this circuit the amplifier output is at
positive saturation, terminal B is clamped to earth by diode D1 and terminal
A is positive with respect to earth; VA � �Vo

�
sat . It is assumed that the

resistor R3 is much greater than R1 so that its loading effect may be neglected.
If the potential at the point A is brought down to earth by applying a nega-
tive pulse, the circuit switches to its temporarily stable state (in which the
amplifier output is in negative saturation). Terminal A is then negative with

� � 
R1

R1 � R2

t � CR ln �1 � �

1 – � �
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Figure 7.9 Waveforms for non-symmetrical multivibrator
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respect to earth; VA � �Vo
�

sat. The potential at B falls exponentially as C
charges down through R; diode D1 is reverse-biased. The circuit switches
back to its permanently stable state when the potential at B is equal to that
at A. Waveforms are illustrated in Figure 7.11.

The timing period is T � CR ln �1 � 
R1

R2
�
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Figure 7.10 Monostable multivibrator

Figure 7.11 Waveforms for monostable multivibrator
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The circuit illustrated in Figure 7.12 shows an alternative arrangement for
a monostable circuit.

The timing period is controlled by the magnitude of a negative reference volt-
age that is applied to the inverting input B of the op-amp. The timing capacitor
C connected between op-amp output and the non-inverting input A provides the
necessary positive feedback path. Waveforms are illustrated in Figure 7.13.

The timing periods obtained with practical astable and monostable multi-
vibrators may be expected to show minor deviations from the values derived
in the text. This is due primarily to the effect of amplifier offsets. The values
of voltages and components used for practical circuits must ensure that ampli-
fier limitations are not exceeded. The use of bounding circuits may involve
some slight modification to the expressions derived for the timing periods.

7.2.3 Long delay monostable without large timing capacitor

Large value capacitors are rather expensive and bulky, and designers gener-
ally try to avoid using them. High value resistors are often used to give long
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Figure 7.12 Monostable multivibrator with period controlled by reference
voltage

Figure 7.13 Waveforms for circuit of Figure 7.12
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time constants without having to use high value capacitors. Unfortunately,
this leads to increased offset and noise in op-amp circuits. Sometimes resistor
values are fixed by other circuit conditions that make large capacitance values
essential.

One method to avoid the use of a large capacitor is to use a capacitance
multiplier circuit. This increases the effective value of a capacitor. Capaci-
tance multipliers can also be useful in creating an effectively variable
capacitance from a fixed value capacitor.

The circuit illustrated in Figure 7.14 allows the effective capacitance
between the input terminal and earth to be adjusted by simply varying the
gain of the inverting amplifier stage A2. Amplifier A1 acts as a unity gain
follower; its function is to isolate the capacitance formed by the circuit from
the loading imposed by the inverting amplifier stage.

There is a practical limit on the size of capacitance that can be created.
This is determined by the fact that the capacitance multiplication achieved
is almost the same as the gain of the inverting amplifier stage. Thus, the
larger the capacitance multiplication, the smaller is the allowable input 
signal that can be tolerated without exceeding amplifier A2 output voltage
limitation.

Choice of amplifier type to be used in the practical circuit is determined
largely by signal frequency requirement.

Amplifier bias currents and input offset voltage cause an offset voltage in
the output of A2, but this is not of major significance other than in its effect
in limiting signal output sweep. The bias current of amplifier A1 represents
a leakage current of the synthesized capacitor, but it is not a function of the
applied voltage. Bias current continues to flow even with zero applied input
voltage. If the synthesized capacitor is used to perform a timing function,
the bias current causes an offset error.
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Figure 7.14 Variable capacitance multiplier
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Another example of a capacitance multiplier circuit is shown in Figure
7.15. The op-amp is connected as a unity-gain follower and, neglecting off-
sets, its output voltage at any instant is equal to the voltage across the
capacitor C1. This output voltage is fed back via resistor R2 to the input end
of resistor R1 in a ‘bootstrap’ fashion and increases the effective capacitance
value between the input terminal and earth.

The performance equation and equivalent circuits given in Figure 7.15
represent circuit behaviour. Note that the multiplied capacitance has an effec-
tive resistance in series with it, so that high Q capacitors cannot be realized
and the circuit cannot be used for tuned filter applications. However, it can
be used in timing applications and simple RC low-pass filters where resis-
tance is always connected in series with the capacitor.

In timing circuits, the multiplied capacitance is connected in series with
an external resistor to a DC supply voltage. The voltage across the actual
capacitance C1 rises exponentially, but the time constant is determined by
the multiplied capacitance value. The voltage across C1 is available at the
low impedance output terminal of the op-amp. A timing circuit using the
principle is illustrated in Figure 7.16. The timing period is initiated by opening
the switch, after which the voltage across capacitor C1 rises exponentially
governed by the time constant.

The second amplifier in the circuit is used as a comparator, to sense when
the exponentially rising voltage reaches a reference value set by the poten-
tial divider R4 and R5. When the reference voltage is reached, the output of
A2 switches from its positive to its negative saturation value. Long timing
periods can be obtained with this circuit, without the necessity for very large
CR values. With the component values shown in the circuit the time delay
is approximately 90 s.

T � Ceff [Reff � R3] � C1�1 � 
R1

R2
� [R2 //R1 � R3]
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Figure 7.15 Capacitance multiplier
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An oscillator continuously produces a repetitive time varying electrical signal.
The most important characteristics of an oscillator are the waveform, ampli-
tude, and frequency of the signal it produces.

Op-amps or special linear integrated circuits may be used as oscillators.
The astable multivibrator discussed in the previous section uses op-amps to
produce non-sinusoidal oscillations. A different arrangement of the ampli-
fier is necessary if sinusoidal oscillations are required.

The application of sufficient positive feedback will transform any ampli-
fier into an oscillator. In fact, when using high gain, fast roll-off amplifiers,
it is easy to obtain unwanted oscillations. For this reason proper attention
should be paid to decoupling and frequency compensating techniques. When
an amplifier circuit is designed specifically to produce oscillations, a positive
feedback loop is deliberately introduced into the circuit.

To aid understanding of feedback oscillators, consider the simple feed-
back loop illustrated in Figure 7.17.
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Figure 7.16 Timing circuit not requiring excessively large CR values

7.3 Sine wave
oscillators

Figure 7.17 Representation of simple feedback loop
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The diagram shows an amplifier, gain A, with a fraction � of its output
signal returned to its input via a feedback network. In the general case both
A and � are frequency dependent, and are represented mathematically as
complex quantities. If the loop is broken at any point and a signal is injected
at the amplifier input side of the break, the same signal appears at the other
end of the break multiplied by the loop gain �A.

The condition that the circuit should produce continuous oscillations when
the loop is closed is that the loop gain should be real, positive, and greater
than unity. If this condition is satisfied, any minute disturbance (for example,
noise) will trigger oscillations.

In order that the circuit in Figure 7.17 should produce a sinusoidal oscil-
lation of defined frequency, the circuit components must be chosen so that
the loop gain is greater than unity only at the desired oscillation frequency.
Values of loop gain greater than unity cause a continuous growth in signal
amplitude, which eventually results in waveform distortion. For stable ampli-
tude oscillations, with undistorted waveform, it is necessary to make the
effective loop gain decrease with increase in signal amplitude. Oscillations
then grow to some limiting stable amplitude at which the loop gain becomes
exactly unity.

7.3.1 Wien bridge oscillator

The circuit shown in Figure 7.18 illustrates the use of an op-amp in a Wien
bridge oscillator.

In this circuit, feedback is applied between the output and the non-inverting
input of the op-amp via the frequency dependent network Z2, Z1. The network
produces zero phase change at a frequency

Oscillations thus take place at this frequency since the feedback is positive.
The output from the network

fo � 
1

2�CR
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Figure 7.18 Wien bridge oscillator
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is one third that of the input at the frequency fo. Negative feedback is applied
to the amplifier via resistors R2 and R1 in order to reduce the loop gain to
unity and so ensure a sinusoidal output waveform. If the amplifier had infinite
open-loop gain, oscillations would just be maintained for values of R2 and
R1 such that

In a practical circuit, in order to maintain stable oscillation amplitude, a non-
linear resistor is normally used for R1. The non-linear resistor should have
a positive temperature coefficient so that it increases its resistance with
increasing current. This effect can be used to make the loop gain depend
upon the amplitude of oscillations. An increase in the amplitude of oscillations
causes an increase in the current through R1, which results in an increase in
the value of R1. An increase in the magnitude of R1 means a greater amount
of negative feedback and a consequent reduction in loop gain and signal
amplitude.

The impedances Z2, Z1, R2, R1, in fact form the arms of a bridge network
(a Wien bridge). The imbalance voltage from the bridge is applied between
the differential input terminals of the op-amp. Analysis of the bridge network
shows that when R2 � 2 � R1 the bridge is balanced at a frequency

In practice a small imbalance must always exist but the greater the open-
loop gain of the amplifier the closer is the bridge to balance and the greater
is the frequency stability of the oscillator.

The circuit illustrated in Figure 7.19 shows an alternative method of
ensuring amplitude stability. A field effect transistor (FET) is used in place
of the non-linear resistor R1.

For small values of drain source voltage (below ‘pinch-off’), an FET
behaves very much like a linear resistor. The resistance between the FET’s
drain and source (RDS) is determined by the voltage applied between the
FET’s gate and source. In this circuit the oscillator output voltage is recti-
fied by the diode D, filtered by R5 and C2, and applied via potentiometer R6

to the gate of the FET. The arrangement ensures that RDS takes on that value
just necessary to maintain the required amplitude of oscillation. The signal
amplitude applied to the bridge must be small enough to ensure that the FET
is working in the linear resistance region.

7.3.2 Quadrature oscillator

The circuit illustrated in Figure 7.20 may be used to generate two sinusoidal
signals in quadrature.

fo � 
1

2�CR

R1

R1 � R2

 � 
1

3

� Z1
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The circuit uses two amplifiers: one acts as a non-inverting integrator, the
other as an inverting integrator (see Chapter 6). The two amplifiers are
connected in cascade to form a feedback loop. The feedback loop is repre-
sented by the differential equations

The solution is represented by a sinusoidal oscillation of frequency

In practice the resistor R1 is made slightly larger than the other resistors to
ensure sufficient positive feedback for oscillations. The zener diodes, used

fo � 
1

2�CR

RC 
deS

dt
 � eC'    RC 

deC

dt
 � – eS
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Figure 7.19 Wien bridge oscillator with FET amplitude stabilization

Figure 7.20 Quadrature oscillator
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to limit the output of the inverting integrator, serve to stabilize the amplitude
of oscillations.

Signals with a waveshape other than sinusoidal are sometimes required.
Signal generators that provide a variety of waveforms are commonly referred
to as function generators. They can be built using op-amps or special linear
integrated circuits.

The basic waveshapes produced by most function generators are square
and triangular. These waves can be shaped by non-linear or limiting amplifiers
to produce sinusoidal and other waveform shapes.

There are two basic functions performed in a waveform generator. The
first is a capacitor charging, which is used to fix waveform periods and
generate a triangular wave. The second is a comparator function used to
sense capacitor voltage and switch between charge and discharge conditions.
In the astable multivibrator circuit discussed in Section 7.2.1, both functions
are performed by a single op-amp. The astable multivibrator gives a square-
wave and a non-linear triangular wave.

In order to generate a linear triangular wave, the capacitor must be charged
with a constant current. The astable multivibrator can be modified for constant
current charging (see Appendix A1, Figure A1.7). One alternative is to use
two op-amps; one providing the linear capacitor charging function and the
other providing the comparator function.

7.4.1 A basic triangular square wave generator

A basic circuit for a triangular square wave generator is given in Figure
7.21. It consists of an integrator and regenerative comparator connected in
a positive feedback loop.

Precise triangular waves are formed by integration of the square wave that
is fed back from the comparator’s output to the integrator’s input. With the
comparator output at its positive saturation level, the integrator output ramps
down at the rate

(7.6)

until it reaches the lower trip point of the comparator:

The comparator output then switches rapidly to its negative saturation level
Vo

� and the integrator output then ramps up at the rate

(7.7)
– 

Vo
�

CR
 V/s

– Vo
� 

R1

R2
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�
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7.4 Waveform
generators

AMPLIFIERS 07  2/6/03  6:17 PM  Page 187



When the integrator output reaches the upper trip point of the comparator:

the comparator again switches states and the process repeats. The waveform
periods are determined by the relationships

(7.8)

(7.9)

If the comparator positive and negative output limits have the same magni-
tude, Vo

� � �Vo
�, T1 � T2 and the frequency of the oscillations is determined

by the relationship

T2 � 

[Vo
� – Vo

–] 
R1

R2

– 
Vo

–

CR

 s

T1 � 

[Vo
� – Vo

–] 
R1

R2

– 
Vo

�

CR

 s

– Vo
– 

R1

R2
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Figure 7.21 Basic triangular square wave generator
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(7.10)

Equation 7.10 has been derived from the assumption of ideal op-amp action.
The performance limits of a practical circuit are determined by comparator
slew rate and integrator bandwidth at the higher frequencies and by inte-
grator drift at the lower frequencies.

Bias current and input offset voltage give rise to an integrator output drift.
This drift increases one integration rate and decreases the other as the output
of the comparator changes polarity. The effect at low frequencies is to cause
a lack of symmetry in the generator waveform.

The effect of bias current and input offset voltage on the performance of
A2 is to introduce an equivalent error voltage at the non-inverting input
terminal. This error voltage shifts both comparator trip points an equal
amount, which in turn shifts the DC level of the triangular wave but leaves
its amplitude unchanged.

7.4.2 Varying the waveform characteristics of the basic generator

The waveform characteristics of the basic function generator system of Figure
7.21 can be varied during operation by using potentiometers. The circuit
shown in Figure 7.22 gives one possible arrangement. This allows adjustment
of frequency, waveform symmetry, triangular wave DC offset and triangular
wave amplitude. The circuit includes a zener output limiting clamp on the
comparator, which sets the square wave amplitude at ±VZ.

Adjustment of the timing resistor R controls the frequency and does not
alter other waveform characteristics. Potentiometer P1 applies a voltage V1

to the inverting input of the regenerative comparator amplifier A2. This shifts
both comparator trip points by an amount V1/�, where � is the positive

f � 
1

T1 � T2

 � 
R2

4R1 CR
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Figure 7.22 Waveform generator with control of waveform characteristics
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feedback fraction determined by the setting of potentiometer P2 . The effect
is to shift the DC level of the triangular wave by an amount V1/�.

The setting of potentiometer P2 determines the amount of hysteresis in
the regenerative comparator. This controls the comparator trip points, and
thus controls the triangular wave amplitude. Change of triangular wave ampli-
tude is inevitably accompanied by a change in frequency. A decrease in
triangular wave amplitude causes a proportional increase in frequency.

Potentiometer P3 applies a DC offset to the integrator. This results in an
increase in one timing period and a decrease in the other. This change of
timing controls waveform symmetry, but it also affects the frequency.

In Figure 7.23 is an alternative circuit that allows control of waveform
symmetry without altering the frequency. In the circuit, resistor values R1

and R2, which control the comparator trip points, are chosen so as to give
a triangular wave of amplitude approximately 10 V peak-to-peak. This allows
a single polarity triangular wave or ramp to be generated by adjustment of
the triangular wave offset control potentiometer P1. The traces as given in
Figure 7.23 show the control of waveform symmetry obtained by adjusting
the symmetry control potentiometer P3.

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

190 Operational Amplifiers

Figure 7.23 Waveform generator with frequency unaffected by symmetry
control
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Note that there is some interaction between the symmetry control poten-
tiometer and the frequency control potentiometer, at the extreme settings of
the symmetry control. This is due to unequal loading of the frequency control
potentiometer on the run up and run down portion of the triangular wave.
If this interaction is not tolerable, a follower can be used to buffer the output
of the frequency control potentiometer.

Temperature dependence of the forward voltage drops of diodes D1 and
D2, which can be expected to cause frequency instability at the lower levels
of frequency, are compensated by diodes D3 and D4.

7.4.3 Waveform generator with voltage control of frequency

It is often convenient to be able to control, or modulate, the frequency of a
waveform generator with a control voltage. To achieve this in the circuit of
Figure 7.21, the magnitude of the current to the integrator must be varied
in response to an externally applied control voltage. The sign of the inte-
grator current must change during operation, to allow the integrator output
to ramp both up and down.

A four-quadrant multiplier (see Chapter 5) could be connected between the
comparator and the integrator. This is shown in Figure 7.24. The multiplier
can be used for voltage control of the waveform generator’s frequency. The
multiplier may be thought of as acting as a voltage controlled potentiometer.

Assuming that the scaling factor of the multiplier is the normal 1/10, the
square wave is multiplied by Vc/10 before being applied to the integrator. The
equations for the waveform periods (equations 7.8 and 7.9) are in effect multi-
plied by 10/Vc and the expression for frequency (equation 7.10) is multiplied
by Vc/10. If the comparator positive and negative output limits are equal in mag-
nitude the frequency of oscillations given by the circuit in Figure 7.22 is thus:

(7.11)f � 
Vc

10
 

R2

4R1CR
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Figure 7.24 Four quadrant multiplier allows voltage control of frequency

AMPLIFIERS 07  2/6/03  6:17 PM  Page 191



The 555 integrated circuit is a general-purpose timer that can be configured
to give accurate time delays or oscillation frequencies. It is produced by
several semiconductor manufacturers; for example, National Semiconductor
(LM555), Texas Instruments and Maxim. A CMOS version of the 555 timer
allows working over a wider voltage range and also draws less current. The
CMOS version suffers from increased timing drift with temperature, but is
otherwise identical in performance.

The 555 timer comprises two comparators, a flip-flop (set/reset bi-stable
latch), a switch transistor and an output stage. The reference level of one com-
parator is fixed at a 1/3Vcc and the other is fixed at 2/3Vcc, these levels are
maintained by three equal resistors in the device which are connected across
the supply voltage Vcc. The comparator outputs are used to set and reset the
flip-flop. The flip-flop, in turn, drives both the output buffer and the switch
transistor. These internal connections are shown in Figure 7.25.

The control voltage terminal (pin 5) allows external control of the upper
and lower comparator trip points. This allows astable circuits to be frequency
modulated. Most circuits do not use this facility. Instead, it is advisable to
have a small capacitor between pin 5 and ground, this reduces the chance
of false triggering to power supply noise.

7.5.1 The 555 timer, astable operation

Figure 7.26 gives the external connections for an astable oscillator. This
circuit allows the duty cycle of the output waveform to be set by selection
of timing resistor values.

An externally connected timing capacitor C is charged up towards the
positive supply voltage through external resistors RA � RB. When the voltage
across the capacitor reaches the reference level of the upper comparator
(2/3Vcc), the comparator forces the state of the flip-flop to change, which
then turns on the switch transistor. The capacitor discharges through resistor
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7.5 The 555 timer

+

_

+

_

Vcc
    8

Reset 
     4

Output
    3

Discharge
         7

Threshold
6

Control
5

Trigger
 2

Ground
1

R

R

R

Figure 7.25 Schematic of 555 timer
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RB until the voltage across it falls to the reference level of the lower
comparator (1/3Vcc). This comparator then forces the state of the flip-flop to
change again, which in turn turns off the switch transistor and the cycle
repeats.

The oscillation frequency is given by:

The duty cycle of the square wave output is determined by the ratio of RA

and RB:

An accurate 50 per cent duty cycle can be obtained from a modified version
of this circuit, as shown in Figure 7.27.

Duty � 
RA � RB

RA � 2RB

f � 
1.44

(RA � 2RB) C
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8 7
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Ground (0 V)
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RB

C10nF

555 Timer

Figure 7.26 555 timer functional schematic; external connections for free-
running operation
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Figure 7.27 50 per cent duty cycle oscillator using CMOS 555 timer
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In Figure 7.27, the timing capacitor C is charged and discharged from the
555 timer output, through resistor R. The CMOS output swings from Vcc to
ground, so the voltage swing and the trip points are symmetrical about mid-
rail. Discharge pin 7 is not connected to the capacitor, but provides an
alternate output.

7.5.2 The 555 timer, monostable operation

A typical circuit for monostable operation of the 555 is given in Figure 7.28.
The DC voltage at the trigger terminal (pin 2) should be set above the

threshold level of the lower comparator (1/3Vcc); this holds the timing capac-
itor in the discharged condition (output low). When a negative going pulse
forces the voltage on pin 2 to fall below 1/3Vcc, this triggers the flip-flop.

Once triggered, the flip-flop output state changes, to turn off the switch
transistor that is connected across the timing capacitor. The timing capacitor
then charges up exponentially through R towards Vcc, with the time constant
CR. When the voltage across the timing capacitor reaches the threshold 
level of the upper comparator (2/3Vcc), the flip-flop is reset. The switch tran-
sistor is turned on, discharging the timing capacitor. The cycle is now
complete.

Once the circuit is triggered it is insensitive to further triggering pulses
until the timing period is complete. The triggering pulse width must be less
than the timing period for proper operation. Connecting the reset terminal
to ground will interrupt the timing period; this action turns on the switch
transistor, which prevents the capacitor from charging. The reset terminal
(pin 4) is normally held at Vcc.

The duration of the timing period T, during which the output level is at
a high state, is given by:

T � �ln (0.333)RC

or T ≈ 1.1 RC
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Figure 7.28 Monostable circuit using 555 timer
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The ICL8038 waveform generator is an integrated circuit voltage controlled
oscillator, which can generate frequencies up to 1 MHz. A more recent devel-
opment has been the Maxim MAX038, which can generate frequencies up
to 20 MHz. Both versions will be referred to as an 8038 because, apart from
their operating frequency range, their functionality is identical.

The 8038 waveform generator is similar to the 555 timer, but provides
additional triangular and sinusoidal output waveforms. The triangular wave-
form arises because the timing capacitor is charged and discharged using
constant current circuits. The sinusoidal waveform is produced by internal
sine shaping circuitry.

A simplified functional schematic of the 8038 devices is shown in Figure
7.29. The device contains two current sources I1 and I2, with a value set 
by external resistors RA and RB, respectively. A secondary control of I1 and
I2 is through the voltage applied to IC pin 8 (FM sweep input). If pins 
7 and 8 are connected together the FM sweep input voltage is set at a value
4/5Vcc by an internal potential divider, making the frequency independent of
supply voltage.

Current source I1 provides a continuous charging current to timing capac-
itor C, connected between IC pin 10 and ground. Current source I2 is usually
set to have a current flow double that of I1. When current source I2 is switched
on it discharges capacitor C. The net discharge current is then I � (I2 � I1)
and, if I2 equals 2 � I1, the charge and discharge currents are equal.

Like the circuit of the 555 timer, the 8038 device includes two comparators
and a flip-flop. The threshold levels of the two comparators are set at 2/3Vcc

and 1/3Vcc by three equal resistors connected across the supply voltage. The
flip-flop is set and reset, causing I2 to be switched on and off, by the two
comparators. Thus, the capacitor is charged and discharged between the levels
1/3Vcc and 2/3Vcc giving a triangular wave of magnitude 1/3Vcc.
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7.6 The 8038
waveform generator

Sine wave adjust 1

Sine wave out 2

Duty cycle  4
Frequency
Adjust         5

Triangle out 3

Vcc 6

FM Bias 7

14 NC

13 NC

12 Sine wave adjust

11 Ground (V-)

10 Timing capacitor

9 Square wave out

8 FM Sweep unit

Figure 7.29 8038 functional diagram and IC pin-out
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The capacitor is charged by current I1 alone, and this takes place in time
period t1, given by:

The capacitor’s discharged current is I2 � I1, and this takes place in time
period t2, given by:

The frequency of oscillation is given by:

If RA � RB � R, then I2 equals 2 � I1, which gives equal charge and discharge
times. This results in a 50 per cent duty cycle and a frequency given by:

7.6.1 Component selection

Resistors RA and RB should be selected to give charging currents in the range
10 �A to 1 mA. Lower charging currents give errors due to leakage, partic-
ularly at high temperature. Higher charging currents are limited in accuracy
by saturation voltages in the constant current circuits. If pins 7 and 8 are
connected together, the charge current is given by:

Resistors R1 and R2 are within the 8038 device. R1 � 11 k	 and R2 � 39 k	.
Capacitor C should be chosen, using the frequency equations, at the upper

end of the required frequency range.

7.6.2 Fixed frequency operation

Circuit connections for fixed frequency operation are shown in Figure 7.30.
In Figure 7.30(a), separate resistors RA and RB are used to adjust the

frequency and duty cycle. A fixed 82 k	 resistor connected between pin 12
and the negative supply reduces sine wave distortion.

In Figure 7.30(b), a low-value potentiometer is used to adjust the duty
cycle. A variable resistor is used between pin 12 and the negative supply,
to give minimum sine wave distortion.

I � 
R1 (V

� – V�)

R1 � R2

 
1

RA

 � 
0.22(V� – V�)

RA

 

f � 
0.33

RC

f � 
1

t1 � t2
 � 

1

RAC

0.66
 �1 � 

RB

2RA – RB
�

t2 � 
CV

I
 � 

C(VCC/3)

2�0.22 
VCC

RB
� – �0.22 

VCC

RA
�
 � 

CRARB

0.66 (2RA – RB)

t1 � 
CV

I
 � 

C(VCC/3) RA

0.22VCC

 � 
CRA
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The square wave output (pin 9) is available at the open collector of an
internal transistor. This enables the output load resistor to be returned to a
separate power supply. The output can thus be made TTL compatible by
returning the load to �5 volts, whilst the waveform generator is powered
from a higher voltage. Non-symmetrical waveforms can be produced by
using different values for resistors RA and RB.

7.6.3 Variable frequency operation

The signal frequency produced by the 8038 is a direct function of the DC
voltage at pin 8, the FM sweep input. By altering the voltage on pin 8,
frequency modulation is achieved. For small deviations (e.g. up to ±10 per
cent) the modulating signal can be applied to pin 8 via a decoupling capacitor.
The connections are shown in Figure 7.31.
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Figure 7.30 Fixed frequency operation of the 8038
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Figure 7.31 Frequency modulated (FM) oscillator

The external resistor between pins 7 and 8 is not necessary. Without it,
the input impedance is 8 k	. Adding the external resistor increases the input
impedance, by an amount equal to its resistance:

Z � R � 8 k	.
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In applications requiring a large FM deviation, the modulating signal is
applied between the Vcc and pin 8. Thus the entire bias for the current sources
is produced by the modulating signal and a very large (e.g. 1000:1) sweep
range is possible. Care must be taken to regulate Vcc in this configuration.
This is because the charge current is no longer a function of Vcc, but the
trigger thresholds are, which makes the oscillation frequency dependent on
Vcc. The potential on pin 8 may be swept from Vcc to about 2/3Vcc.

7.1 A regenerative comparator is required to give a negative output transi-
tion when an input signal rises through a value 3 V. The reverse
transition is to take place when the input signal decreases through the
value 2.7 V. The upper and lower limits of the comparator output are
to be bound at �5 V and �1 V respectively. Sketch a suitable circuit
indicating appropriate component values.

7.2 A comparator is required to indicate when the average value of three
input signals, weighted in the proportions 1:2:3, is equal to 5 V. Sketch
a suitable circuit.

7.3 The following component values are used in the circuit shown in Figure
7.6; C � 0.1 �F, R � 47 k	, R1 � 10 k	, R2 � 47 k	. The output
voltage is bounded to the limits �10 V and �5 V. Calculate the timing
periods and sketch the circuit waveforms (analogous to Figure 7.7).

7.4 The circuit of Figure 7.8 is used to produce a non-symmetrical square
wave of frequency 1 kHz and mark-space ratio 4:1. If R2 � 22 k	, 
R1 � 4.7 k	, C � 0.01 �F, and the output limits of the amplifier are
fixed at ±10 V what are the values of R3 and R4?

7.5 The following components are used in the circuit of Figure 7.12; 
C � 0.01 �F, R � 10 k	. The output limits of the amplifier are set at
�6 V and �1 V. What range of reference voltage is required for an
output pulse of variable duration, between 50 �s and 200 �s?

7.6 The 555 timer is used in the free-running mode of operation (see Figure
7.26) with RA � 10 k	, RB � 22 k	 and C � 10 nF. The timer has a
�15 volt supply. Calculate the frequency and duty cycle (see Section
7.5.1).

7.7 The 8038 waveform generator in Figure 7.30(a) is used with the
following component values; RA � 4.7 k	, RB � 5.6 k	, C � 22 nF,
Vcc � 15 volts. Pins 7 and 8 are connected together. What are the time
periods of the rising (t1) and falling (t2) parts of the triangular wave-
form? Sketch the waveforms to be expected.
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8 Sensor interface, analogue
processing and digital
conversion

This chapter describes sensor interface circuits, peak detector circuits, 
sample-and-hold circuits and both analogue-to-digital and digital-to-analogue
converters.

Interface circuits are required to convert the sensor’s output signal into a
convenient form. A high impedance and low level sensor signal may have
to be buffered and amplified before being processed by subsequent circuits.

Peak detector circuits and sample-and-hold circuits are often process sensor
signals. It may be that the largest signal within a certain period is required.
Or the value of a signal at a particular instance is needed.

Computers and other digital processing systems require analogue signals
to be converted into digital form. An analogue-to-digital converter (ADC)
performs this function. Analogue outputs from computing systems are
produced by a digital-to-analogue converter (DAC).

The first stage in any measurement system is often a sensor or transducer. This
is a device for converting the quantity under investigation such as mechanical
movement, temperature, pressure and force into an electrical signal.

Op-amps are used extensively to amplify weak electrical signals from a
transducer before performing any signal processing. The most suitable op-
amp circuit configuration depends on the electrical output characteristics of
the transducer. The expected signal level, the frequency response and the
source impedance are most important.

An amplifier with high input impedance is required to interface with trans-
ducers that produce an output voltage, proportional to the measurement
variable. This minimizes errors caused by loading of the transducer’s output
signal. A current-to-voltage converter circuit is required for transducers that
produce an output current, proportional to the measurement variable (e.g.
photodiodes). The bandwidth of the amplifier should be greater than the
expected frequency content of the transducer output signal; otherwise there
cannot be accurate reproduction of the signal waveform.

Differential transmission is used in cases where the transducer is remote
from the amplifier. This technique reduces the pick-up of noise and other
unwanted signals. The transducer’s output is connected across a pair of wires,
to produce a differential signal. At the other end of the transmission line a
differential input amplifier is required. The input impedance of this amplifier
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is usually matched to that of the transmission line. If the end of a transmission
line is terminated by high impedance, or is unbalanced, it will be susceptible
to external signal pick-up.

8.1.1 Bridge amplifiers for resistive transducers

Resistive transducers are available which respond to temperature, light inten-
sity and physical strain. When precise measurements are to be made, the
transducers can be included in the arms of a balanced bridge. Changes in
the physical variable to which the transducer is sensitive cause an unbalance
in the bridge; the extent of the unbalance being used to measure the change
in the physical variable.

There are several amplifier circuits that can be used with bridge circuits.
The most suitable circuit depends on the nature of the particular application.
Here are some of the points that have to be considered in choosing a particular
circuit:

� earthed or floating bridge voltage supply;
� earthed or floating unknown resistor;
� output voltage linearly related to changes in the unknown resistor;
� temperature sensitivity of the bridge circuit. This last point determines

whether or not the arrangement is sensitive to changes in the ambient
temperature affecting all the arms of the bridge.

The circuit illustrated in Figure 8.1 is basically an application of the subtractor
amplifier (Chapter 4). E denotes the battery voltage.

Referring to Figure 8.1 and assuming that the amplifier behaves ideally,
the following analysis holds:

eB � eo � 
(E – eo) R2

R1 � R2
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Figure 8.1 Bridge amplifier, earthed bridge supply
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(8.1)

But eA � eB

Substitution and rearrangement gives

(8.2)

There are two ways in which the circuit may be used, dependent upon which
arm of the bridge contains the unknown resistor (Rx). One method is to make
R1 � Ro, R2 � Rx � Ro(1 � �), and R3 � R4. Substituting these values in
equation 8.2 gives,

(8.3)

The circuit gives an output voltage which is linearly dependent upon (Rx � Ro),
the difference between the unknown and the standard. Linearity is maintained
for large deviations from bridge balance. A possible disadvantage of this
arrangement is that the unknown resistor is not earthed (it is floating).

Another way of using the circuit is to place the unknown resistor in the
position occupied by R4. We make R3 � Ro, R4 � Rx � Ro(1 � �) and R1

� R2. Substituting these values in equation 8.2 gives

(8.4)

With this arrangement the output is linear only for small deviations in the
unknown (� << 2), and is useful when one end of the unknown must be
earthed. The amplifier output does not have to supply current through the
unknown resistor. Thus, if this is required by the application, large currents
may be passed through the unknown resistor.

An advantage of both arrangements is the earthed bridge supply. The
output level from the bridge is independent of the bridge impedance.
However, the circuits do not provide amplification and the measurement of
small resistance changes may require an additional gain stage. Care must 
be taken to ensure that the maximum common mode voltage rating of the
op-amp is not exceeded.

A single ended input amplifier may be used in the circuit shown in Figure
8.2. Bridge unbalance causes a voltage

to be developed across the bridge. In order to force the amplifier input voltage
(e�) to zero, the amplifier output voltage develops a voltage at A equal to
the bridge unbalance voltage.

E�

4 �1 � 
�

2�

eo � 
�

2 � �
 E

eo � 
�

2
 E

eo � �R4 – 
R2

R1

 R3

R4 � R3

� 
E

eA � E 
R4

R3 � R4
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Thus, 

and (8.5)

This is linear for �/2 << 1.
The circuit provides amplification of the bridge unbalance voltage and is

independent of bridge impedance. However, the need for a floating bridge
supply may be a disadvantage.

Another bridge circuit is shown in Figure 8.3. In this circuit the feedback
round the amplifier causes the opposing corners of the bridge to be at the
same potential. The amplifier output voltage establishes the differential
current into the bridge needed to maintain this condition.

Summing currents at B

Summing currents at A

E – eA

Ro

 – 
eA

Ro(1 � �)
 – 

eA

R
 � 0

E – eB

Ro

 – 
eB

Ro

 � 
eo – eB

R
 � 0

eo 
R1 � R2

R1

 � 
E�

4 �1 � 
�

2�
 

eo 
R1

R1 � R2

 � 
E�

4 �1 � 
�

2�
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Figure 8.2 Bridge amplifier, single ended amplifier
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Equating eA � eB and rearranging gives

(8.6)

(linear for � << 1).
The circuit may be used with an earthed bridge supply, but it has the dis-

advantage of having a sensitivity that is dependent on bridge impedance.
The op-amp should be chosen to be insensitive to the input common mode
voltage.

8.1.2 Interfacing high impedance transducers

Some transducers have very high output impedance, which is essentially
capacitive. Examples include piezoelectric accelerometers, pressure trans-
ducers and capacitive (condenser) microphones. Transducers of this kind
operate by producing a charge that is proportional to the measurement vari-
able. The charge can be converted into a voltage by using an op-amp
connected as a current integrator.

The current integrator or charge amplifier arrangement has the desirable
feature that the transducer is connected between the amplifier summing point
and earth, and this means that the signal is unaffected by stray capacitance.
The amplifier summing point is a virtual earth, so stray capacitance and cable
capacitance between this point and earth has no potential across it (effec-
tively it is earthed on both sides) and therefore has no effect on the signal.

A theoretical charge amplifier circuit is shown in Figure 8.4(a). The output
of the capacitive transducer is represented by an equivalent circuit consisting
of a voltage source et in series with a capacitance Ct. The amplifier gives
an output signal eo � �(Ct/Cf)et.

In a practical charge amplifier, it is necessary to provide a DC path for
amplifier bias current. This takes the form of a feedback resistor Rf connected
between the op-amp’s output and its inverting input. Without this resistor,
Cf continuous charges and causes the output to drift into saturation. However,

eo � 
R

Ro

 E� 
1

(1 � �) �1 � 
Ro

R � � 1
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Figure 8.3 Bridge amplifier, earthed or floating supply
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the presence of the resistor Rf limits the lower bandwidth of the charge ampli-
fier to the frequency given by:

Bode plots, for the practical circuit, are illustrated in Figure 8.4(b). Note that
for signal frequencies less than fL, the output is proportional to the differ-
ential of the input signal. A very large value for Rf is required if the amplifier
output is to reproduce faithfully slow changes in the measurement variable.

fL � 
1

2�Cf Rf
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With R1 in

Figure 8.4 Charge amplifier. (a) Ideal charge amplifier. (b) Practical
charge amplifier and Bode plots
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This normally requires the use of a low bias current op-amp (a FET input
amplifier) in order that offset and drift error should not be excessive.

The closed-loop upper frequency limit is determined by the frequency at
which the Bode plots for 1/� and the open-loop gain intersect. If it is required
to restrict the upper frequency limit, this can be accomplished by connecting
a resistor R1 in series with the transducer as shown in Figure 8.4(b).

Hot wire anemometers are often used to measure air speed. The principle
of operation depends upon the cooling of an electrically heated platinum fila-
ment by the movement of air around it. In the arrangement illustrated in
Figure 8.5 the heated filament is included as one arm of a balanced bridge.

The output voltage of the op-amp supplies the bridge, with a simple tran-
sistor emitter follower being used to boost the amplifier output current. A
Darlington connected transistor pair can be used for greater currents, if
required. The amplifier output voltage changes in such a way as to force the
input error voltage towards zero and in so doing it establishes the bridge
balance condition

Platinum has a positive temperature coefficient of resistance. If the air flow
over the filament increases, it loses more heat and its temperature begins to
fall. The falling temperature causes the resistance of the element to reduce
and this reduces the voltage on the op-amp’s inverting input. The amplifier
output voltage increases so as to increase the power dissipation in the fila-
ment and hold its resistance, and hence its temperature, constant.

Rf � 
R1R2

R3
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8.2 Hot wire
anemometer with

constant temperature
operation

Figure 8.5 Op-amp forces constant filament temperature in hot wire
anemometer
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The output voltage of the amplifier represents an amplified form of the
filament voltage. This gives a measure of the air speed over the filament.
However, the output varies non-linearly with air speed and sensitivity is
greater at the lower speeds. Varying the value of resistor R2 sets the oper-
ating temperature of the filament, and some experimentation is needed to
find the setting that gives the best sensitivity.

It is possible for the circuit to remain inoperative when switched on. The
emitter follower may not be brought into conduction because the op-amp
output is in negative saturation. A positive offset applied to the non-inverting
input of the op-amp ensures operation at switch-on.

Heated thermistors are sometimes used in airflow measurements. They can
be operated at constant temperature, using an op-amp circuit arrangement
similar to that of Figure 8.7. It is simply necessary to interchange input leads
to the op-amp because most thermistors have a negative temperature coef-
ficient of resistance. Their resistance decreases with rise in temperature.
Constant temperature operation allows rapid measurements of changes in
flow, since there is no thermal delay.

The typical circuit shown in Figure 8.6 may be used with a K-type (see
Appendix A4) thermocouple for the measurement of temperatures in the
range 0°C to 100°C. If the component values are changed then this circuit
may be used with other types of thermocouple at different temperatures.
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8.3 Temperature
measurement using a

thermocouple

330k

Figure 8.6 Temperature measurement using a thermocouple and an op-amp
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The cold junction is at ambient temperature and any variation in this is
compensated by the change, about 2 mV/°C, in the forward voltage drop of
diode D2. A potential divider reduces this voltage to the thermocouple output.
The result, amplified by IC1 and displayed on any 100 	A meter, is propor-
tional to the temperature of the measurement junction of the thermocouple.
The single voltage supply is intended to be from a standard 9 V battery.

The meter zero is set by adjustment of R3; the span by R9 and the calibra-
tion procedure is as follows:

1. Place the measurement junction of the thermocouple in freezing water to
give 0°C.

2. Adjust R3 to set a reading of zero on the meter.
3. Place the measurement junction of the thermocouple in boiling water to

give 100°C.
4. Adjust R9 to give full-scale deflection on the meter.
5. The circuit will then be calibrated to give a reading of 1 	A/°C.

The circuit shown in Figure 8.7 is that of a very sensitive light-operated
relay. The relay is energized when the light striking the light-dependent
resistor, NORP12, exceeds a level determined by the setting of VR1. If R1

and NORP12 were interchanged, the relay would be energized in poor light
conditions and would de-energize when the light intensity reached the 
preset level.
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8.4 Light sensitive
switching

Figure 8.7 Extremely sensitive light-operated relay using a light-dependent
resistor
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The circuit shown in Figure 8.8 uses a general-purpose photodiode and FET
input op-amp, which has a low input bias current. The input signal to the op-amp
is obtained from the photodiode. The output produced is a steady DC indication
of the light level and this is particularly useful in photometry applications.

The values of components shown give sensitivity to light of approximately
14 V/mW/cm2. The values of R1 and R2 may be reduced for less sensitivity
but must be kept equal. For values less than 100 k
, a bipolar input op-amp
may be used. The 1000 pF capacitors may be increased in value to reduce
any ripple from AC lighting or to control the response time accordingly.

Hall effect transducers sense magnetic fields (see Appendix A4, Section A4.11).
Linear Hall effect transducers (LHETs) output a voltage proportional to the
magnetic field strength at the device. Figure 8.9 shows three methods of
interfacing an LHET with single supply op-amp circuits. The op-amp char-
acteristics limit the output voltage (Vo) equations at the high and low ends.

The circuits shown can be used with adjustable gain and adjustable offset,
although the adjustments will not be completely independent. One method
is to adjust the gain to the desired value with V1 set at approximately half
the op-amp supply voltage. Then adjust V1 to give the exact offset at the Vo

required for the application.
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8.5 Sensing analogue
light levels

Figure 8.8 Analogue light level sensor

8.6 Interfacing linear
Hall effect transducers

(LHETs)
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An ideal diode is a device that exhibits zero resistance for applied voltages
of one polarity and an infinite resistance to the opposite polarity. When used
in a simple rectifier circuit as in Figure 8.10(b) it would completely block
signals of one polarity and transmit perfectly those of the other.

The characteristics of real diodes are non-ideal, as shown in Figure 8.10.
Real diodes pass no appreciable current for small voltages applied across
them. They exhibit a non-linear finite resistance when conducting. The voltage
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Figure 8.9 Interfacing LHET devices and single-supply op-amps: 
(a) inverting; (b) non-inverting; (c) voltage follower

8.7 Precise diode
circuits
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drop across a forward biased diode has marked temperature dependence.
These non-ideal characteristics cause performance errors at low signal levels
when a solid state diode is used in a simple rectifier circuit.

Diode deficiencies can be largely overcome by combining them with 
op-amps. The diode op-amp circuit of Figure 8.11 produces a near ideal half-
wave rectifier characteristic.

In the circuit of Figure 8.11, diodes D1 and D2 are included within the feed-
back loop of the amplifier. If the diodes are non-conducting the amplifier is
effectively acting open loop and an input signal of magnitude Vf /AOL is all that
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Figure 8.10 (a) Real and ideal diode characteristics. (b) Real and ideal
half-wave rectifier

Figure 8.11 Op-amp diode circuit performing ideal half-wave rectification
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is required to cause diode conduction (Vf is the diode forward voltage drop).
Negative input signals cause diode D1 to conduct and the output signal that
appears at the cathode of D1 is

The non-linear diode resistance has negligible effect on the output signal.
This is because the diode is included within the feedback loop of the ampli-
fier, and the resistance is effectively divided by the loop gain in the circuit
(see Chapter 2).

Positive input signals cause diode D1 to be reverse biased and cause D2

to be forward biased. Thus D1 is isolating and D2 is conducting. This main-
tains the virtual earth at the inverting input terminal of the amplifier. The
output signal is zero since it is connected directly to the op-amp’s inverting
input via resistor R2.

The main performance limitation of op-amp circuits incorporating diodes
arises as a result of amplifier slew rate. Because of slew rate limitations, the
amplifier output voltage takes a finite time to overcome diode forward voltage
drops. This restricts the frequency response of precise diode circuits.

A full-wave rectifier circuit gives an output signal in proportion to the mag-
nitude of its input signal. It converts bipolar signals into unipolar form.
Full-wave rectifier circuits are used extensively in AC measurements. They
are used to interface bipolar inputs to single quadrant (unipolar) devices, e.g.
in log–antilog computation circuits.

The basic operation performed by a full-wave rectifier, using an op-amp,
is to switch the amplifier’s gain polarity. The circuits are arranged so that
when the polarity of the input signal changes, so also does the overall gain
polarity. Thus the circuit maintains a constant polarity output signal.

There are several op-amp circuit configurations possible that provide full-
wave rectification. The factors to be considered when choosing a circuit
configuration are: the input impedance requirements; whether or not summing
is required; and the cost or performance determined by the number of close
tolerance resistors required in the circuit.

Three full-wave rectifier circuits are shown in Figure 8.12. They all use
an inverting amplifier configuration at their input and therefore have input
impedance determined by the input resistor values.

Figure 8.12(a) is probably the most obvious approach to full-wave rectifica-
tion. It comprises the precise half-wave rectifier circuit (as shown in Figure 8.11)
added to a summing amplifier. Negative input signals are simply passed by the
inverting summer and blocked by the half-wave rectifier. Positive signals are
inverted and passed by the half-wave rectifier; they are multiplied by 2, summed
with the input and inverted by amplifier A2. The circuit requires accurate match-
ing of two pairs of resistors plus the selection of a half-value resistor.

The circuit of Figure 8.12(b) requires only two matched resistors. Two
parallel signal paths exist between input and output. Amplifier A1 (via D1)
buffers positive input signals. Negative input signals are inverted by A2 and
passed through diode D3. Negative signals can reach the output of A1 through

eo � – 
R2

R1

 ein
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8.8 Full-wave rectifier
circuits
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R1 and D2. Diode D2 is used to prevent saturation of A1. The value of resistor
R1 must be sufficiently large to minimize this current.

The circuit of Figure 8.12(c) allows summation of signals at its input
simply by adding extra input resistors. Equal value resistors are used
throughout the circuit. Positive input signals produce a negative output from
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Figure 8.12 Full-wave rectifier circuits

AMPLIFIERS 08  2/6/03  6:19 PM  Page 212



amplifier A1, which reverse biases D2 and forward biases D1. The amplifier
A2 inverts the voltage from A1, so a positive input produces a positive output.
A negative input signal provides forward bias across D2 but reverse bias
across D1. There are then two feedback paths to the inverting input A1.
Assuming ideal circuit performance:

I1 � I2 � I3

giving

But e2 � e3 � eo 2R/3R and substitution gives eo � �ein, for ein negative.
The circuit shown in Figure 8.13 is a high input impedance full-wave

rectifier circuit, which uses a follower-connected op-amp at its input. The
circuit requires only two closely matched resistors.

Positive input signals cause D1 to conduct and D2 to block. The feedback
loop is connected around amplifier A1, via A2. No current flows through the
two feedback resistors, R, so the output voltage appears at the inverting
inputs of both A1 and A2. This results in 100 per cent feedback to both op-
amps and the signal is passed to the output of A2 at unity gain. Because two
amplifiers are included within the feedback loop for positive input signals,
additional phase compensation may be required. This can be obtained by a
capacitor, C, connected in the position shown.

Negative input signals cause D2 to conduct and D1 to block. Amplifier A1

then acts as a unity-gain follower, which passes the input signal to the point
X. Amplifier A2 acts as a unity-gain inverter on this signal at X.

It is sometimes necessary to measure the maximum positive excursion (peak
value) or negative excursion (valley value) of a waveform over a given time
period. There may also be a requirement to capture and hold some maximum
value of a positive or negative pulse. A circuit that performs this function
is a peak detector.

ein

R
 � – 

eo

3R
 – 

e2

R
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8.9 Peak detectors

Figure 8.13 High input impedance absolute value circuit
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A basic peak detector circuit consists of a diode and a capacitor connected
as shown in Figure 8.14(a). The capacitor is charged by the input signal
through the diode. When the input signal falls, the diode is reverse biased
and the capacitor voltage retains the peak value of the input signal. The
simple circuit has errors because of the diode forward voltage drop. Forward
voltage drop errors can be removed by replacing the diode with a precise
diode circuit as shown in Figure 8.14(b).

The circuit of Figure 8.14(b) is useful in applications not requiring a long
hold time, for example for measuring the peak value of a repetitive signal.
In the hold mode, the voltage across the capacitor decays exponentially
governed by the time constant

In applications requiring an appreciable hold time some form of high input
impedance buffer must read out the output voltage across the capacitor. Peak
detector circuits employing FET input op-amps in the follower mode as
buffers are shown in Figure 8.15.

In Figure 8.15(a) a two-diode arrangement is used to reduce diode leakage
current, and it is only the input error voltage of amplifier A2 which appears
across diode D2 in the hold period. Circuits of this type in which two op-
amps are enclosed within a single feedback loop, normally require added
frequency compensation; this has the effect of slowing down the rate at
which the circuit responds to rapid changes in peak value.

Two separate feedback loops, one connected round each amplifier, are
employed in the circuit of Figure 8.15(b). Amplifier A1 acts both as a
comparator and a unity-gain follower. The feedback loop around A1 is open-
circuit (diode D1 blocks) when input signal levels are lower than the voltage
stored on the capacitor. When the input exceeds the capacitor voltage, diode
D1 conducts. Amplifier A1 then acts as a unity-gain follower and causes the
capacitor voltage to follow the input signal.

If appreciable hold times are required, both amplifiers should be FET input
types. This will minimize capacitor leakage caused by amplifier bias current.
Amplifier A1 should be a type that retains its high input impedance in the
saturated overload condition and should be capable of fast recovery from

t � 
CRRL

R � RL
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Figure 8.14 Peak detection. (a) Simple peak detector. (b) Precise diode
peak detector
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this condition. It must also be able to drive a capacitive load without serious
reduction in phase margin.

The choice of capacitor values in a peak follower circuit is governed by
conflicting requirements. It must be able to be charged quickly to allow a
rapid acquisition of rapidly changing input peaks. It must also have a long
hold time. The smaller the value of C, the more rapid is its charging rate.
By the same reasoning, small values of C will also discharge rapidly due to
leakage during the hold period. One way of increasing capacitor charging
current, in order to obtain faster acquisition, is to use a current booster at
the output of the op-amp. A simple emitter follower booster can be used
since only single polarity output currents are required.

Positive peak detector circuits have been described, but they can all be
modified in order to detect negative peaks (valleys) by simply reversing diode
directions. Peak-to-peak detectors can be implemented by connecting the
output of a positive peak detector and a negative peak detector to a subtractor
connected amplifier as shown in Figure 8.16.

In signal processing applications, it is sometimes necessary to hold the value
that a signal has at a specified instant in time. A circuit used to perform this
function is called a sample and hold. As well as input and output terminals, a
sample and hold circuit has control inputs to allow switching between the sample
and hold mode. The phrase ‘track and hold’ is often used when referring to a
sample and hold circuit that is in the sample mode for an appreciable time.
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Figure 8.15 Precise peak detector circuits. (a) Low drift peak detector.
(b) Fast peak detector

8.10 Sample and hold
circuits

AMPLIFIERS 08  2/6/03  6:19 PM  Page 215



In the sample mode, the output of the sample and hold circuit is (ideally) equal
to the input signal. The output follows or tracks variations in the input signal.

When switched to the hold mode, the output of the sample and hold circuit
(ideally) remains constant. The output signal is held at the value that existed at
the instant of switching. Changes to the input voltage do not affect the output.

A switch and a capacitor as shown in Figure 8.17(a) can perform the
sample and hold function. When the switch is closed (sample mode) output
and input signals are equal and the output follows or tracks the input. When
the switch is opened, the output voltage remains constant at the value that
it had at the instant the switch opened.

A more practical sample and hold circuit is shown in Figure 8.17(b). It
uses a FET switch and an op-amp unity-gain follower to minimize capac-
itor discharge in the hold mode.

Practical sample and hold circuits do not behave in an ideal manner. They usu-
ally depart from the ideal in terms of both speed and accuracy. When switched
from the hold mode to the sample mode, a finite time is required for the output
to become equal to the input. This time is referred to as the acquisition time.

There is a small delay from when the hold command signal is applied and
the time the circuit actually goes into the hold mode. This time delay is
referred to as the aperture time. With fast changing input signals, the signal
held at the output is in error to an extent determined by the aperture time.

The ideal sample and hold circuit is designed to have unity gain (output
signal � input signal). Sample mode accuracy is sometimes expressed in
terms of the percentage gain error. In the hold mode, the output of a practical
sample and hold circuit does not remain constant. Loading of the hold capac-
itor causes the capacitor to discharge and the output drifts towards zero.

The choice of capacitor values for use in a sample and hold circuit is
normally a compromise based upon conflicting requirements. These require-
ments are fast acquisition time and long hold time. In the sample mode 
the capacitor must charge up to the value of the input signal. The larger the
capacitor value, the longer it takes to charge. In the hold mode there is
inevitably always some capacitor discharge current (amplifier bias current
and switch leakage current). The larger the capacitor’s value, the longer the
time taken for the capacitor to discharge.

The capacitor dielectric also has an effect on performance. Electrolytic
and tantalum capacitors have high leakage current. Dielectric absorption (or
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Figure 8.16 Peak-to-peak detector
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soakage) also affects these dielectrics, as it does Mylar or polyester capac-
itors. Polypropylene and polystyrene capacitors have lowest leakage and
lowest dielectric absorption.

Sample and hold circuits are available in integrated circuit form. The user
simply connects a hold capacitor externally. The choice between buying an
IC, or building the circuit using op-amps and FET switches, depends on the
performance requirements.

In the simple sample hold circuit of Figure 8.17(b) the storage capacitor
is charged directly by the signal source through the FET switch. The capac-
itor loads the signal source. The capacitor charging rate, when switched from
hold mode to sample mode, is determined by the time constant C(Rs � Rt).
Here, Rs is the source resistance and Rt is the switch-on resistance. An upper
limit to the charging rate is set by the signal source’s output current limit.

An alternative one-amplifier sample and hold circuit is shown in Figure
8.18(a). It is essentially an integrator that is switched between the sample mode
and the hold mode. The circuit, unlike that of Figure 8.17(b), does provide some
input isolation, in the form of resistor R1. Its main deficiencies are its limited
tracking bandwidth and comparatively slow acquisition time. Both tracking
bandwidth and acquisition time are controlled by the time constant C1R1.

The circuit for a two op-amp, high accuracy, sample and hold circuit is given
in Figure 8.18(b). Amplifier A1 is connected as a voltage follower and imposes

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

Sensor interface, analogue processing and digital conversion 217

op-amp

Figure 8.17 The sample hold function. (a) Principle of sample hold
circuit. (b) Simple practical sample hold circuit
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negligible holding on the signal source. In the sample mode (S1 closed, S2

open) the feedback loop is closed round both amplifiers and the output is
forced to track the input. There may be errors due to the gain, common mode
and offset errors, and the current output capability of amplifier A1. Common
mode and offset errors in the output follower A2 are compensated by the action
of the feedback loop. Extra frequency compensation in the form of C1 and R1

is required to ensure closed-loop stability in the sample mode, but this slows
down the circuit response. In the hold mode S1 is open, isolating the hold
capacitor, and S2 is closed so as to complete the feedback loop round amplifier
A1. This prevents A1 from going into saturation.

If speed is more important than high accuracy, the circuit shown in Figure
8.18(c) can be used. The two amplifiers in this circuit work independently.
Each amplifier has its own closed feedback loop and, in the sample mode
(both switches closed), the switches are enclosed within A1’s feedback loop.
The circuit is faster than that of Figure 8.18(b) because no additional
frequency compensation is required. It is less accurate because of the summa-
tion of the offset and common mode errors of both amplifiers.

A voltage-to-frequency converter produces a periodic signal with frequency
proportional to an analogue control voltage. The waveform produced may
be a square wave, a pulse train, a triangular wave or a sine wave.

Pulse train output voltage-to-frequency converters could be realized using
two op-amps, one acting as an integrator and the other as a regenerative
comparator. One such circuit is illustrated in Figure 8.19.

Starting at the time at which the comparator switches to its positive level V�,
the action of the circuit is as follows. Diode D1 is reverse biased and the output
of the integrator falls linearly, at a rate determined by the magnitude of the
positive DC voltage ein and input resistor R. When the integrator output reaches
a level �Vo

�(R1/R2), the comparator switches to its negative output state. Now
diode D1 is forward biased and the integrator output voltage rises rapidly,
because R3 << R. When the integrator output voltage �Vo

�(R1/R2), the com-
parator reverts to its positive output state and the cycle repeats.

If the integrator output rise time is made negligibly small compared to
the decay time, the frequency of oscillations becomes directly proportional
to the input voltage ein.

Simple voltage-to-frequency converters using the type of circuitry discussed
above can be expected to provide ±1 per cent accuracy over the two to three
decades at the most. Greater conversion accuracy and wider dynamic range
require the use of more sophisticated circuitry, or as an alternative to building
a voltage-to-frequency converter ready built modules are available.

Simple frequency-to-voltage conversion circuits operate by first converting
the signal (whose frequency is to be measured) to a constant amplitude pulse
train. The pulse train is then differentiated, rectified and averaged to give a
DC indication of the frequency. A simple frequency-to-DC converter using
this principle of operation is illustrated in Figure 8.20.

f �  
R2

R1 (Vo
� – Vo

�

) CR
 ein
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8.11 Voltage-to-
frequency conversion

8.12 Frequency-to-
voltage conversion
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Figure 8.18 Sample and hold circuits. (a) Simple integrating type. 
(b) High accuracy type. (c) Fast type
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Amplifier A1 acts as a zero reference comparator, and its output is bounded
by back-to-back zener diodes. A1 produces a constant amplitude pulse train
with the same frequency as the input signal. Capacitor C1 and diodes D1 and
D2 constitute a simple diode pump circuit. On each positive going part of
the input pulse a quantity of charge (2VZC1) is transferred through D2 to the
summing point of amplifier A2. The charge pulses are averaged (averaging
time constant � C2R2) to give an average current of 2VZC1 f through the
feedback resistor R2 and the amplifier develops an output voltage

eo � 2VZC1 fR2

The output voltage is directly proportional to the frequency of the input signal.
This simple analysis has assumed that capacitor C1 discharges completely.

It has also neglected diode forward voltage drops. Temperature dependence
of diode voltage, �Vd, may be expected to cause scaling factor changes but
if 2VZ >> �Vd the effect is small. Temperature dependence of zener voltages
also directly affects frequency-to-voltage scaling. The comparator switching
times determine the circuit’s upper frequency limit.

Analogue-to-digital converter (ADC) devices are used to interface analogue cir-
cuits with microprocessors and other digital devices. There are a number of
ADC architectures, the simplest is used for slowly changing input signals and is
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8.13 Analogue-to-
digital converter

(ADC)

Figure 8.19 Simple V to f converter

Figure 8.20 Simple frequency-to-DC voltage conversion
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known as an integrating ADC. The integrating ADC uses a digital counter, so
the time to produce a valid output depends on the voltage being measured. The
conversion time is a maximum of 2N clock cycles, where N is the number of bits.

The successive approximation ADC uses a sample and hold circuit so that
rapidly changing signals can be sampled and then measured. The digital
output is available after N clock cycles, where N is the number of bits.

Flash ADCs have many high-speed comparators connected in parallel. An 8-
bit ADC uses 256 comparators. The digital output is produced by logic gates,
which produce a binary coded equivalent of the most significant comparator
output. The digital output is latched and is available after a single clock cycle.

All ADCs sample the analogue signal. This is like amplitude modulation
and can generate unexpected results unless the analogue signal is band limited
to less than half the sampling rate (usually the clock signal). If the signal is
not band limited, aliasing can result. Aliasing is where the digitized signals
appear to have a lower frequency than the original, and may be frequency
inverted (high frequency signals appear at lower frequencies, whilst low
frequencies appear at higher frequencies).

The requirements for anti-aliasing filters is reduced if oversampling sigma–
delta ADCs are used. These sample the signal at very high rates, up to 256
times the clock frequency. They work by using a single comparator; the
logic output from this comparator is integrated and then subtracted from 
the input voltage. This results in a series of 1s and 0s related to the input
voltage. This stream of bits is then used to generate a binary coded output.
This can result in an accurate 16-bit ADC.

8.13.1 Integrating ADC

Integrating ADCs are used for high accuracy data conversion when the input
is a slowly changing analogue signal. The integrating ADC has low offset
errors and can be highly linear. This type of ADC is used in measuring
instruments, such as multimeters.

A diagram of the integrating ADC is shown in Figure 8.21. The data con-
version process occurs in two stages. In the first stage, the signal to be measured
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Figure 8.21 An integrating (dual slope) ADC
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(�Vin) is input for a fixed time interval, T1. This is achieved by running the
clock for 2N cycles, where N is the number of bits of the digital output. If the
capacitor voltage, VC, is initially zero, by the end of stage 1, it is:

The second stage of conversion takes place over a variable length of time,
depending on the value of the input signal. The counter is initially reset to
zero and the switch S1 is connected to the reference voltage, Vref. The control
logic will keep the counter running while the comparator output is low. The
expression for the input voltage to the comparator is now given as:

The comparator output will switch high when its input voltage reaches 0 V
(the capacitor is discharged).

The time period T2 when the integrator is connected to the reference voltage
is given as T2 � T1 (Vin/Vref). The counter is enabled during period T2 and
the output of the counter will be the converted value of the analogue signal.
Since T2 is proportional to T1, this count is independent of the clock rate.
A faster clock rate results in periods T1 and T2 both becoming shorter. Figure
8.22 shows this, here Vin < Vin′ and hence T2 < T2′.

8.13.2 Successive approximation ADC

Successive approximation ADCs are popular because they are moderately
fast without being too complex. The basic principle is a ‘divide and search’
approach in converting analogue voltage to digital form. A binary search

VC (T1 � T2) � 0 � 
Vref

RC
 (T2) � 

VinT1

RC
 

VC (t) � – �t
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Vc

T1 T1+T2 T1+T2’ time

Vin’

Vin

Figure 8.22 The integrator response with two different values of input signal
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approach is used, in which the search space is reduced by half in each clock
cycle. Therefore, the successive approximation ADC will require 16 clock
cycles to convert an analogue signal into a 16-bit digital equivalent. A diagram
of this type of ADC is given in Figure 8.23.

A sample and hold circuit is used to sample the analogue input signal and
hold its value during the data conversion process. In the first clock cycle, the
most significant bit (MSB) of the successive approximation register (SAR) is
set to 1. The SAR is connected to the input of a digital-to-analogue converter
(DAC), which converts the binary value of the SAR into an analogue signal.

The analogue signal from the DAC is then applied to the comparator. The
comparator compares the output of the DAC with the stored input voltage.
If the output from the DAC is smaller than the stored input voltage, the most
significant bit of the register remains at logic 1; otherwise it is reset to 0.
This bit remains unchanged for the remainder of the data conversion process.

The same process is repeated in the second clock cycle with the next most
significant bit (MSB � 1). This bit is set to logic 1, and the output of the
SAR is converted to analogue, using the DAC, and then compared with the
stored input voltage. If the output from the DAC is smaller than the stored
input voltage, the (MSB � 1) bit of the register remains at logic 1; otherwise
it is reset to 0. This bit now remains unchanged for the remainder of the
data conversion process.

Repeating this process for N clock cycles results in converting the analogue
signal to its equivalent N-bit digital value. At the end of N clock cycles, the
SAR contains the converted value of the analogue input signal. A flow chart
describing the successive approximation ADC process is given in Figure 8.24.

There are several circuit arrangements for digital-to-analogue converters
(DACs). The three main classes of DACs are: decoder-based DACs, binary-
weighted DACs (including R–2R converters), and thermometer code DACs.

The output from a DAC should be band limited to prevent switching spikes
from appearing at the output. These spikes, or glitches, are usually at the
clock frequency or higher.
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Figure 8.23 A schematic representation of a successive approximation ADC

8.14 Digital-to-
analogue converter

(DAC)
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8.14.1 Decoder-based DACs

A decoder-based DAC uses a resistor string to produce a number of voltage
taps, see Figure 8.25. One of these voltage taps is selected by a decoder,
for connection to the output buffer through an analogue gate. Although resis-
tance of the switching network is minimal, the capacitive load is high because
one end of all transmission gates is connected to the input of the buffer.

Instead of transmission gates, which use both PMOS and NMOS transistors,
we can use just NMOS transistors. This has the disadvantage of limiting the
output voltage swing. The speed of operation is improved because of reduced
source and drain capacitance, due to the absence of the PMOS transistors.

Using equal values of resistor in the resistor string ensures equal voltage
steps in the tapped voltage, and hence for the DAC as a whole. The accu-
racy of the DAC depends on the matching of these resistors.

8.14.2 Binary-weighted DACs

Since binary numbers represent digital words, individual bits have binary
weights depending on their position within the digital word. A simple summing
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Figure 8.24 A flow chart describing the successive approximation ADC
operation
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amplifier can be used to convert a digital word to its analogue value, by arrang-
ing for each bit to contribute a current equal to its binary weight. This princi-
ple is used in binary weighted DACs in two different implementations.

In the first implementation, the resistor values increase by a factor of two
as the bit becomes less significant. The circuit of a binary-weighted resistor
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Digital
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R
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R
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R

R

Figure 8.25 3-bit decoder-based DAC using resistor string

+
_ Output
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Ground

16R2R 4R 8R

Rf

d1d2d3d4

I1I2I3I4

Figure 8.26 A binary-weighted resistor DAC (4 bit)
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DAC is illustrated in Figure 8.26. When the value of the digital bits is at
logic 1, the current through the binary-weighted resistance is diverted to flow
through the feedback resistor, Rf. When the digital bit is at logic 0, the
current flows directly to ground.

The current flowing through the resistors in either position of the switch
is constant. This is because the op-amp’s inverting input is acting as a ‘virtual
earth’ due to feedback, and is at earth potential. So, the potential on one
side of each resistor is at Vref and the other side is at 0 V.

I4 � Vref /2R

I3 � Vref /4R

I2 � Vref /8R

I1 � Vref /16R

If the feedback resistor value is R, the buffer’s output voltage range is 0 V
to �15/16Vref.

The accuracy of a binary-weighted resistor DAC is dependent on the
matching between different resistors used in the circuit. It is difficult to obtain
a good match of resistors in an integrated circuit. When the range of resistor
values is very large, matching them becomes the dominant problem. For
example, with a 14-bit binary-weighted resistor DAC, the range of resistor
values can vary by over four orders of magnitude. Therefore, the use of
binary-weighted resistors can result in large mismatch errors.

In the second implementation of binary weighting, only two different
values of resistors are used to obtain the binary weighted currents. Using an
R–2R network in conjunction with a summing amplifier and CMOS switches,
it is possible to implement a binary-weighted DAC as given in Figure 8.27.
Depending on the CMOS switch position, the binary-weighted currents either
flow to the feedback resistor or to ground. The currents flowing through the
feedback resistor will contribute towards the output voltage.
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+
_ Output

Vref

Ground

2R2R 2R 2R

Rf

d1d2d3d4

2R

R R R

Figure 8.27 R–2R binary-weighted DAC
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The bit values of the digital word determine the switch position. A logic 1
on the most significant bit causes the corresponding CMOS switch d4 to 
connect to the buffer’s inverting input. Current Vref /2R will flow into the
buffer’s summing node, thus generating an output voltage. A logic 1 on the next
most significant bit operates CMOS switch d3 and causes current Vref /4R to flow
into the summing node. The current is halved each time the binary value of the
bit is halved, so the output voltage is proportional to the value of the digital word.

The advantage of an R–2R network is that only two resistor values are
required. Matching between a number of resistors, of values R and 2R, is
much easier to achieve than by using binary-weighted values.

8.14.3 Thermometer code DACs

Glitches (short pulses) are produced by decoder and binary-weighted con-
verters, and this is a major limitation. When the digital input values changes,
it is likely that some of the switches turn ON or OFF faster than others, result-
ing in glitches in the analogue output. A glitch due to the switch associated
with the most significant bit can have an amplitude of almost half Vref.

The production of glitches can be reduced by the use of a thermometer
code representation of binary numbers. The disadvantage of this coding
scheme is potentially more circuit complexity. The advantages are equal
output steps, reduced level of glitches, and linearity.

A thermometer code is an incremental digital output. The number of bits
required is equal to the number of voltage steps, thus 7 levels output requires
a 7-bit thermometer code, as given in Table 8.1.

The number of logic 1s in the thermometer code represents the converted
voltage. In a thermometer code-based DAC, the switching network has
(2N � 1) switches; each has equal resistance and carries equal current. The
current is switched either into the feedback resistor of an op-amp-based
summing circuit, or directly to ground. The number of switches contributing
to the current flow in the feedback resistor increase in small equal steps, as
the binary value of the digital input is increased. This minimizes the ampli-
tude of any glitches, compared to binary-weighted DACs. The schematic of
a DAC using thermometer code is given in Figure 8.28.
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Table 8.1 Thermometer code

Output MSB LSB

0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 1
2 0 0 0 0 0 1 1
3 0 0 0 0 1 1 1
4 0 0 0 1 1 1 1
5 0 0 1 1 1 1 1
6 0 1 1 1 1 1 1
7 1 1 1 1 1 1 1
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8.1 A charge amplifier (Figure 8.4) has a 100 pF capacitor and a 100 M

resistor connected in parallel in the feedback path. The feedback resistor
prevents continuous charging of the capacitor. The op-amp used in the
circuit is internally frequency compensated and has unity-gain frequency
1 MHz, bias current IB � 10 pA and input offset voltage Vio � 2 mV.
The charge amplifier is supplied by a transducer, whose output imped-
ance is capacitive; this capacitance is 900 pF.
(a) Find the upper and lower frequency of the �3 dB bandwidth limits.

What is the output offset voltage of the circuit? What would 
be the effect on circuit performance of connecting the transducer
to the amplifier by means of a cable of capacitance 200 pF? Sketch
the Bode plots to illustrate your answers.

(b) In order to avoid the use of a very large feedback resistor and yet
still maintain the same low frequency bandwidth limit, a 1 M

resistor and a resistive T network is used in place of the 100 M

resistor (see Figure 4.2). What effect will this have on the output-
offset voltage?

8.2 The following component values are used in the circuit of Figure 8.19:
R � 100 k
, C � 0.1 	F, R1 � 10 k
, R2 � 22 k
, R3 � 2.2 k
. 
(a) What is the frequency of oscillation when the input voltage is 1 V?
(b) What is the amplitude of the triangle wave at the output of the inte-
grator, A1? Assume ideal op-amp characteristics and a comparator output
voltage swing of ±10 V.

8.3 A basic sample hold circuit consisting of a FET switch and a unity-
gain buffer stage (Figure 8.17(b)) is supplied by a signal source of
output resistance 600 
, the FET has an ‘on’ resistance of 50 
 and
the op-amp has a bias current IB � 50 pA, C � 10 nF. Find the acqui-
sition time to 1 per cent for a 10 V change in output when switched
between the hold and sample mode. (Hint, 4.6 time constants are required
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Exercises

+
_ Output

Vref

Ground

Rf

d1d2d3d7 d5d6 d4

R R R R R R R

Figure 8.28 A thermometer code-based DAC
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to reach 99 per cent of the final value when charging a capacitor through
a resistor.)

Assume that the required initial capacitor charging current does not
exceed the current output limit of the signal source. What must the cur-
rent output capability of the source be for this assumption to be valid?

Neglecting switch and capacitor leakage find the output drift rate in
the hold mode. (Note: I � C dv/dt.)
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9 Active filters

In the context of this chapter, filters are electrical networks that have been
designed to pass alternating currents generated at only certain frequencies
and to block or attenuate all others. Filters have a wide use in electrical and
electronic engineering and are vital elements in many telecommunications
and instrumentation systems where the separation of wanted from unwanted
signals – including noise – is essential to their success.

There are two generic types of filter: passive and active. The first type
comprises simple resistors, capacitors and inductors while the second has
the addition of active components, usually in the form of operational ampli-
fiers. Both of these types are sub-divided into the four classes according to
their use. These are low-pass, high-pass, band-pass and band-stop. This
chapter is mainly concerned with active filters employing operational ampli-
fiers (op-amps), but it may serve as a useful introduction for some readers
if firstly a brief examination is made of the passive type.

9.2.1 The low-pass filter

The circuit of a simple CR low-pass filter is shown in Figure 9.1. This is
essentially a potential divider comprising a resistance in series with a capac-
itor. The output voltage, eo, is taken from across the capacitor and is related
to the input voltage, ei, by the equation:

eo � �jXc ei /(R � jXc)

Algebraic manipulation of this complex number equation shows that the
amplitude of eo is given by the expression:

| eo | � eIXc/√(R2 � Xc
2)
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9.2 Passive filters

Figure 9.1 First order low-pass passive CR filter circuit
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Even though ei may be held constant over a range of input frequencies, the
amplitude of eo decreases as the frequency is increased. This is because 
the reactance of the capacitor, Xc � 1/2�fC, varies as the inverse of the
frequency, f, and tends from an infinitely high value at zero frequency to
zero at an infinitely high frequency. The circuit output is effectively shorted
out at very high frequencies. Figure 9.2 shows the response curve for this
circuit which is typical of the low-pass filter.

At low frequencies the output volts:input volts ratio remains sensibly level
up to a frequency, fc, at which a marked fall off starts. At about 2fc the fall
off (or roll off, as it is usually called) becomes linear at 20 dB per decade
(which is the same as 6 dB per octave). The frequency fc is known as the
cut-off frequency and is taken as that frequency at which the reactance of
the capacitor has the same magnitude as the resistance in the circuit. Also,
fc is the frequency at which the output voltage has fallen to 1/√2 times its
DC value to give half the DC power output. Simple calculations based on
these facts show that the cut-off frequency is given by the equation:

fc � 1/2�RC hertz

For frequencies below fc the circuit gain (output volts:input volts) is taken
as being reasonably constant, while for frequencies higher than fc the gain
is regarded as being so low that the passage of these signals is effectively
blocked. The circuit is known as a low-pass filter having a bandwidth
extending from DC to fc.

Because the response of the circuit depends upon frequency to the math-
ematical first order, the filter is known as a first order filter. (Also note that
the circuit contains only a single component – the capacitor – the performance
of which is frequency conscious.)

The ideal low-pass passive filter frequency response curve or transfer
function would show no loss of gain for frequencies below fc and zero output
above fc (see Figure 9.2). Clearly, the first order low-pass filter achieves
neither of these ideals. If two CR sections are cascaded (see Figure 9.3) to
form a second order filter having two frequency dependent capacitors, a
steeper roll-off can be obtained, but only at the expense of decreased output.
If these two similar sections are used, the roll-off tends to 40 dB per decade
but the output is so attenuated as to be of little use.

A better solution for achieving a steep roll-off is still to use two frequency-
dependent components but make one a capacitor and the other an inductance.
This circuit, shown in Figure 9.4, takes advantage of the ability of the induc-
tance and capacitance to be near their natural resonant frequency at the filter
cut-off frequency. This would have the effect of producing an output voltage
magnification in the knee region of the frequency response curve. By varying
the ratio of the values of inductance and capacitance, the shape of the knee
can be adjusted. The critical case is where the flat top of the lower frequency
response is extended along the frequency scale before failing in a steeper
roll-off yet without introducing the undesirable effects of underdamping or
overdamping. These include output voltage oscillations before finally settling
or having an excessively long response time to transient inputs. The combined
high frequency effect of the high inductive reactance coupled with the low
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capacitive reactance eventually produces a second order filter linear roll-off
dependent upon the inverse square of the frequency.
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10 fc

Figure 9.2 Low-pass filter response curves for (a) ideal magnitude; 
(b) actual magnitude with Bode approximation; (c) phase shift with Bode
approximation
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Figure 9.3 Second order
high-pass passive CR filter
circuit (a) and response
curve (b)

Figure 9.4 Second order
low-pass passive LCR filter
circuit (a) and response (b)
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9.2.2 The high-pass filter

To form a high-pass filter, the CR components of the low-pass filter are
simply interchanged. Figure 9.5 shows the first order high-pass circuit and
Figure 9.6 its frequency response curve. The gain roll-off is once again 20 dB
per decade and the cut-off frequency is still given by the equation

fc � 1/2�RC hertz

At low input frequencies the capacitor has a high reactance and effectively
rejects any input voltage. As the input frequency is increased the capacitor
progressively lowers its reactance, allowing an increasing proportion of the
input voltage to be developed across the resistor and appear at the circuit
output. Frequencies below fc are regarded as being in a stop-band; those
above, as being in the circuit pass-band.

9.2.3 The band-pass filter

A second order band-pass filter can be obtained by using the series LCR cir-
cuit arrangement shown in Figure 9.7. At low input frequencies the capacitive
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Figure 9.5 First order high-pass passive CR filter circuit

Figure 9.6 High-pass filter response curve showing the actual (dotted)
response and the Bode approximation
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reactance predominates and the circuit behaves as a simple series capacitor
with a 6 dB per octave increasing response from DC. As the frequency of 
the input signal approaches circuit resonance, there is a marked up-turn in the
response curve to climax in a peak at:

fo � 1/2�√(LC) hertz

Once the resonant frequency has been exceeded, the inductive reactance
becomes increasingly dominant and the response falls away but not as sharply
as was the build up from the low frequencies.

Thus, there are two frequencies where the response is 3 dB less than the
peak and they are called the upper and lower cut-off frequencies, fcu and fcl.
They are equally disposed about the resonant or centre frequency; the centre
frequency is always taken as the geometric mean of the two.

fo � √(fcu
. fc1)
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Figure 9.7 Second order band-pass passive LCR filter circuit (a) and
response (b)
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The difference between fcu and fcl is taken as the bandwidth or pass-band,
B, of the filter and together with the goodness or Q of the circuit is related
to the centre frequency, fo, by the following equation:

B � fo/Q Hz

The higher the Q of the circuit the smaller is its pass-band and the filter is
said to be more selective.

If several such LCR circuits, each having a slightly different resonant
frequency, are connected in series, the resulting circuit is a band-pass filter.

9.2.4 The band-stop filter

A second order band-stop filter can be obtained by using the parallel CL circuit
arrangement shown in Figure 9.8. At low input frequencies the circuit is effec-
tively a low-pass arrangement comprising only the L and the R. At the circuit
resonant frequency, determined by f � 1/2�√(LC), the parallel L and C pre-
sents an infinitely high impedance and the circuit output is zero. Once the res-
onant frequency has been exceeded, the inductive reactance continues to
increase while that of the capacitor decreases, making the circuit perform more
as if comprising only the C and the R in a simple high-pass filter arrangement.
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Figure 9.8 Second order band-stop passive LCR filter circuit (a) and
response (b)
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9.2.5 Passive filter summary

The four basic frequency sensitive filter circuits described above can be
cascaded using any mix of first and second order variants that is necessary
to produce a desired response. The shape of filter response curves has been
studied by many eminent people, some of whom have had their names cred-
ited to particular circuits which satisfy particular requirements. These names
include Butterworth, Bessel, Chebyshev, Cauer and, together with other
special filter circuits, they will be discussed later in this chapter.

Passive filter circuits contain various combinations of resistors, capacitors
and inductors and in most cases suffer from several shortcomings. Mathe-
matically, they are difficult to design; they are often pulled off frequency by
the load current drawn from them; even in their pass-band they usually atten-
uate signals and are not easily tuned over a wide frequency range without
changing their response characteristics. Further problems can be associated
with the use of inductors. Not only are they expensive, bulky and heavy;
they are prone to magnetic field radiation unless expensive shielding is used
to prevent unwanted coupling.

9.3.1 The case for active filters

Op-amps overcome most of the problems associated with the passive filter
circuit. Not only will the high input impedance and low output impedance
of the op-amp effectively isolate the frequency sensitive filter network from
the following load, it can also provide useful current or voltage gain. More
significantly, the op-amp can be designed into a CR only circuit in such a
way as to provide a filter response virtually identical with that of a passive
inductive filter network. This means that the use of inductors in filters is
now unnecessary. Unlike the inductor, the op-amp does not possess a
magnetic field which stores energy, rather it is designed to behave mathe-
matically in the same way as the whole passive circuit it replaces. Any
additional circuit energy is obtained from the separate power source used by
the op-amp.

9.3.2 Negative impedance conversion

The circuit shown in Figure 9.9 is designed to have an input impedance, Zi,
which appears to be the negative of the impedance Z.

(9.1)

Normal OP-AMP action causes

ei � ex � ey  and  ey � 
eoZ

R � Z

ii � 
ex – eo

R
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9.3 Active filters
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Rearranging

(9.2)

Substituting (9.2) and ex � ei into (9.1)

and rearranging

or Zi � � Z
––––––––––––––––

Suppose Z is a capacitor, C. Then Z � j/�C and so it follows that:

Zi � �(�j/�C) � �j/�C

The �j means that the current lags the voltage, that is, has an inductive
reactance, jXL, but where XL � 1/�C. However, while the result is to produce
an inductive effect, the ‘inductive reactance’ decreases with increasing
frequency rather than increases as would the reactance of a true inductance.

9.3.3 Impedance gyration

A single negative impedance invertor is not capable of simulating the true
action of an inductor. However, this effect can be achieved if a pair of negative

Zi � 
ei

ii
 � 

ZR

Z – R – Z

�  ii � 
ei (Z – R – Z)

ZR

ii � 

ei – 
ei (R � Z)

Z

R
 � 

ei �1 – 
R � Z

Z �
R

eo � 
ei (R � Z)

Z
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Figure 9.9 Impedance converter
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impedance convertors are used. Such a circuit is shown in Figure 9.10 where
the input impedance is Zi � R2/Z. Suppose that Z � �jXc. then Zi � R2/�jXc

� �j�CR2. Now the capacitor C is being made to act as if it were a true induc-
tor of value L � CR2.

Similarly, it can be shown that if Z were an inductive reactance of value
jXL, then the gyrator would make this appear to the preceding circuit as a
true capacitance of C � L/R2.
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Figure 9.10 Analysis of the circuit at (a) by progressive simplification
through (b) and (c) to (d) shows that the input impedance is proportional
to the reciprocal of the load impedance, Z
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9.3.4 Making a simple active filter

The response curve shown in Figure 9.4 for a passive second order low-pass
LR filter can be simulated using only resistors and capacitors. A first attempt
may include two cascaded first order, low-pass CR sections with the addition
of an emitter follower. This has a high input impedance but low output
impedance and so minimizes any loading effects on the frequency sensitive
CR sections. This circuit, which produces a highly damped response, is shown
in Figure 9.11(a).

Figure 9.11(b) illustrates a major design improvement by the introduction
of positive energy feedback to the centre of CR section. This ‘bootstrapping’
has a maximum effect only near the cut-off frequency. At very low frequen-
cies the normal gain enhancement of positive energy feedback is largely
negated by the high reactance of C1 the feedback path. In excess of the cut-
off frequency, the low reactance of C2 allows the signal to leak to earth and
attenuate the output accordingly. The values of the filter network capacitors
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Figure 9.11 Second order active filter
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and resistors can be selected to eliminate the damping problem of the previous
circuit. While the product of the resistors and capacitors decides the cut-off
frequency it is the ratio of the capacitors which affects the circuit response
rate. Compared with the values of C1 and C2 for critical damping, a large
C1 with a small C2 will produce an underdamped response while the reverse
will cause overdamping.

In practical active filters the emitter followers used above are invariably
replaced by op-amps in the form of integrated circuits. The frequency sensitive
filtering networks are either placed before the op-amp inputs or in the feed-
back circuits.

9.4.1 First order high-pass and low-pass filters

Examples of simple first order high- and low-pass active filters are shown
in Figure 9.12. As expected, the frequency selective resistor-capacitor circuit
elements decide the frequency response. The cut-off frequency is fc � 1/2�CR
at which the magnitude of the filter response is 3 dB less than that in the
pass-band, and the higher frequency roll-off tends to 20 dB per decade. If a
low value of fc is required, a general purpose Bi-FET operational amplifier
should be suitable. This will allow the use of large resistance values without
introducing any appreciable bias current off-set error. Resistor values up to
10 M� may be used so avoiding the expense of a high value, close toler-
ance capacitor.

First order low-pass filters are often used to perform a running average of a
signal having high frequency fluctuations superimposed upon a relatively slow
mean variation; for this purpose it is simply necessary to make the filter time
constant CR much greater than the period of the high frequency fluctuations.

A practical point to remember is that all op-amp active high-pass filters
show a band-pass characteristic. This is because their response eventually
fails at frequencies which exceed the closed loop bandwidth of the op-amp.

9.4.2 Second order low-pass and high-pass filters

Examples of simple second order low-pass and high-pass active filter circuits
are shown in Figure 9.13. The second order filter response has a 40 dB per
decade roll-off in the stop-band. The sharpness of the response curve knee
depends upon the choice of values for the components forming the frequency
sensitive element of the filter. In Figure 9.13, the components are propor-
tioned to give a so-called Butterworth response (further details later in this
chapter) and the cut-off frequency fc � 1/[2√2(�CR)] hertz.

Figure 9.2 shows the ideal shape for a low-pass filter. It has a perfectly flat
(horizontal) response from zero frequency up to the cut-off frequency where
a vertical fall then occurs. In practice this perfectly rectangular shape is
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9.4 Active filters using
operational amplifiers

(op-amps)

9.5 Choosing the 
frequency response 

of the low-pass filter
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Non-inverting

Non-inverting

Figure 9.12 First order low- and high-pass active filters. (a) First order
low-pass response. (b) First order high-pass response
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unattainable. Depending upon the intended role of the filter, it can be designed
to approximate to the ideal response in varying ways and these are mentioned
briefly below.

9.5.1 The Butterworth low-pass response

This response requires that at zero frequency the circuit gain is flat and
remains as near flat as possible up to the designed cut-off frequency. 
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Figure 9.13 Second order low- and high-pass active filters
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The higher the order of filter the more accurately does its response approx-
imate to this ideal, as illustrated by Figure 9.14.

9.5.2 The Chebyshev low-pass response

The Chebyshev approximation is an attempt to overcome the practical failure
of the Butterworth response to maintain a truly flat pass-band as the frequency
of operation is increased up to the cut-off frequency. The Chebyshev circuit
is designed uniformly to spread any deviation of gain over the pass-band in
the form of ripples as shown in Figure 9.15. Above the cut-off frequency,
like the Butterworth, the Chebyshev roll-off eventually tends to be mono-
tonic at 20n dB per decade where n is the order of the filter. Even so, the
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Figure 9.14 Butterworth response

Figure 9.15 Third order Chebyshev response
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second and third order Chebyshev filters tend to have a less steep initial roll-
off than their Butterworth counterparts, whereas comparable fourth order and
above filters show the Chebyshev response to have the sharper knee.

9.5.3 The Cauer (or elliptic) low-pass response

Using a Butterworth or Chebyshev filter, a complete signal stop is usually
regarded as having been achieved when the filter attenuation has reached a
designed level. The frequency at which this degree of attenuation first occurs
is taken as the start of the filter stop-band. However, while a continued
increase in frequency initially causes further signal attenuation, a practical
limit is reached. This is where, owing to unwanted leakage through stray
reactances, further increasing the frequency can produce an unwanted output
from the filter. The Cauer response is designed to cater for those applications
where it is required that an infinite attenuation is achieved at a particular
frequency and that for any higher frequencies a designed minimum attenu-
ation is maintained.

Figure 9.16 shows the Cauer filter circuit diagram and the typical response
curves it produces. The infinite attenuation is caused at the frequency, f2 ,
because at this frequency L2 and C2 are in resonance and present an infinite
impedance to the signal flow.
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Figure 9.16 Cauer or elliptic, third order filter circuit (a) and the
response it produces (b)

AMPLIFIERS 09  2/6/03  6:22 PM  Page 245



9.5.4 The Bessel low-pass response

The above studies on the Butterworth, Chebyshev and Cauer filter responses
have all emphasized the relative amplitudes of the filter input and output
voltages. No mention has been made of the phase shift which occurs as the
signal travels through the filter. In applications involving voice or other
analogue transmissions, phase shift is not important and optimum amplitude
responses are often obtained at the expense of phase shift. However, in the
case of digital transmissions it can be important that the pulses are not
distorted and linear-phase filters are often used.

Figure 9.17 shows the ideal linear relationship between the signal frequency
and the resulting phase shift introduced by the filter. With regard to the
signal transit time through the filter, signals of all frequencies should ideally
suffer the same time delay and so any signals in phase at the input will still
be in phase at the output. But a signal of double the frequency of another
will suffer twice its phase shift. This effect is shown at Figure 9.18.

The Bessel approximation is an attempt to produce such a linear-phase
filter. The Bessel response circuit has the same appearance as the Butterworth
and Chebyshev circuits and differs only in the component values necessary
to produce the required constant transit time at all frequencies.

9.5.5 Comparative responses of the different low-pass filters

See Figure 9.19 for a summary of the various low-pass responses.

Figure 9.6 shows the ideal shape for a high-pass filter response curve. It has
a zero output at low frequencies but continued frequency increase eventually
causes the response to rise monotonically until just short of the �3 dB cut-
off frequency which marks the start of the pass-band. At frequencies higher
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Figure 9.17 Linear relationship between frequency and phase shift in
ideal low-pass filter

9.6 Choosing the
frequency response 

of the high-pass filter
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than this, the response in the pass-band levels at the maximum gain. But,
because of practical component inadequacies and stray reactances becoming
increasingly significant at the higher frequencies, the flat response of the
passive filter circuit element does not extend to infinity and eventually
declines. Additionally, in the case of the active filter, the inherent high
frequency gain roll-off of the op-amp effectively makes any high-pass filter
behave as a form of band-pass filter – but with the upper cut-off frequency
being above the highest frequency to be passed.
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Figure 9.18 Time-related waveforms showing how a constant time delay
of 0.25 s produces a 90° phase shift in a 1 Hz signal but only a 45° shift
in a 0.5 Hz signal

Figure 9.19 Comparison of the different low-pass filter performance in
their stop-bands. (1) Cauer (elliptic); (2) Chebyshev; (3) Butterworth; 
(4) Bessel
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The studies of the low-pass filtering transfer functions and response curves
made in Section 9.5 can be readily modified to suit the high-pass conditions.
Basically, the high-pass filter is a mirror image of its low-pass equivalent;
the capacitors and resistors are simply interchanged. The mathematical
process involved in this change is called mathematical transformation by 1/f.
Figure 9.20 shows a graphical summary of the high-pass response curves.

A band-pass filter characterstic can be obtained by cascading a high- and a
low-pass filter, but when a highly selective (high Q) band-pass character-
istic is required a different approach is necessary. Many examples of active
band-pass filters will be found in the literature and in manufacturers’ notes,
but high Q band-pass filters, based upon a single op-amp, have a Q value
which is very sensitive to component variation. The so called state variable
filter approach, which is based upon the use of analogue computer tech-
niques (Section 6.10), is less component sensitive although it requires the
use of three op-amps.

The circuit for a second order state variable filter is shown in Figure 9.21.
It is particularly versatile in that it allows the simultaneous realization of
high-pass, low-pass and band-pass characteristics at three separate circuit
points. A fourth amplifier can, if required, be used to form a band reject
characteristic.

The steady state sinusoidal response equation for the circuit of Figure 9.21
is now derived – op-amps are assumed to behave ideally. It is the action of
the feedback loops which forces the desired relationships between inputs and
outputs; we derive the band-pass relationship which is exhibited between the
input signal and the output of amplifier A2 (ebp). The relationship between
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Figure 9.20 Example of high-pass filter (fifth order) response curves. 
(1) Overdamped; (2) flattest; (3) Chebyshev

9.7 Band-pass filters
using the state variable

technique
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ebp and the other output signals is readily found if it is remembered that the
action of an integrator is to multiply by

where T � CR is the integrator time constant.
Amplifier A1 is connected as an adder–subtractor. It sums the input signal

with the output of A2 and subtracts the output of A3, thus:

where T1 � C1R1 and T2 � C2R2.

– �– 
1

j�T2

 ebp 
R6

R5
�

eo1
 � 

ebp

– 
1

j�T1

 � �ei 
R4

R3 � R4

 � 
ebpR3

R3 � R4
� �1 � 

R6

R5
�
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1

j�T
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Figure 9.21 Amplifiers use BiFETS, e.g. LF 356 T1080 singles or TL 084 quad
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Algebraic manipulation yields

(9.3)

This is a second order band-pass response which can be put in the more
general form

(9.4)

With response constants related to circuit parameters by

(9.5)

In practice it is convenient to make R5 � R6, C1 � C2, R1 � R2. The centre
frequency �o can then be tuned without altering the Q by simultaneously
changing R1 and R2. The Q value can be varied by changing R4 without
altering the centre frequency.

The response at the low-pass and high-pass output is readily derived by
the substitution

in equation 9.3 yielding, after some algebraic manipulation, equations of the
form

Second order low pass

(9.6)
elp

ei(j�)

 � 
Ao(lp)

1 � 2 � j 
�

�o

 – � �

�o
�2

elp � – 
1
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C2R2R5
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R3

, �o � � R6

R5C1R1C2R2
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 � – 
Ao(bp)
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 � 
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With 

and 

Second order high pass

(9.7)

With 

and 

An active band reject filter based upon a modified twin tee network is given
in Figure 9.22. With the components proportioned as shown the performance
equation is governed by the relationship

(9.8)

where

The circuit allows the adjustment of Q by means of a single potentiometer.
In practice the depth of the notch obtainable with the filter is very much
dependent upon component matching and high Q circuits are very component
sensitive.

A band reject filter which is less sensitive to component tolerance than
Figure 9.22 can be realized with the state variable filter of the previous section.
If a quad op-amp is used for the state variable filter, the fourth amplifier can
be used to sum the input signal with the band-pass output giving a band reject
response; thus the output of amplifier A4 in Figure 9.21 is

�o � 
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9.8 Band reject filter
(notch filter)
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Substituting for ebp from equation 9.4 gives

If resistors are proportional so that Ao � R4/R3 � R7/R8 the response becomes

(9.9)

Note that Q and �o have the values for the band-pass function given previ-
ously (equation 9.5).

The circuit shown in Figure 9.23 uses an op-amp to generate an arbitrary
phase shift. All frequencies within the closed-loop bandwidth are passed at
unity gain, but with a phase shift that varies with frequency. If the resistor
R′ connected to the non-inverting input terminal is made variable, the circuit
provides a convenient means of phase adjustment. A phase variation between
0° and almost 180° is possible.
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Figure 9.22 High Q band reject filter (notch filter)

9.9 Phase shifting
circuit (all-pass filter)
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The preceding paragraphs have given an insight into the different shapes of
filter response curve which may be obtained by the careful selection of the
order of filter required together with the correct component values. The math-
ematical prediction of a particular response using manual methods becomes
lengthy, tedious and error prone as the filter order increases. The recent
proliferation of personal computers has made these design calculations a less
onerous task, but even more important is the availability of ready-made
designs for which tables of ‘normalized’ frequency against component values
are published and which can be used to design a filter having a particular
cut-off frequency and input impedance. The tabulated ‘normalized’ figures
are ‘scaled’ to give practical component values.

9.10.1 Normalization and scaling

Suppose we consider one of the simplest active filter circuits, the single pole
low-pass filter, a typical circuit for which is shown in Figure 9.24(a) (the
feedback resistor is included for DC off-set purposes). It is shown in Section
9.2.1 that the cut-off frequency for this CR circuit is given by:

fc � 1/2�CR Hz

or �c � 1/CR radians/second

If the circuit were required to have an impedance level of 1 ohm and a cut-
off angular frequency of 1 rad/s, then the capacitor would need a value of
1 farad. The circuit would be said to have been ‘normalized’ to 1 ohm and
1 rad/s and is shown in Figure 9.24(b). With these values for resistance and
capacitance the circuit is not of great use but it can be ‘scaled’ to determine
the values of resistance and capacitance which give a particular cut-off
frequency and impedance level.

Suppose we wish to raise the impedance level from the normalized 1 ohm
to 500 ohms. The rule for this is to raise all the circuit impedances by a
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9.10 Filter design

Figure 9.23 Op-amp phase shifter
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factor of 500. This means that all the resistances must be multiplied by 500
but that all the capacitances will require their values to be divided by 500,
since capacitive reactance is inversely proportional to frequency.

(Rule No. 1 – To increase the impedance level, multiply the resistors and
divide the capacitors by the scaling factor.)

Further, suppose that we now wish to increase the cut-off frequency from
1 rad/s to 50 rad/s without changing the newly adjusted impedance level. The
requirement now is for the circuit time constant to be reduced in that same
ratio, that is, by 1/50. This means that the product of CR must be reduced
by 1/50 without altering the fixed value of R at 500 ohms. Therefore, from
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Figure 9.24 Simple first order low-pass active filter. (a) Typical circuit.
(b) Circuit normalized to 1 ohm impedance level and cut-off frequency of
1 rad/s. (c) Circuit scaled to change the impedance level to 500 ohms and
cut-off frequency to 50 rad/s (7.96 Hz)
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the relationship, � � 1/CR and knowing that � must be 50 rad/s and that
R is newly fixed at 500 ohms, C becomes 1/(50 	 500) which is 40 F.

(Rule No. 2 – To increase the cut-off frequency, divide either the resis-
tors or the capacitors, by the scaling factor.)

When the circuits comprise more than a single resistor with a single capac-
itor, as is the case with the higher order filters, the same basic rules still
apply. But remember, for multi-section filters, the ratios of the frequency
sensitive capacitor and resistor pairs must remain unchanged if the overall
filter frequency response is not to change. Also, if the frequency of one
section is altered then all sections must be changed to the same frequency.

It was shown in Figure 9.12(a) that the closed-loop gain for this single
pole low-pass filter is:

Expressed in polar form, this becomes

This expression can be used to calculate the circuit gain for varying values
of �, these being made a known fraction of �c. The table of data together
with the plotted response curve are shown in Figure 9.25.

9.10.2 Sallen–Key second order active filters

There are many circuit configurations which operate successfully as second
order filters but perhaps any dissertation on active filters would be incom-
plete without at least a mention of the circuits jointly attributable to Sallen
and Key. There are two basic Sallen–Key designs: the unity-gain filter and
the equal-component filter.

While these circuits are relatively simple to construct, in order that they
operate as expected, the various component values must have a definite rela-
tionship which is a function of the circuit Q-factor. Typical Sallen–Key
second order low-pass filter circuits of the two types mentioned are shown
in Figure 9.26. It is important to note that both these circuits have constant
gains; one being unity, the other 2:1.

An advantage of the unity-gain circuit is that it requires the minimum
number of components; even the feedback resistor is not necessary in some
circuits and may be omitted. However, the unity-gain circuit does not lend
itself to easy conversion to a high-pass or band-pass filter by simply inter-
changing the circuit positions of some components. On the other hand, the
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equal-component circuit requires more components but has the advantage of
being simple to convert to a high-pass filter by interchanging the frequency
determining the resistors and capacitors.
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Figure 9.25 Response curve and data table for a first order low-pass filter.
(a) Table of data for closed-loop magnitude and phase; (b) response curve
plotted from data at (a)
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9.10.3 Time averaging

Time averaged signals are normally obtained using some form of first order
low-pass filter. Consider the arrangement in Figure 9.27(a), in which a pulsed
signal is applied to a long time constant CR filter. The capacitor charges up
during each positive pulse, and discharges when the pulses are absent. If the
time constant (t � CR) is much greater than the period of the pulses, 
the capacitor does not have time to discharge fully. Hence the capacitor
voltage gradually approaches the mean value of the input signal, albeit with
a small fluctuation superimposed.

It is possible to have long time constants without resorting to big CR
values. This can be realized by making use of the capacitor multiplying prin-
ciple, as shown in Figure 9.27(b).

A modified circuit is necessary to remove noise from signals that have
large variations in mean value (e.g. a noisy square wave). A long time-
constant first order low-pass filter is unsuitable, because its output cannot
follow the rapid changes of the signal. A modification to the circuit of 
Figure 9.27(b), which is shown in Figure 9.28, can sometimes be used in
such applications.
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eo

Figure 9.26 Second order Sallen–Key low-pass active filters. (a) Typical
unity-gain circuit; (b) typical equal-component circuit
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The back-to-back diodes bypass resistor R1 when large changes in the
mean level of the input signal occur. This gives the circuit the shorter time
constant t � C 	 R3. Small noise fluctuations with amplitude below the diode
voltage drop (typically 0.6 V) are not passed by the diodes. Hence, the circuit
has a much larger time constant for the small noise fluctuations.
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Figure 9.27 Averaging filters. (a) Simple RC averaging filter. (b) Long
time constant averaging filter uses capacitance multiplier

Figure 9.28 Averaging filter with time constant dependent upon signal
amplitude
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9.10.4 FDNR filters

Frequency-dependent negative resistance (FDNR) circuits can be used to
make an active filter based on a passive ladder filter. The advantage in doing
this is that passive ladder circuits have low sensitivity to component toler-
ances. However, inductors are bulky and are difficult to obtain; low value
inductors for radio applications are reasonably easy to find, but audio
frequency applications require much larger values. High-value inductors often
have to be specially wound in order to obtain the required inductance.
Replacing the inductors and capacitors by resistors and FDNRs gives the
same low sensitivity to component tolerances. If there are two signal paths
in a system that must be closely matched in terms of amplitude and phase,
an FDNR filter is the better choice. FDNR circuits are also a good choice
for Cauer (elliptic) filters, rather than using a state variable circuit, because
fewer components are required.

The schematic symbol for an FDNR circuit looks like a capacitor with
four plates instead of the usual two and is assigned a letter D. The FDNR
is also known as a D element. An FDNR is an active circuit that behaves
like an unusual capacitor. In a passive lowpass RC circuit, with a series
resistance R and a shunt capacitor C, the voltage drop across the shunt capac-
itor falls with increasing frequency. Beyond the passband, doubling the
frequency halves the voltage across the capacitor. In a low-pass RD circuit,
in which the FDNR has replaced the capacitor, the voltage drop across the
FDNR falls at double this rate. Thus, above the passband, doubling the
frequency quarters the output signal amplitude. 

In decibel terms, a signal applied to an RC network has a rate of fall of
6 dB/octave (a first order filter). The same signal applied to an RD network
has a rate of fall of 12 dB/octave.of a capacitor. This double rate of fall is
the reason for the four plates in the D symbol, rather than the two in a capac-
itor symbol. The circuit of an FDNR is given in Figure 9.29.

In a simple approach where all resistors are equal to 1 � and all capaci-
tors are equal to 1 F, the circuit behaves like a negative resistance of �1 �.
The equation for the negative resistance is:

If C1 � C3 � 1 F and R4 � R5, the negative resistance equals R2. 
To use an FDNR, a transformation of the passive components is needed.

FDNR elements are used to replace the shunt capacitors in passive lowpass
filters. Resistors are used to replace the series inductors. This allows the filter
size to be reduced, and a miniature hybrid circuit is possible. The design
begins with a conventional double terminated low-pass LC filter design, in
the T configuration. This has resistors (for the source and load), series and
shunt inductors, and shunt capacitors. Figure 9.30 shows a normalized elliptic
low-pass LC filter.

To convert the passive design into an FDNR design, the resistors are
replaced by capacitors, the inductors are replaced by resistors and the capac-
itors are replaced by FDNRs. If the source and load resistor are 1 �, these

D � 
R2 

. R4 
. C1 

. C3

R5
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R2

R4

R5

C1

C3

A1

A2

Terminal A

+
–

Terminal B

+

–

Figure 9.29 Circuit diagram
of an FDNR
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260 Operational Amplifiers

are replaced by capacitors of 1 F. Generally, the capacitor value is 1/R, so
if the load was 0.2 � the capacitor would be 5 F.

Inductors are replaced by resistors. A 1 H inductor becomes a 1 � resistor.
Generally, R � L, so a 1.1395 H inductor would be replaced by a 1.1395 �
resistor.

Capacitors are replaced by FDNRs. In an FDNR, the resistors are normal-
ized to 1 � and the capacitors are normalized to 1 F, to replace a 1 F capacitor.
If the normalized capacitor is not 1 F, the value of R2 (in Figure 9.29) is
scaled in proportion. Generally, R1 � C. Thus a 1.0844 F capacitor is replaced
by an FDNR that has R2 � 1.0844 �. The conversion process is illustrated
in Figure 9.31.

Applying these simple rules to the normalized low-pass design given in Figure
9.30 gives the FDNR equivalent design, illustrated in Figures 9.32 and 9.33.

Input
(1 ohm source)

1.1395

0.0669

1.1395

1.0844

Output
(1 ohm load)

Figure 9.30 Circuit of normalized low-pass LC filter

L

R

C

Passive Model

R

C

D

FDNR Transformation

Figure 9.31 FDNR transformation

Source

1F

1F 
Load

1.1395 1.1395

0.0669

1.0844

Figure 9.32 Low-pass filter with D element
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Frequency scaling is used to obtain practical component values. Consider
a third order filter that has a passband of 5 kHz. The normalized design has
a passband of 1 rad/s, so the frequency scaling factor is 2
�
F. The frequency
scaling factor is 31415.93 in this case. All capacitor values must now be
divided by 31415.93, which makes each one equal to 31.831 �F. This value
is a little too large and must be reduced to a more convenient value. Dividing
the capacitor value by 3183.1 gives a value of 10 nF for all capacitors in
the circuit. Each resistor must now be multiplied by this scaling factor. The
values of resistors R4 and R5 becomes 3.183 k�. The resistors in the series
signal path are also scaled. The normalized value of 1.1395 becomes
3.627 k�. The shunt resistor becomes 0.0669 times 3183.1 equals 212.95.

Before we redraw the filter, we must define the value of R2 in the FDNR
circuit. If the normalized capacitor is not 1 F, the value of R2 is given by
3.183 k� multiplied by the normalized capacitor value. If, as in this example,
the capacitor in the passive filter has a value of 1.0844 F, the value of R2

in the FDNR will be 3.183 k 	 1.0844 = 3.45 k�.
Finally, we must allow a d.c. path from the source to the load. This will

give us a 6 dB insertion loss, the same as a terminated lossless ladder filter.
The output load should be a high value, compared with the other series
components; a value of 100 k� is often used. The input capacitor must be
bypassed by a resistor that has a value less than 100 k�. The bypass resistor
value should be 100 k� minus the sum of other series resistors. Since the
other series resistors (replacing series inductors in the passive filter) in our

R2= 1.0844

R4= 1

R5= 1

C1= 1F

C3= 1F

A1

A2

Source

1F

1F 
Load

1.1395 1.1395

0.0669

0V

0V

0V

+

–

+

–

Figure 9.33 Normalized low-pass FDNR filter
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example sum to 7.254 k�, the bypass resistor should have a value of 
(100 � 7.254) k� or 92.746 k�.

Figure 9.34 gives the circuit diagram of the final FDNR low-pass filter.

An important point is that the common rail of the filter should be connected
to the 0 V rail of the supply. The op-amp should then be powered from posi-
tive and negative supply rails.

9.10.5 Gyrator filters

Gyrators are related to the FDNR circuits described in Section 9.10.4 and are
used to replace inductors. The gyrator uses two op-amps, four resistors and a
capacitor. The gyrator can be smaller than the inductor it replaces, especially
if surface mount components are used. Other advantages of using a gyrator
instead of an inductor are that temperture effects can be reduced by using suit-
able components and that the component value can be adjusted easily.

The gyrator has the same structure as the FDNR, that of two op-amps
connected to a chain of passive elements. The gyrator only has one capac-
itor, instead of the two used in the FDNR. All remaining passive components
are resistors. The gyrator has a capacitor in place of the fourth element
instead of in place of the first and third element.

A circuit diagram for the gyrator is given in Figure 9.35. 

R2= 3.45k

R4= 3.183k

R5= 3.183k

C1= 10nF

C3= 10nF

A1

A2

Source
Load

10nF

10nF

3.627k 3.627k

212.95

0V 0V

0V

100k

92.746k

+

+

– –

Figure 9.34 FDNR low-pass filter
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The gyrator behaves like a shunt inductor, whose value is given by:

If C1, R1, R3 and R2 are all normalized to unity, then L � R5. If all resis-
tors in the gyrator circuit are equal to ‘R’, then L � R2C.

To design a high-pass filter, first obtain the normalized low-pass passive
filter component values and then convert the design into a normalized high-
pass circuit by replacing inductors (that have a value L) by capacitors that
have a value of 1/L. Also, replace capacitors (that have a value of C) by
inductors that have a value of 1/C. The gyrator circuit now replaces the
inductor, so R5 in the gyrator circuit has a value of 1/C. Finally, all compon-
ent values are normalized. This means that all capacitor values in the final
circuit are divided by Z 
2�Fc and all resistor values are multiplied by Z.

For example, design a third order high-pass filter using a gyrator. The
filter should have a passband cut-off frequency of 10 kHz with an input and
output impedance of 600 �.

A passive filter must be designed first, and then the gyrator used to replace
the inductor. The normalized low-pass model has two inductors in series
with a central shunt capacitor. The component values are: L1 � 1.4328; 
C2 � 1.5937; and L3 � 1.4328. This is shown in Figure 9.36.

The normalized low-pass model is converted into a high-pass equivalent
by replacing the series inductors by series capacitors, thus L1 becomes C1,
etc. The capacitor values in the high-pass model are the inverse of the inductor
values in the low-pass model. In this case, C1 � 1/1.4328 � 0.697934. 

L � 
C . R1 

. R3 
. R5

R2

R1

R2

C1

A1

A2R3

R5

+

+

––

‘InductorInductor’

Figure 9.35 Gyrator circuit
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264 Operational Amplifiers

Due to symmetry, C3 � 0.697934. The shunt capacitor in the normalized
low-pass model becomes a shunt inductor in the high-pass model. The value
of the shunt inductor is the inverse of the shunt capacitor in the low-pass
model. So, C2 becomes L2. The value of L2 � 1/1.5937 � 0.627471. This is
illustrated in Figure 9.37.

In order to replace L2 with a gyrator, as shown in Figure 9.35, the value
of R5 becomes 0.627471, with R1 � R2 � R3 � 1 � and C2 of the gyrator
circuit equals 1 F.

To denormalize the filter, all resistor values must be multiplied by the
load impedance of 600 �. Resistors R1, R2 and R3 all become 600 �. 
R5 becomes 376 �. The capacitor values must all be divided by the load
impedance and by the cut-off frequency in radians (2�Fc). Thus, capacitors
C1 and C3 become 18.5133 nF and C2 becomes 26.5258 nF. The circuit is
given in Figure 9.38.

The gyrator resistors all have a low value, which could be a problem for
op-amp drive capability. Although most op-amps do have a reasonable output
drive performance, low power devices do not. To overcome this, the resist-
ance values of R1, R2, R3 and R5 can be increased provided that the combined
multiplying factor of R1, R3 and R5 is equal to the multiplying factor of R2. 

Suppose, for example, that R1, R3 and R5 were all multiplied by 2. The
value of R2 would have to be multiplied by 8 to restore the balance of the
equation. The modified component values are then: R1 � R3 � 1.2 k�,
R5 � 752 � and R2 = 4.8 k�. The value of C2 was unchanged for this modi-
fication, but it could be reduced so that the value of R2 would not have to
increase by such a large factor. 

L1=1.4328

C2=1.5937

L3= 1.4328Rs =1

Source RL= 1

Figure 9.36 Low-pass model

C1= 1/1.4328
    = 0.6979

L2= 1/1.5937
    = 0.6275

Rs=1

Source RL=1

C3= 0.6979

Figure 9.37 High-pass model
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The secret is to design the filter as initially described, and then modify
component values in order to make them practical. Remember to keep the
equation for the gyrator inductance (equivalent to the value of L2) balanced.
In practical circuits, the value of C2 would probably have to be produced
by two or more capacitors wired in parallel. Standard capacitor values are
usually in the E6 range, which is coursely spaced. It is unlikely that the
gyrator capacitor would just happen to fall on one of these E6 values.
Fortunately, it is easier to find resistor values that are close tolerance and
finely spaced, hence a single precision resistor can be used to ‘tune’ the
gyrator to have the correct inductance value.

9.1 Show that for the circuit at Figure 9.1, the cut-off frequency, fc, is given
by the expression:

fc � 1/2�RC Hz

9.2 Also for the circuit at Figure 9.1, show that the magnitude of the voltage
output, | eo |, and its phase angle, �, are given respectively by the equations:

| eo | � eiXc/(√R2 � Xc
2) and � � tan�l(Xc/R)

9.3 Plot a graph of gain, | eo/ei |, against frequency for a simple first order,
passive, low-pass, CR filter and use this graph to show that:
(a) at fc the gain is 3 dB less than its DC value
and
(b) at frequencies higher than 2fc the output declines at 20 dB/decade.

SourceSource

600R600R

600R600R 
LoadLoad

C1
18.5133nF18.5133nF

C3 3 
18.5133nF18.5133nF

R1= 600R600R

R2= 600R= 600R

R5= 376R= 376R

C1 =  = 
26.5258nF26.5258nF

A2

A1

R3 =  = 
600R600R +

––

+

Figure 9.38 Gyrator high-pass filter

Exercises
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9.4 A second order low-pass filter with a Butterworth response and a 3 dB
cut-off frequency of 20 Hz is required. The filter circuit of Figure 9.13
is to be used with close tolerance capacitors of value 0.001 �F and
0.002 �F. What values of resistors are required and what will be 
the output offset voltage if the op-amp has an input offset voltage 
Vio � 2 mV and the bias current /B � 50 pA?

9.5 A high-pass active filter is required and the circuit to be used is the one
shown in Figure 9.13. If both of the capacitors are to have the same value
of 0.001 �F and the 3 dB cut-off frequency is to be 1125 Hz, calculate
the necessary values of each of the two resistors.

9.6 If the high-pass active filter circuit of Figure 9.13 has a 3 dB cut-off
frequency of 1125 Hz and its input is connected to a 100 mV variable
frequency signal, estimate the voltage output from the filter at (a) 100 Hz,
(b) 1 kHz and (c) 2 kHz.

9.7 It is required to produce a unity-gain low-pass Sallen–Key active filter
based upon the circuit shown in Figure 9.25(a). If the filter input resist-
ance is to be 20 k� and the 3 dB cut-off frequency 1 kHz, suggest
suitable values for the capacitors and resistors.

9.8 Component values R3 � R5 � R6 � 10 k�, C1 � C2 � 0.001 �F, R1 �
R2 � R4 � 1 M� are used in the state variable filter of Figure 9.14.
Calculate the constants of the equation (equation 9.9) relating the output
of the amplifier A2 to the input signal. Sketch the response on a dB against
log f plot. In order to obtain a band-pass response, a fourth op-amp is used
to sum the input signal with the output of A2. Suggest suitable values for
the components to be connected to this fourth amplifier. If the output volt-
age limits of the op-amp are ±10 V, calculate the maximum allowable
input signal amplitude at the rejection frequency. Explain this limitation.
Suggest modifications to component values in order to give the band-pass
response a centre frequency of 200 Hz and a Q-factor of 100.

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

266 Operational Amplifiers

AMPLIFIERS 09  2/6/03  6:22 PM  Page 266



10 Practical considerations

This chapter describes how to set about choosing an op-amp and other compo-
nents. It also discusses some of the more important practical points that
should be considered when designing and using op-amp circuits.

The main applications for op-amps have been outlined in the preceding
chapters and more applications will be found in Appendix A1. In some
circuits, specific op-amps and component values have been given but this is
simply for the convenience of the reader. In general, applications are not
confined to particular op-amp types and specific component values. The op-
amp type and component values suited to a particular application are dictated
by the performance requirements of that application.

The performance of general-purpose op-amps is normally adequate for the
majority of circuits. With experience, the designer will be in a better position
to start designing his own op-amp circuits and these may require the use of
more specialized op-amp types. Chapter 3 has already discussed the various
technologies used to make integrated circuit op-amps, i.e. BiFET, bipolar,
linear CMOS. The advantages and disadvantages of current and voltage feed-
back op-amps were also given. This chapter describes how a particular op-amp
and associated components are selected.

The choice of op-amp type and other design decisions are made easier by
a systematic design approach. To choose an op-amp for a given circuit, the
designer must consider the function that it is required to perform. It is impor-
tant to consider all the op-amp parameters that may influence the performance.
Essential to the proper formulation of any op-amp design is knowledge of
the following.

What is the nature of the signal source? Is it a voltage or current source? What
is the source impedance? What is the expected amplitude range of the input
signal? What are the expected time/frequency characteristics of the input signal?

What is the nature of the load? What is the load impedance? What output
voltage and current are required? Remember that it is always possible to
increase the output current capability of an op-amp by the addition of a suit-
able booster op-amp (see later in this section).

What is the required accuracy? Accuracy must of course be defined with
respect to bandwidth, DC offset and other parameters. It is important to make
a realistic estimate of accuracy requirements. The op-amp circuit may repre-
sent a subsystem of a complete measurement or instrumentation system, and
accuracy must be related to the required overall system accuracy. A mistake
often made by beginners is either to start a design with little more than the
haziest idea of performance errors, or to specify a far greater accuracy than
is really required (over-engineered solution).
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What are the environmental conditions? What is the maximum range of tem-
perature and supply voltage over which the circuit must operate with accuracy
and without readjustment? In assessing the relevant factors it is necessary to
consider the total environment in which the circuit is required to operate. The
physical environment includes temperature, humidity, mechanical vibration,
the presence of near-by sources of interference noise, etc.

Having carefully considered the details of the circuit’s specification, the
designer must then decide how best to meet it. The decision is usually made
from a cost/performance standpoint; ‘best’ is regarded as that which achieves
a desired performance specification at minimum cost.

In making a realistic cost estimate, the designer should look carefully for
hidden costs. Many factors, other than the price of an op-amp, components,
or complete circuit modules, can contribute to the overall cost of imple-
menting an application. Cost relates to the external requirements that may
be necessary to make a device compatible with other elements in the system.
This includes the time factor involved in any setting-up procedure.

For example, there may be a specific circuit function that can be performed
by a low cost general-purpose op-amp, but which requires the use of trim
potentiometers. This circuit then requires an adjustment procedure that must
be performed by a skilled operator. Under such circumstances there could
well be an overall cost advantage in using a higher performance, more expen-
sive op-amp if the adjustment requirement were thereby eliminated. Savings
would be in the price of the potentiometer (perhaps a precision one), space,
and skilled operator’s time. In addition, there could well be an added bonus
in the superior performance provided by the more expensive op-amp.

Op-amp performance parameters will influence its behaviour in a specific
application. Performance errors determine the ability of a particular op-amp
to meet a desired accuracy requirement. In most applications, not all op-
amp parameters have equal importance. The ability to recognize the important
performance limiting specifications does simplify op-amp selection.

A general-purpose op-amp, if it can meet desired performance require-
ments, is likely to be the best choice calculated on a cost/performance basis.
Where the use of a general-purpose op-amp is not possible, it is generally
because of limitations encountered in two areas: (1) DC offset and drift
performance, and/or (2) bandwidth and slew rate requirements.

10.2.1 DC and low frequency applications

Some op-amp applications are concerned with slowly varying signals in
which knowledge of the DC level of the signal is important. In such appli-
cations, it is the op-amp’s offset voltage, bias current and drift parameters
that largely influence the final selection of an op-amp.

The non-inverting feedback configuration is usually best for processing the
signal from voltage sources (where performance requirements allow its use).
High input impedance minimizes loading errors, and can be obtained without
the use of high value resistors. It is the op-amp’s input offset voltage and drift
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that are of prime importance in determining DC errors. Common mode errors
and limits are important considerations in non-inverting applications.

Voltage summing applications, with isolation between signal sources,
require the use of the inverting feedback configuration. The resistor values
required to minimize loading errors normally make op-amp bias current and
offset voltage important in determining DC errors. Inverting configurations
do not require a consideration of common mode errors and limitations.

Applications in which the input signals are essentially currents applied by
current sources invariably use the inverting op-amp configuration. In such
applications it is usually op-amp bias current and drift which dominate the
DC errors.

In examining offset and drift specifications the designer must consider
how much offset and drift error can be tolerated. This is related to the input
signal level and the required accuracy. For example, to amplify or otherwise
manipulate a DC input signal of 1 V with an accuracy of 0.1 per cent, the
offset error must be 1 mV or less. Note that the offset error is a combination
of the effects of op-amp input offset voltage and bias current (see Chapter 2);
values are made up of initial values plus drift. Initial offsets can be balanced
out by a suitable trimming arrangement (see Section 10.6); errors are then
due to drift. This of course assumes that other sources of error such as input
loading, noise and gain errors have already been assessed.

10.2.2 Wide-band applications

Applications in which DC levels are not of interest can use a capacitor to
block out DC offset. Op-amp offset and drift specifications can then largely
be ignored. An exception to this is where a large DC output offset might
restrict the dynamic swing of alternating output signals.

Some significant points relating to the selection of an op-amp for ampli-
fying or manipulating continuous sinusoidal, complex or random waveforms
are as follows:

1. What closed-loop bandwidth is required?
Closed-loop bandwidth is determined by the intersection of the open-loop
and 1/� frequency response plots (see Chapter 2).

2. What loop gain �AOL is required?
The available loop gain at a particular frequency or over a range of
frequencies is often more important than closed-loop bandwidth in an
application. Closed-loop gain stability, output impedance and non-linearity
all depend upon loop gain.

Closed-loop gain stability

(10.1)

�AOL/AOL is the open-loop gain stability, which is dependent upon temper-
ature and power supply voltages.

�ACL

ACL

 �  
�AOL

AOL

 
1

�AOL
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Closed-loop output impedance (see Section 2.2.2)

(10.2)

Closed-loop distortion (non-linearity)

(10.3)

The open-loop input/output transfer curve for an op-amp may exhibit non-
linearity, but the effects of this on the closed-loop behaviour are reduced
to an extent dependent upon the magnitude of the loop gain.

A loop gain of 100 (40 dB) is normally adequate for most applications
but remember that loop gain decreases with increase in frequency (see
Section 2.5). This makes it difficult to obtain large loop gain at high
frequencies. For this reason it may be necessary to use an op-amp with
a 10 MHz unity-gain bandwidth in order to achieve adequate loop gain
over a 10 kHz bandwidth. In high gain wide-band applications it may be
necessary, and more economical, to use two op-amps in cascade each at
lower gain.

3. What full-power bandwidth and/or slew rate is required? An op-amp
should be selected whose slew rate exceeds the maximum expected rate
of change of the output signal. An op-amp should be chosen whose power
bandwidth is not exceeded at the highest operating frequency.

In applications in which large amplitude sinusoidal signals are
processed, a wide bandwidth is not much help if the available output
signal is only a fraction of a volt.

In applications such as sample and hold circuits used in A/D and D/A con-
verters, the transient response of the wide-band op-amp is generally more
important than gain bandwidth characteristics. Slew rate, overload recovery
and settling time are the important op-amp specifications to consider.

Having selected an op-amp to reduce the errors in an application, it is important
not to degrade performance by improper attention to external circuit details.

The experienced electronics designer will already be aware of the impor-
tance of the physical layout of a circuit and of the quirks and idiosyncrasies
of practical electronic components. Op-amp circuits, in common with most
other electronic circuits, give best results if some care is taken over the phys-
ical arrangement of components. A neat circuit layout, which minimizes the
effects of stray capacitance, should be sought.

The following are some points worth observing:

� Low resistance and low inductance earth and power supply leads should
be used.

� Power supplies should be AC coupled to earth.
� Bypass capacitors should be connected at or as near as possible to the

device socket; values of ceramic bypass capacitors in the range 10 nF to
100 nF in parallel with 10 �F tantalum capacitors are normally satisfactory.

DCL �  
DOL

AOL

ZoCL �  ZoCL

�AOL
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10.3 Attention to
external circuit details
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� Proper attention should be paid to frequency compensation of the op-amp.
� Input and output leads should be kept as short as possible and shielded

if required.
� It is advisable to use one common tie point for all earth connections and

this should be near to the op-amp.

A practical op-amp circuit is prone to disturbances that are not obvious from
its circuit diagram. If the sources of such disturbances are identified and
understood, their ill effects can be considerably reduced by the use of appro-
priate circuit techniques. The smaller the expected input signal, the greater
attention to detail must be paid. Particular care is required in the measure-
ment of very small currents from high impedance sources.

10.4.1 Earth loops

In an electronic system, providing separate earth connections to individual
subsystems can create large area circuit loops. Stray magnetic fields at power
line frequencies can induce currents in such loops; thus injecting unwanted
signals into the system.

In op-amp applications where both signal source and op-amp are separately
earthed, as shown in Figure 10.1, an earth loop is created. The obvious
remedy is to earth the system at one point only, usually at the op-amp input.
If this is not possible a differential input circuit configuration should be used
in order to reject the unwanted pick-up signal (see Section 4.4).

Another earth loop error, which is noticeable when measuring small signals,
occurs when the power supply current or load current is allowed to flow
through the input signal return connection. If this happens, an error voltage
is applied to the input of the op-amp via the signal source; this results in
an error at the output. The proper connection to avoid this effect is shown
in Figure 10.2. The signal return and load return should be connected to
power supply common as close to the op-amp pins as possible.
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10.4 Avoiding
unwanted signals

Figure 10.1 Separate earth connections to the source and op-amp creates
earth loop

AMPLIFIERS 10  2/6/03  6:24 PM  Page 271



10.4.2 Interference noise/shielding and guarding

Unwanted alternating signals can be introduced into the input of an op-amp
through capacitive or inductive coupling. Take, for example, the inverting
op-amp shown in Figure 10.3. If es � 100 mV and R1 � 1 M� it only needs
a leakage coupling of 1011 � from a 200 V AC supply to introduce an
unwanted noise signal equivalent to 2 per cent of the input signal. A capac-
itance as small as 0.03 pF will provide this at 50 Hz.

Capacitive coupling of signals can be minimized by surrounding the input
circuitry of the op-amp, or preferably the whole of the amplifier, with an
earthed electrostatic shield. The shield should be ferromagnetic as well as
conductive when the unwanted signal is introduced by inductive coupling.
High permeability magnetic shielding is best for shielding away signals under
100 Hz but high conductivity shielding (aluminium or copper) is more effec-
tive for frequencies above 100 Hz.

DC leakage paths

Care should be taken to avoid DC leakage paths when using low bias current
op-amps. The overall circuit performance is often limited by leakage in capac-
itors, diodes, analogue switches or printed circuit boards rather than by the
op-amp itself.

Printed circuit boards must be clean and solder fluxes should be removed.
Solder fluxes may be good insulators in low impedance circuits, but can
cause gross errors in low current high impedance circuits and erratic behav-
iour as the temperature is changed. Even the leakage of properly cleaned
boards can be troublesome at elevated temperatures. At 125°C the leakage
resistance between adjacent tracks on a clean, high quality FR4 epoxy glass
board (1 mm separation, running parallel for 25 mm) may be no more 
than 1011 �.

The leakage becomes worse if the board becomes contaminated. To prevent
this the boards should be coated with silicone rubber or some form of lacquer,
after being cleaned. Many printed circuit board manufacturers apply a solder
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Figure 10.2 Proper connections to avoid earth loops
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resist coating that prevents solder flow between component pads; this coating
also reduces leakage between tracks.

Guarding

Guards can be used to interrupt the leakage paths to the input terminals of
an op-amp. The standard pin configuration used with most integrated circuit
op-amps has the non-inverting input pin adjacent to one of the power supply
pins. A guard is a conducting ring surrounding the input pins. This ring can
be formed using a circuit board track.

A suitable board layout for input guarding of an 8-pin dual-in-line device
is shown in Figure 10.4. Note that if the integrated circuit leads or the leads
of other components connected to the input of the op-amp go through the
board it may be necessary to guard both sides of the board.

In order to be effective, the potential of the guard must be equal to that
of the input terminals. Proper guard connections for the common feedback
configurations are shown in Figure 10.5.

In circuit configurations in which the input terminals are close to earth
potential, e.g. inverters and integrators, a guard is simply connected to earth.
In voltage follower configurations, in which the input terminals are above
earth potential, the guard is maintained at the same potential as the input
terminals by driving it by a signal derived from the op-amp output. A low
impedance drive should be used calling for relatively low input, and feed-
back resistors as shown by R1 and R2 in Figure 10.5(c).

Another consideration in high impedance circuits is the capacitance of
cable used for input shielding. Capacitance should be minimized by using
as short a length of cable as possible. In high input impedance follower
applications, cable capacitance lowers the effective input impedance. Cable
capacitance also forms a long time constant CR low-pass filter with the 
high resistance signal source, which restricts bandwidth and increases rise
time.

If the cable shield is driven (rather than connecting it to earth) by connecting
it to the guard drive as in Figure 10.5(c), cable capacitance is uncharged and
its effect on the input is reduced. It is possible to decrease input capacitance
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Figure 10.3 Unwanted signal can be picked up at the op-amp input
because of stray coupling impedance

1 8

4 5

6

7

Guard

Figure 10.4 Printed circuit
board input guard for
standard op-amp
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in the follower with gain circuit by connecting a capacitor Cp as shown in
Figure 10.6 as a positive feedback path from output to input.

A further point about input cable and input leads in high input impedance
circuits is that they should be kept as mechanically rigid as possible.
Movement causes capacitor changes, which in turn cause changes in charge
and a spurious signal flow.
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Figure 10.5 Guard connections. (a) Inverter. (b) Unity-gain follower. 
(c) Follower with gain

For neutralization

Figure 10.6 Neutralizing input capacitance in follower with gain
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Precise performance of an op-amp circuit is obtained as a result of negative
feedback. An op-amp circuit is essentially a feedback system and, like other
feedback systems, it can become unstable and oscillate as a result of excess
phase shift in the feedback loop. The factors and techniques governing closed-
loop stability were discussed in detail in Chapter 2.

Op-amps are available as internally compensated or externally compen-
sated. When using externally compensated op-amps, it is best to follow the
manufacturer’s recommendations for providing compensation. If speed and
bandwidth are not a design limitation, greater stability can generally be
obtained by increasing the size of compensating capacitors.

External circuit influences can decrease stability phase margin. Some exter-
nal factors which can adversely affect closed-loop stability are: load capaci-
tance (stray wiring capacitance or an actual capacitance at the op-amp output);
capacitance at the inverting input of the op-amp; a large resistance at the non-
inverting input terminal; and supply voltage not adequately bypassed.

10.5.1 Effect of load capacitance

Capacitance between the output terminal of an op-amp and earth forms a
first order lag network with the op-amp output resistance. This introduces
an extra break in the op-amp open-loop frequency response. If this break
occurs at a frequency before the loop gain is reduced to unity (or at frequen-
cies near to it), the extra phase lag decreases the phase margin and can
destabilize the circuit.

The output resistance of an op-amp is generally low and therefore most
op-amps will tolerate quite a few picofarads at the output, but when load
capacitance reaches 100 pF or more it may be necessary to take appropriate
steps to ensure closed-loop stability. For example, directly driving a coaxial
cable can cause instability.

Compensation for a capacitance load can be achieved using the circuit
arrangements shown in Figure 10.7. Resistor R3 (value about 100 �) is used
to isolate the capacitive load from the output, and a feedback capacitor Cf

is connected directly from the op-amp’s output to its inverting input. The
value of Cf should be chosen so that its capacitive reactance at the unity-
gain crossover frequency is no more than 1/10 of the resistance of R2. At
high frequencies, feedback is predominantly through Cf making the high
frequency value of 1/� approach the limiting value of unity. This means that
when using this capacitive load isolation scheme, the op-amp must be
frequency compensated for unity-gain operation regardless of the closed-loop
signal gain.

10.5.2 Effect of input capacitance

Any capacitance between the inverting input of an op-amp and earth decreases
the amount of feedback at high frequencies. It also introduces a phase lag
into the feedback loop, thus reducing phase margin and leading to possible
instability.

10.5 Ensure closed-
loop stability
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The stability problem is most conveniently examined in terms of Bode
plots as shown in Figure 10.8. The break in 1/� occurs at the frequency

If this is less than the frequency at which the loop gain becomes unity (the
1/� and AOL intersection) the phase margin is reduced. Clearly the effects
of stray capacitance at the input are likely to be significant in circuits that
use large value input and feedback resistors.

A simple method of compensating for the effect of input capacitance is
to connect a phase lead capacitor Cf in parallel with the feedback resistor
R2. This causes 1/� to break back at the frequency 1/(2�CfR2), the leading
phase shift thus introduced cancelling the lag due to CS. The value of the
capacitor Cf should be chosen so that the frequency 1/(2�CfR2) is at least
an octave before the 1/� and AOL intersection frequency. The closed-loop
signal bandwidth is set at 1/(2�CfR2) by the value used for Cf.

10.5.3 Supply bypassing

Normally power supplies have very low impedance. However, the inductance
of the supply leads or circuit board tracks can present appreciable impedance
at the high frequencies. A signal on the op-amp’s output will cause additional
current drain from the supply, due to the load current. If the supply imped-
ance is significant, the supply voltage will be modulated by the signal. Since
the supply is also coupled to the op-amp’s input, positive feedback and hence
oscillation is possible. A simple cure is to bypass the positive and negative
supply terminals of the op-amp to earth with capacitors of value at least 10 nF.
Power supply decoupling is generally good practice.

Power supply bypassing and decoupling are particularly important when
current drive circuits are used in conjunction with op-amps to boost the output
current capabilities of the op-amp. Current boosters can feed a high amplitude
signal back into the supply lines and bypass capacitor values should be increased
accordingly. Suitable bypass capacitors are tantalum (10 �F to 100 �F) in
parallel with a small (10 nF) ceramic. The high value tantalum de-couples low

f � 
1

2�Ci � R1R2

R1 �  R2
�

Figure 10.7 Preventing instability due to capacitive loading
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frequency signals and the small ceramic de-couples high frequency signals.
Tantalum capacitors have high inductance at frequencies above 1 MHz.

Most DC applications require zero output voltage with zero input. Unfor-
tunately DC offsets arise at the output of an op-amp as a result of the effects
of op-amp input offset voltage and bias current.

There are a variety of circuit techniques that may be used to balance out the
effects of initial offset. The most suitable technique depends upon the nature
of the circuit. In some applications a small initial offset may be tolerable, in

Figure 10.8 Capacitance at the input can cause instability

10.6 Offset nulling
techniques
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which case choose an op-amp type that will achieve this without using an 
offset balance circuit. Savings will be in material costs and adjustment time.

In applications requiring zero initial offset, some form of offset balancing
must be employed. Most op-amps have provision for adjustment of Vio with
a single trim potentiometer connected directly to the op-amp. This is known
as internal offset balancing because offsets within the internal circuitry of
the op-amp are changed. Note that published drift specifications do not
normally apply to the op-amp when it is connected to this offset potentio-
meter. Nulling the input offset voltage with the recommended trim
potentiometer can induce additional voltage drift with temperature.

External offset-balancing techniques apply an adjustable DC signal directly
to one of the op-amp’s inputs. Because this does not affect the op-amp’s
internal circuit conditions, it cannot introduce any extra drift. There are
several external offset-balancing methods, and in many cases there is little
to choose between them. Some of the more commonly used offset-balancing
techniques are now given.

Input offset error voltage in the inverting op-amp configuration can be
balanced by supplying a small additional current to the op-amp summing
point using the arrangement shown in Figure 10.9(a).

If a fine offset balance is to be possible the total range should not be signifi-
cantly greater than the expected maximum value of EOS. This normally dictates
that R3 should be made several thousand times greater than the parallel combi-
nation of R1 and R2. In applications using large values of R1 and R2, the resis-
tance value required for R3 becomes excessive. In this case, offset balancing is
more readily achieved by adding a small adjustable voltage to the non-invert-
ing input terminal of the op-amp, using the balancing circuit of Figure 10.9(b).

In the non-inverting op-amp configuration, as shown in the circuit of Figure
10.10(a), offset balancing is (effectively) a small adjustable voltage in series
with the input. In this circuit, the correction voltage is developed across the

Figure 10.9 Offset balancing – inverting configuration. (a) Current bias.
(b) Voltage bias
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resistor R3. The balancing adjustment alters the gain but, provided R3 << R1,
the effect is not significant.

A balancing arrangement suitable for a unity-gain follower is shown in
Figure 10.10(b). The value of resistor R1 should be made very much greater
than R2, but this still leaves the circuit with a gain slightly greater than unity.
For example, with typical values, say R1 � 2.2 M�, R2 � 2.2 k�, the gain
error is 0.1 per cent.

The arrangement illustrated in Figure 10.11 provides a method of offset
balancing for a differential amplifier configuration. The small bias voltage
developed across the resistor R4 applies the offset correction. A disadvantage
of this method is that unless R5 >> R4 the offset nulling procedure will degrade
the CMRR of the circuit because of the resistive imbalance introduced.
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Figure 10.10 Offset balancing – follower configuration. (a) Follower. 
(b) Unity-gain follower

Figure 10.11 Offset balancing a differential amplifier
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10.6.1 Offset balancing with drift compensation

A variety of circuit techniques have been devised to balance op-amp bias
currents and offset voltage, and at the same time to provide compensation
for the temperature drift of these parameters. Most of these techniques require
extensive external circuitry and require considerable care and time spent in
adjustment procedures. The whole-life cost of buying an expensive close-
tolerance device will be less than buying a low cost device that needs
additional circuitry and adjustment.

The arrangement shown in Figure 10.12 is a simple offset-balancing tech-
nique which provides a measure of compensation against the bias current
temperature drift encountered in bipolar input op-amps.

The technique is easy to apply. The total equivalent input offset error
voltage for the circuit is

Eos � ±Vio � [Ib
	 R1//R2] 	 Ib

�R3

R3 is adjusted to make the output voltage zero when the input signal is zero;
the adjustment makes Eos zero.

In circuits where the op-amp bias current is a major source of offset, this
technique provides a marked improvement in the temperature drift perform-
ance. In the case of bipolar input op-amps the currents Ib

	 and Ib
� tend to

track well with temperature. The method is only applicable for fixed values
of input and feedback resistors, and readjustment is required if the values
of these components are changed.

The versatility of op-amp circuits is the ability to set performance character-
istics using a small number of passive components. The designer should not
forget that all resistors and capacitors have deficiencies. Component magni-
tudes all have a tolerance factor and they exhibit temperature dependence. Pure
resistance, capacitance or inductance is not found in a practical component.

In many cases the ultimate limit to accuracy and stability in an op-amp
circuit is determined not by the op-amp and its power supply, but by the
external components. The tolerance on the component values used in a circuit
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Figure 10.12 Offset balancing with bias current drift compensation

10.7 Importance of
external passive

components
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sets a limit on closed-loop gain accuracy. The designer should also look very
closely at other component characteristics.

10.7.1 Fixed resistors

Resistors are the most frequently used passive components in op-amp circuits.
There are many different kinds of resistors available, differing widely in
performance characteristics and cost. In the case of fixed value resistors,
initial tolerance is the greatest source of error, followed by the temperature
coefficient of resistance (TCR). Other sources of error are leakage current
(particularly in high value resistors), humidity effects, and drift with time
and voltage. Resistors have some series inductance (particularly wire-wound
types) and stray capacitance across their terminals. They also exhibit several
kinds of noise generation effects, dependent on their construction. Surface
mount resistors have low series inductance and low shunt capacitance because
of their leadless and planar construction.

Widely used types of fixed value discrete resistors are, in ascending order
of temperature stability (decreasing TCR), carbon composition, carbon film,
metal film (including thick film surface mount devices) and wire-wound.
Although wire-wound resistors have the greatest temperature stability, they
are not often used because they have large values of inherent inductance and
shunt capacitance. The noise produced by wire-wound resistors approaches
the theoretical minimum, but they are expensive.

Metal film resistors are superior to carbon film types, although they are
marginally more expensive. In critical gain setting and filter applications
metal film resistors are used. Metal film resistors are available with TCR in
the range 100 ppm/°C to 25 ppm/°C.

Carbon film resistors are an excellent choice for experimental and not so
critical applications. Carbon film resistors can be usefully employed when
the greater TCR causes only a small percentage change in the overall value.

10.7.2 Potentiometers

Potentiometers are another important component used in some op-amp
circuits. Potentiometers are essentially resistive dividers and as such must
be considered to suffer from the same deficiencies found in fixed value
resistors. In addition, other effects must be considered such as linearity error,
end resistance and resolution. There are also stray capacitance and inductance
effects, which vary with potentiometer setting. Over a period of time these
devices are prone to become noisy.

10.7.3 Capacitors

Capacitors are important components in op-amp applications such as inte-
grators, track and hold circuits and active filters. They are also important in
frequency compensating circuits.
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The performance of a capacitor varies widely, and depends on the dielectric
used in its construction. A number of factors therefore have to be considered
in assessing the most suitable capacitor dielectric for a particular application.
The choice of capacitor will normally be dependent upon a required com-
bination of the following parameters: capacity/size, voltage and/or current
rating, tolerance/stability/temperature coefficient, frequency, power factor/
insulation resistance/Q, environmental conditions, shape, finish and cost. In
addition to all these factors, the method of construction may also be import-
ant; rolled foil capacitors have high inductance that is undesirable in high
frequency applications.

Power supply decoupling is often achieved using tantalum capacitors.
These are small, but have a high capacitance per unit volume. Unfortunately,
tantalum capacitors have a self-resonant frequency of about 1 MHz. This
means that their impedance rises at frequencies above 1 MHz, which results
in a corresponding reduction in their effectiveness as a decoupling compon-
ent. To overcome this, it is normal procedure to connect a 10 nF ceramic
capacitor in parallel with a 10 �F tantalum capacitor for decoupling.

Dielectric absorption has the greatest effect after a capacitor has been
charged for a prolonged period (10 minutes or more). This gives enough
time for the individual charges to have distributed themselves evenly within
the dielectric material. If the capacitor is then quickly discharged, some of the
charges do not have enough time to move through the dielectirc. Once the
discharge path is removed, these ‘sluggish’ charges cause the capacitor to
regain some of its terminal voltage (maybe ~30 mV after 1 minute for poly-
ester or Mylar). The shorter the discharge time, the greater the ‘memory’ of
the capacitor.

The worst culprits for high dielectric absorption are electrolytic or tantalum
capacitors. The lowest dielectric absorption occurs in polypropylene, poly-
carbonate and polystyrene capacitors. Not all ‘poly’ capacitors have low
dielectric absorption: polyester (or Mylar) is mediocre.

In a sample-and-hold or integrator circuit, where the capacitor must store
a charge, dielectric absorption can be a problem. The ‘memory’ of the dielec-
tric can cause drift in the capacitor voltage. For example, after discharging
the capacitor in an integrator circuit, the capacitor voltage will rise and give
an incorrect output. It will have the same effect as charging the capacitor
with an external current.

Most modern op-amps incorporate internal circuit protection against acci-
dental overloads, but it is important to examine those overloads that cannot
be tolerated. Find out what are the maximum differential input voltage, the
maximum common mode voltage, and the output voltage limits. Remember
that these limits only apply for the op-amp connected to rated values of
power supplies. Damage can be caused if signals are applied to the op-amp’s
inputs before the power supplies are switched on.

It might seem, at first sight, that nothing could go wrong if an op-amp’s
inputs are internally protected and if its output is current limited. However,
under certain external circuit conditions, faults can arise which might lead
to device destruction. Look out for voltages retained by capacitors that can
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10.8 Avoiding fault
conditions
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apply input signals when the power supplies are switched off, or for conditions
under which capacitor voltages can cause input voltage limits to be exceeded.
Also, guard against conditions which might allow the op-amp’s output to be
presented with a voltage higher than the supply voltage because, say, of back
EMF from an inductive load.

An example of a capacitor discharge that can cause an op-amp input limit
to be exceeded is shown in Figure 10.13. The op-amp is connected as an
integrator. The integrating capacitor, assumed charged up to the positive
output limit of the op-amp, is to be discharged to the negative limit of the
op-amp by connecting the op-amp output to the negative supply.

Closing the discharge switch in Figure 10.13 will almost certainly damage
the op-amp. In effect, it puts a transient 	30 V on the op-amp’s inverting
input. The inverting input is made negative with respect to the negative
supply voltage and the capacitor’s discharge current is supplied by the low
impedance negative supply line. Fortunately, it is not difficult to prevent the
condition from destroying the op-amp. It is merely necessary to limit the
capacitor discharge current to a safe value of a few milliamps, and a resistor
(say 10 k�) connected directly to the op-amp’s input terminal will normally
provide the necessary protection.

Diode clamps can be used to protect against input overloads (see Section
2.1) and diodes in series with power supply leads can be used to guard
against inadvertent power supply reversal. Rather more elaborate circuits are
required to guard against transient supply overvoltages.

The output circuitry of most op-amps is internally protected by some means
of output current limiting. This prevents excessive current being drawn because
of an accidental short to either earth or power supply lines. In such op-amps,
damage to the output stage can still be caused because of voltage breakdown
if the op-amp’s output is taken to a potential higher than that of the supply line
(say because of an inductive load). The zener diode output clamp shown in
Figure 10.14 can be used to provide protection against such output over voltage.

The output signal from the op-amp is taken from the side of Rs remote
from the op-amp. Rs is included within any feedback loop; its value must
be sufficient to prevent excessive current being passed through the zener
diodes under fault conditions.
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Figure 10.13 An op-amp input limit can be exceeded by transient capac-
itor discharge

Figure 10.14 Zener diodes
protect against output
overvoltage
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Op-amps have a high voltage gain and are designed for low power consump-
tion. They are not intended to deliver an appreciable amount of output power.
Traditionally, op-amps have worked off ±15 V power supplies to give a rated
output voltage of ±10 V with output currents limited to something of the
order of ±5 mA. Op-amps working off lower power supply voltages are also
common, but they have reduced output capabilities.

Greater than normal output voltage and/or current swing may be required
in some applications. The options are to use an op-amp with greater than
normal output capabilities, or add external voltage or current boost circuits.

10.9.1 Output current boosting

Connecting a current amplifier, with unity voltage gain, directly to the op-
amp’s output can increase capability. The current amplifier is normally
included within any feedback loop in which the op-amp is used. Feedback then
reduces any non-linearity in the current amplifier in proportion to the loop gain
of the circuit. Provided that the bandwidth of the current amplifier extends
beyond the unity loop-gain frequency, the inclusion of the current amplifier in
the feedback loop does not alter the closed-loop stability phase margin.

In applications requiring only a single polarity output current and moderate
current gain, a single transistor emitter follower can be used as a current
amplifier. In order to protect the transistor against excessive short-circuit
current, it is advisable to include a resistor in series with the transistor’s
collector as shown in Figure 10.15(a). This resistor inevitably imposes some
restriction on the positive output voltage swing. For negative output currents,
reverse the supply voltages and use a pnp transistor.

The current booster circuit shown in Figure 10.16 eliminates crossover
distortion by using transistor T3 to establish class AB biasing of the comple-
mentary output pair. The action of T3 is to hold the voltage across the 1 k�
potentiometer at some multiple of the base-emitter voltage of T3, determined
by the potentiometer setting.

Larger output currents are obtained in the circuit of Figure 10.17 by adding
further current gain in the form of Darlington pairs. Transistors T6 and T7

are used to set an output current limit. If the bias regulator transistor T3 is
mounted on the same heat sink as the output transistors T1 and T2, thermal
feedback ensures bias stability. The circuit gives ±10 V across a 10 � load.

Note that offset drift in current boosters is of little significance. This is
because offset drift is divided by the open-loop gain of the op-amp, when
it is referred to the input of the composite amplifier.

10.9.2 Output voltage boosting

High voltage op-amps are commercially available. However, it is also possible
to add a discrete amplifier stage, employing high voltage transistors, at the
output of a general-purpose op-amp. Either circuit can be used for higher
than normal output voltage swings. The simple circuit shown in Figure 10.18
can be used if only single polarity output voltages are required.
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10.9 Modifying an 
op-amp’s output

capability
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Figure 10.15 Output current boosters: (a) simple emitter follower, 
(b) simple booster for dual polarity output current

Figure 10.16 Class AB biasing of current op-amp eliminates crossover
distortion
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Dual polarity output voltage boosters normally employ a complementary
transistor circuit. An example of a complementary transistor output voltage
booster is shown in Figure 10.19, current limiting is provided by the emitter
resistors, and by diodes D3 and D4. Note that this voltage gain stage is phase
inverting, so that the overall feedback circuit around the composite op-amp
must be returned to the non-inverting input of the op-amp.
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Figure 10.17 Current booster gives ±10 V across a 10 � load

Figure 10.18 Simple single polarity output voltage: 0–100 V
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Voltage boosters normally have their gain defined by a local feedback
path connected around them. They are then connected to the output of the
op-amp and, like current boosters, are included within any feedback path
around the op-amp.

The closed-loop stability of an op-amp voltage booster circuit requires
particular attention. Unity-gain frequency compensation of the op-amp does
not ensure closed-loop stability of the cascaded arrangement. In many cases
the op-amp requires greater than unity gain frequency compensation. The
effect can be examined in terms of the appropriate Bode plots.

Unity-gain frequency compensation of an op-amp requires a frequency
compensating capacitor that reduces the open-loop gain down to unity before
the second break in the op-amp’s open-loop response. When combined with
a voltage boosting amplifier, any additional gain has to be considered. It is
reasonable to assume that the bandwidth of the voltage booster is greater
than this second break frequency. The frequency compensating capacitor
value must be chosen so that the gain of the composite amplifier is reduced
to unity before the second break frequency in the op-amp response. Thus,
if the voltage booster has a gain of 10 (20 dB), the composite amplifier
requires a value of frequency compensating capacitor which is ten times
greater than that required for the op-amp alone. See Figure 10.20.

10.9.3 Output level biasing

It is sometimes necessary to develop the output signal of an op-amp about
a reference level other than zero. A reference level that is considerably greater
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Figure 10.19 Voltage booster with class AB biasing and output current limit
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than an op-amp’s output rating can be produced without the use of an output
voltage booster. This can be obtained by the appropriate addition of a fixed
DC bias to the output of the op-amp. In the circuit shown in Figure 10.21
the zener diode serves to hold the op-amp output voltage within its rated
limits, and the zener diode’s breakdown voltage should be selected accord-
ingly. The output voltage that is applied to the load appears about the fixed
positive level Eref R2/R3.

If the output to the load is to be developed about a fixed negative reference
level, the zener diode should be reversed and the opposite polarity used for
Eref and the zener bias supply. The output current rating of the op-amp must
be sufficient to supply the load, the feedback and the zener bias. Note that,
since the zener is connected within the feedback loop, the effects of its internal
impedance and any drift in zener voltage are divided by the loop gain.
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Figure 10.20 Op-amp must be used with greater than unity gain
frequency compensation when followed by a voltage booster
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Op-amps designed for low drift and DC stability are generally somewhat
limited in their bandwidth and slew rate. Conversely, op-amps which have
a high slew rate and wide bandwidth tend to exhibit considerable offset
voltage drift with both time and temperature. It is possible to combine a low
drift op-amp with a high speed op-amp in such a way that the composite
op-amp has the DC stability of the low drift op-amp, combined with the fast
response of the high-speed op-amp.

A composite op-amp connection is shown in Figure 10.22. The low drift
op-amp A1 is connected as an integrator, so that its closed-loop signal gain
rolls off at 20 dB/decade. Unity gain (0 dB) is reached at the frequency
1/(2�CR). The output of op-amp A1 is connected to the non-inverting input
of the wide-band op-amp A2. Diodes D1 and D2 are included to prevent a
possible latch-up condition, which can exist in the composite op-amp if the
output limits of the low drift op-amp exceed the common mode range of
the wide band op-amp.

The open-loop gain of the composite op-amp is

where: A2(jf ) is the frequency dependent open-loop gain of the wide-band
op-amp, A1 is the zero frequency open-loop gain of the low drift op-amp
and fo �1/(2�CR) is the frequency at which the signal gain of the integrator-
connected low drift op-amp is unity.

A choice of component values CR, which makes fo � f1/A2, gives the
composite op-amp a single 20 dB/decade roll-off down to unity gain. The
wide-band op-amp has an open-loop DC gain of A2, and a unity-gain fre-
quency f1. It is assumed that the wide-band op-amp has a unity gain
compensated open-loop response.

At frequencies higher than fo there is negligible signal transmission through
the low drift op-amp, which connected as an integrator. At these frequencies, the
gain of the composite amplifier is provided by the wide-band op-amp. There is
a direct path to the inverting input of the wide-band op-amp (see Figure 10.22).

AOL � A2 ( j f ) �1 �  A1 
1

j 
f A1

fo
�
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Figure 10.21 Output level biasing with zener included within feedback
loop

10.10 Speeding up a
low drift op-amp
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DC offset and drift in the wide-band op-amp, when it is referred to the
input of the composite amplifier, is effectively divided by the open-loop gain
of the low drift op-amp. The DC offset and drift characteristics of the
composite amplifier are essentially those of the low drift op-amp. The inte-
grator connected low drift op-amp senses and integrates any offset voltage
from earth present at the inverting input terminal of the composite ampli-
fier. It then applies an offset compensating voltage to the non-inverting input
of the fast op-amp.

Note that if A1 is an externally frequency compensated type, an alterna-
tive to integrator connection is to use A1 with a much greater than normal
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Figure 10.22 Composite connections used to speed up a low drift op-amp
in inverting applications
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frequency compensating capacitor, so that its open-loop unity-gain frequency
is set at the value fo.

The interconnection technique of Figure 10.22 is essentially feedforward
frequency compensation (see Section 2.7.2). It is also the same principle that
underlies the low drift characteristics of chopper stabilized op-amps.

Op-amps are generally designed to operate from symmetrical positive and
negative power supplies. Most of the circuits given in this book do not show
power supply connections, but dual supplies have been assumed. The use of
dual supplies permits the op-amp’s output voltage swing to be both positive
and negative, with respect to the potential of the power supply common
terminal (earth). Applications not requiring a response down to zero fre-
quency, or in which only single polarity output signals are of interest, can
be implemented with an op-amp powered by a single voltage supply.

The problem of single power supply operation is simply that of main-
taining the DC voltage levels in the circuit at their proper values. Most
op-amps have three reference levels when operated from dual supplies, these
are: �V, earth and 	V (V is the value of the supply voltage). For single
supply operation these reference levels can be maintained by using 2V, V
and earth, where V is obtained from a resistive divider network or split zener
diode biasing system. Decoupling capacitors across the zener diodes are
necessary to reduce noise. The negative supply terminal of the op-amp is
connected to earth, the positive supply terminal is connected to 2V, and the
differential input terminals are biased up to V.

Connections for single power supply operation of an AC inverter and an AC
follower (see Section 4.7) are shown in Figure 10.23. The DC blocking capac-
itors at input and output determine the low frequency pass-band edge. Their
presence means that op-amp offsets and their temperature drift are of no great
importance, except that output voltage offset may reduce the output voltage
swing capability of the op-amp. Offset due to bias current can be minimized if
R3 � R2//R1. The input impedance of the AC follower can be increased using
the bootstrapping technique previously mentioned in Section 4.7.

In applications that require a response down to DC, blocking capacitors
cannot be used. The design problem with single supply op-amp circuits is
to make sure that the potential at the op-amp’s inputs (measured with respect
to the voltage midway between the supply pins) remains within the allowable
common mode range of the op-amp. Single power supply operation of course
allows only single polarity output signals.

Some op-amps have a common mode range that extends down to the
negative supply rail. These op-amps are specifically designed with single
power supply operation in mind. Figure 10.24 shows one circuit arrangement
that is made possible by single supply op-amps. This circuit cannot be imple-
mented directly with general-purpose op-amps, although the circuit does not
work very well when the output potential is near earth. Op-amps designed
specifically for single supply operation can also be used with dual or refer-
enced supplies, but they do not normally perform as well as most general-
purpose types.
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10.11 Single power
supply operation for

op-amps
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A method of referencing a differential amplifier for single supply opera-
tion is shown in Figure 10.25.

The common mode range at the differential amplifier’s input terminals is:

Vref ± (Common mode range of op-amp) 
 (R1 � R2)/R2

For low gains, this can include earth or even negative common mode signals.
Either input of the differential amplifier may be earthed. A voltage that is
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Figure 10.23 Single power supply operation of AC op-amps. (a) Inverting
AC op-amp with single supply operation. (b) AC follower with gain –
single supply operation
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positive or negative with respect to earth may be applied to the other input.
The output can swing both positive and negative with respect to the refer-
ence level, and the reference voltage Vref can be easily connected to other
amplifier stages. Texas Instruments produce a ‘virtual ground generator’. This
device is capable of overcoming many of the problems encountered by the
existing biasing methods discussed above and is described in Section 10.12.1.

Most op-amp circuits are powered from voltage regulators. This reduces 
the problem of limitations in performance due to power supply variations.
A simple voltage regulator can be built using a voltage reference, with an
op-amp driving a power transistor; Figure 10.26 shows this.
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Figure 10.24 Connections possible with op-amp designed for single power
supply operation

Figure 10.25 Single power supply operation of general-purpose op-amp
with a second op-amp used to supply a reference

10.12 Voltage
regulator circuits
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A fraction of the output voltage is compared with Vref. Any difference is
amplified by the op-amp, which maintains the condition:

Vout � Vref (1 � R1/R2)

Voltage regulator integrated circuits have simplified power supply design. A
circuit, such as the LM317, can be set to produce any voltage within its
rated limits, simply by adding two external resistors. These resistors perform
a similar function to those in Figure 10.26, by proving feedback from the
output. An integrated circuit voltage regulator circuit is given in Figure 10.27.
However, the equation for determining the output voltage is modified because
the reference voltage is relative to Vout, rather than earth:

Vout � Vref(1 � R2/R1), where R1 is usually a value ~180 �.

Note that in Figure 10.27, capacitors are connected from Vin to earth, and
from Vout to earth. These reduce noise and prevent instability.

Standard voltage regulators require about 2 V drop between Vin and Vout,
to ensure correct biasing of internal circuits. Regulation may suffer if the
voltage drop is reduced below this figure. As shown in Figure 10.26, the
limitation arises because an npn power transistor is used. The output from
the op-amp must be greater than 0.6 V above Vout in order to overcome the
base-emitter voltage drop. There are additional voltage drops within the op-
amp’s output stage.

Low dropout voltage regulators overcome this limitation by using a pnp
power transistor, instead of the npn type used in standard regulators. The
minimum voltage drop between Vin and Vout is the saturation voltage across
the power transistor, which is about 0.2 V. The output of the op-amp is
Vin 	 0.6 V in this configuration. The circuit for a low dropout regulator is
shown in Figure 10.28.

Voltage regulator integrated circuits are available in TO-220, TO-92, and
SO-8 surface mount packages; see Figure 10.29.

10.12.1 The ‘virtual ground generator’

In Section 10.11 the problems associated with the correct biasing of an op-
amp powered from a single supply rail were discussed. For example, an
op-amp in an inverting amplifier circuit, powered from a single supply,
requires the non-inverting input to be biased at half the supply voltage. This
will then allow the amplified signal at the output to swing evenly about half
the supply voltage. Figure 10.30 illustrates a suitable circuit.

Some of the traditional methods of providing bias (see Figure 10.25 for
one method) have the disadvantages of a high standing power dissipation in
the bias resistors. They also have poor input regulation, because of any supply
voltage variations being automatically passed on to biasing network. The use
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+
_

R1

R2

Vref

VinVout

Ground (0V)

Vout+0.6 V

Figure 10.26 Simple voltage
regulator circuit

R1

R2

VinVout

Ground (0 V)

LM317

C1

C2

Figure 10.27 An integrated
circuit voltage regulator
circuit

+

_
R1

R2

Vref

VinVout

Ground (0 V)

Vin-1.2 V

Figure 10.28 Low dropout
voltage regulator

Figure 10.29 Voltage
regulator packages
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of additional buffer op-amps and zener diode voltage references helps to
reduce but does not eliminate these disadvantages.

The introduction, by Texas Instruments, of ‘virtual ground generator’ inte-
grated circuits has made life easier for the designer (Figure 10.31). One
device, the TLE2425, is designed to operate with �5 V systems and produces
a virtual ground voltage of �2.5 V. A variant of this device is the TLE2426,
which is a mid-rail voltage generator that can operate at supply voltages of
up to 40 V.

10.12.2 Voltage reference devices

Precision voltage references ICs, with very low temperature coefficients, have
been developed and produced by several companies, such as National Semi-
conductor and Texas Instruments. These devices are known as band-gap
voltage references.

The temperature coefficient (TC) of the voltage across a silicon junction 
is about 	2 mV/°C, and this is inversely proportional to the current den-
sity through it. It is necessary to produce a circuit to cancel this TC. By 
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Figure 10.31 Use of virtual ground generator for the biasing of single
supply op-amps

Figure 10.30 Op-amp properly biased for single supply applications
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manipulating the current sharing through two junctions, and using the differ-
ence in forward bias voltages, it is possible to create a circuit that produces
an output voltage with a positive TC of 2 mV/°C. The output voltage from
this circuit can then be added to the forward bias voltage of a third junction,
which will have a TC of –2 mV/°C. The positive TC of the first two junc-
tions cancels the negative TC of the third junction, to produce a circuit with
zero TC.

Figure 10.32(a) shows a circuit that generates a voltage with a positive
TC. Note that transistor T1 may be considered as a diode. Resistor R1 con-
nected to T2’s emitter causes less current flow though the base-emitter junction
of T2 than the base-emitter junction of T1. Therefore the base-emitter junc-
tion TC of T2 is more negative than that of T1.

The voltage across R1 is given by VR1
� VBE1

	 VBE2
, so that the TC of

VR1
is positive. As an example, let the TC for transistor T1 be exactly

	2 mV/°C, and the TC of transistor T2 be 	2.2 mV/°C. Then, if the temper-
ature rises 10°C, VBE1

will drop by 20 mV and VBE2
will drop by 22 mV.

The voltage across R1 will rise by 2 mV; thus a positive temperature coef-
ficient of 0.2 mV/°C. Since the collector and emitter currents of T2 are
virtually equal, the voltage across R2 will rise by the ratio R2 /R1.

By adjusting the R2/R1 ratio, voltages with controlled positive TC can 
be generated. The same positive TC with a smaller R2/R1 ratio can be obtained
by decreasing the current density in the base-emitter junction of tran-
sistor T2. This is achieved by increasing its base-emitter area during 
manufacture.

The next step is to add the voltage across R2 (with positive TC) to the
base-emitter junction voltage (with negative TC) of another transistor, in
order to produce a voltage with zero TC. This is shown in Figure 10.32(b).
The output voltage is VR2

� VBE3
.
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V+
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R1
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current

T1 T2
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V-
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R2
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Vout

(a) (b)

Figure 10.32 Voltage reference circuits with: (a) positive temperature
coefficient; (b) zero temperature coefficient
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When the current densities in the transistors and R2/R1 are adjusted so that
the TC of Vout is 0, then Vout � 1.2 V. This is close to the band-gap of
silicon, hence the name of this technique.

The circuit just described is helpful to explain the basic idea. In practice
producing an output voltage other than 1.2 V, with zero TC, is very difficult
unless large R2/R1 ratios are used. Large resistor ratios are difficult to manu-
facture, so transistors with different junction areas are used to create a TC
difference between the two base-emitter voltages.

The band-gap reference building block at the heart of many voltage
references is shown in Figure 10.33. The two transistors, T1 and T2, are 
made with different base-emitter junction areas. Although the feedback loop
forces identical collector (and emitter) currents through both transistors, the
differing areas of the base-emitter junctions mean that the current densities
and hence the TCs of the junctions are different. The difference voltage 
has a positive TC. In Figure 10.33, the sum voltage is amplified with the
ratio R4/R5.

10.12.3 Constant current diodes

Constant current diodes are actually junction field effect transistors (JFETs).
A JFET allows current to flow between the drain and source when there is
no gate-source voltage applied. However, the drain-source channel is resistive
and, when current flows through this channel, a voltage is developed across
it. If the gate is connected to the source, there is a limit to the current flow
between drain and source (the drain-source saturation current, IDSS).

Consider the operation of an n-channel JFET. An n-channel JFET conducts
when the gate-source voltage is zero, but stops conducting when the gate is
made negative relative to the source by an amount VP. The voltage VP is the
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Figure 10.33 2.5 V band-gap reference
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pinch-off voltage. Drain-source saturation occurs because, in effect, the poten-
tial of the channel is more positive than the gate (due to the voltage drop
across the channel). Relative to the channel, the gate will have a negative
potential.

As the current through the drain-source channel increases, so does the
voltage drop across it. Hence the gate-channel voltage becomes more 
negative with increasing drain-source current. Regulation is achieved by nega-
tive feedback: as the voltage drop across the channel approaches VP, the
JFET tries to reduce the drain-source current; as the drain-source current
reduces, the channel voltage drop reduces. The current limit depends on the
characteristics of the JFET used, but 5 mA is typical.

The pinch-off voltages of JFETs have a wide tolerance, typically ±50 per
cent, and a precise current regulator using just a JFET may be impractical.
Adding a resistor Rs in series with the source, as shown in Figure 10.34,
allows the current limit to be adjusted for each JFET. Resistor Rs can also
be used to set much lower current limits than the 5 mA quoted above. Current
limits of 100 �A to 10 mA are commonly available. The CR series of devices
(Siliconix) are temperature compensated.

The term constant current diode is used because the gate-drain junction
behaves like a diode if the voltage polarity of the limiting circuit is reversed.

10.1 A photodiode is used to detect variations in the intensity of the light
emitted by a modulated light source, which produces a photo current
with a peak-to-peak variation of 0.01 �A. This current is converted into
a voltage using an op-amp current-to-voltage converter (Figure 4.10).
What stray coupling capacitance between the inverting input terminal
of the op-amp and a 230 V, 50 Hz supply line is sufficient to introduce
an unwanted output signal with an amplitude 10 per cent of that of the
desired signal?

10.2 An op-amp is used as a follower with a gain of 11, and it has an input
capacity of 47 pF between its non-inverting input and earth. How would
you reduce the capacitive loading imposed on the signal source? (See
Figure 10.6.)

10.3 Component values R1 � 5.1 k�, R2 � 22 k� are used in the circuit of
Figure 10.9(a). The op-amp has a maximum input offset voltage Vio �
10 mV and a maximum bias current IB � 0.5 �A; ±15 V supplies are
used. Find a suitable value for the bias current supply resistor R3.

10.4 The following components are used in the circuit of Figure 10.11: 
R1 � 10 k�, R2 � 100 k�, R4 � 1 k�. Find suitable values for resis-
tors R3 and R5 assuming the op-amp has a worst case input offset voltage
Vio � 2 mV and input different current Iio � 5 nA, and that ±15 V
supplies are used.
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Rs

D

S

G
JFET

I(constant)

Figure 10.34 Constant
current ‘diode’
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10.5 Component values R1 � 10 k�, R2 � 22 k�, and a single �30 V supply,
are used in the circuit of Figure 10.25. The rated common mode range
of the op-amp when worked off ±15 V supplies is ±12 V. What is the
allowable common mode range at the input terminals of the circuit? If
the gain of the circuit is increased (by increasing R2) what is the maxi-
mum gain for which connecting the non-inverting input of the circuit
to earth will not exceed the common mode range of the op-amp?

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
4911

Practical considerations 299

AMPLIFIERS 10  2/6/03  6:25 PM  Page 299



Answers to exercises

Chapter 1
1.1 (a) Circuit of Figure 1.2(a) with R1 � 100 k�, R2 � 500 k�

(b) Circuit of Figure l.2(a) with R1 � 2 k�, R2 � 40 k�
(c) Circuit of Figure 1.2(b) with R2/R1 � 99
(d) Circuit of Figure 1.8 with R � 100 k�, C � 0.1 �F
(e) Circuit of Figure 1.5 with R1 � 400 �

1.2 (a) �6 V, (b) �6 V, (c) �2 V, (d) �2 V, (e) �6 V, (f) �10 V, (g) �1 V

Chapter 2
2.1 (a) Rin � 10 k�, Rf � 1 M�

(b) �1% (ACL � 99.99), (c) 0.05%

2.2 ACL � 4.9, R � 1000 M�

2.3 � � RS/(RS � Rf), 1/� � 1 � Rf/RS, where RS is the resistance of the 
current source. If RS → �, � → 1, 1/� → 1.
� � Rp/(Rp � Rf), 1/� � 1 � Rf/Rp, where Rp � R1//R2//R3

� � 1, 1/� � 1
� � R1/(R1 � R2), 1/� � 1 � R2/R1

� � R/(R � 1/[j	C]), 1/� � 1 � 1/j	CR

2.4 (a) 0 dB, (b) 6 dB, (c) 10 dB, (d) 20 dB, (e) 40 dB, (f) 60 dB, (g) 120 dB

2.5 (a) 16 dB, (b) 24 dB, (c) 10 dB, (d) 50 dB, (e) 20 dB, (f) �40 dB, 
(g) �26 dB, (h) 3 dB, (i) �3 dB

2.6 (a) (i) 500 kHz, (ii) 100 kHz, (iii) 20 kHz
(b) (i) e � �(4.444e1 � 3.076e2 � 2.143e3), (ii) 1/� � 10.66, 

(iii) 93.77 kHz, (iv) 2%

2.7 (a) 7.96 kHz, (b) 15.9 kHz

2.8 
 � 0.294, overshoot 38%
Cf(min) � 58 pF, overshoot 4.3%

2.9 5.73 MHz (equation A2.6), 35° phase margin (equation A2.8), 4.44 dB, 
5.66 MHz, 58 �s
(a) 5, 2.83 � 106 Hz
(b) 10, 1.29 MHz
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2.10 (i) (a) 0.7 V, (b) 0.02 V, (c) 0.02 V, (d) 9.9 k�
(ii) (a) 0.25 V, (b) 0.011 V, (c) 0.011 V

2.11 (a) 0.57 V
(b) 0.11 V, 2.19 V, 0.28 V, 0.14 V, 0.07 V, 0.1 V, 0.05 V, 0.025 V

2.12 CMRR � 104, 0.01%

2.13 (a) 2.4 �V, (b) 2.4 �V, (c) 4.1 �V

2.14 (a) (i) 310 nV, (ii) 363 nV, (iii) 734 nV, (iv) 2.05 �V
(b) (i) 20.4 pA, (ii) 20.6 pA, (iii) 26.7 pA, (iv) 41.6 pA
(c) (i) 0.31 �V, 0.37 �V, 2.05 �V; (ii) 0.36 �V, 0.43 �V, 2.1 �V;

(iii) 0.74 �V, 0.87 �V, 3.1 �V; (iv) 2 �V, 2.4 �V, 6.1 �V

Chapter 3
3.1 LG � 1333, ACL � 8.4936

3.2 LG � 995, ACL � 8.4915, Gain error � �0.025%

3.3 Input referred noise � 2.21 nV/�Hz

Chapter 4
4.1 eo � �(e1 � 2.128e2� 10e3), 0.14%

4.2 (a) 101 (40 dB), (b) 202 (46 dB), (c) 19.8 kHz, (d) 0.41 V

4.3 (a) 66 dB, (b) 10 kHz, (c) 0.25 V

4.4 62 dB, 40 kHz

4.5 10°, 90°, 16 kHz

4.6 (i) (a) 1 �A, (b) 53 nA
(ii) (a) 1.1 �A, (b) 0.4 �A

Chapter 5
5.1 Break points, 0 V, 0.94 V, 2.64 V. Slopes, �1, �0.5, �0.2423

5.2 180 mV, 167 mV

5.4 150 mV

5.5 R2 � 15 M�, R4 � 54.6 k�

5.6 70 mV

5.7 (a) 2.5 nA, (b) 0.1 �A
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5.8 R2 � 10 k�, R4 � 54.7 k�

5.9 e � 1/(104Io)ein
2, eo � ein

2/10

Chapter 6
6.1 70 mV/s

6.2 Circuit of Figure 6.8, with R1 � 1 M�, R2 � 500 k�, R3 � 100 k�; 
2.1 mV/s

6.3 0.018 Hz, 0.38%, 10°, 1.5%

6.4 5000

6.5 16 Hz

6.6 4 kHz, 160 Hz, 14 mV

Chapter 7
7.1 See Figure 7.3, make R2 � 19 � R1, Eref � 2.89 V and clamp output 

levels to �5 V and �1 V

7.2 See Figure 7.2; input signals applied through resistors R, R/2, R/3 and 
a reference �5 V applied through a resistor R/6

7.3 t1 � 1.302 ms, t2 � 2.32 ms

7.4 R3 � 56 k�, R4 � 224.9 k�

7.5 �4.2 V to �0.95 V

7.6 2667 Hz, 59%

Chapter 8
8.1 (a) 100 kHz, 16 Hz, 3 mV, (b) noise gain 1/� increases, upper frequency 

bandwidth limit becomes 83.3 kHz
(b) 200 mV

8.2 11 Hz

8.3 29.9 �s, I > 15.4 mA, 5 mV/s

Chapter 9
9.4 5.6 m�, 2.582 mV

9.5 100 k�, 200 k�

9.6 (a) 79 �V, (b) 62 mV, (c) 95.34 mV
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9.7 10 k�, 10 k�, 0.32 �F, 7.95 nF

9.8 Ao � 100, fo � 159 Hz, Q � 50.5, Rg � 1 M�, R7 � 1 M�, 
R8 � 10 k�, emax � 0.1 V, R1 � R2 � 796 k�, R4 � 1.99 M�

Chapter 10
10.1 0.013 pF

10.2 Refer to Figure 10.6, let Cp � 4.7 pF

10.3 R3 � 5.1 M� (a slightly lower value than this would be used in practice, 
say 4.7 M�, in order to give a margin of adjustment)

10.4 R3 � 99 k�, R5 � 690 k�

10.5 �2.45 V to �32.45 V, 4
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Appendix A1
Operational amplifier
applications and circuit ideas

The circuits given in this appendix represent extensions or modifications 
to the circuits given in the main body of the text. The reader conversant
with the factors controlling accuracy and performance limitations (Chapters 2
and 9) should be able to use them as a basis for practical designs. Most
circuits will function with a general purpose operational amplifier (use a BI-
FET) say) but the amplifier type used will inevitably govern performance
limits. In all cases care should be taken to ensure that applied signals do not
exceed allowable amplifier limits.

Scaling circuits
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Signal sources
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Figure A1.2 Differential input amplifier configuration with large common
mode range

Figure A1.3 Current difference-to-voltage conversion with variable
scaling factor

Figure A1.4 Voltage references
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Figure A1.5 Regulated voltage supply

Figure A1.6 Square wave generator with voltage control of pulse width
(see Section 7.2.1)
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Figure A1.7 Square and triangular wave generator (see Section 7.2.1)

Figure A1.8 Positive ramp generator (see Section 7.2.1)
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Figure A1.9 Square and triangular wave generator with voltage control
of frequency using a switched gain polarity amplifier (see Sections 7.4.3
and 8.12)

Figure A1.10 Two-phase and triangular waveform generator with wave-
forms in quadrature (see Section 7.4.1)
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Figure A1.11 Sine, cosine and wave quadrature oscillator using phase
shifter

Figure A1.12 Adjustable phase circuit for use with quadrature oscillator
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Figure A1.13 Phase shift oscillator with single resistor frequency control
and zener amplitude stabilization

Figure A1.14 High input resistance AC voltmeter
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Figure A1.15 Differential input, high input resistance AC voltmeter

Figure A1.16 Average
reading AC current meter

Figure A1.17 Average reading AC current meter with current amplification

Figure A1.18 Measurement of high DC voltage with low reading 
voltmeter

AMPLIFIERS 12 App1-4  2/6/03  6:28 PM  Page 311



1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

312 Operational Amplifiers

Figure A1.20 Rate comparator

Figure A1.21 Simple window comparator

Figure A1.19 Resistance measurement, earthed resistor
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Figure A1.22 Window comparator with control of window level and
window width

Figure A1.23 Two-amplifier regenerative comparator with feedback bound
and summing capability
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Figure A1.24 Precise
clipping circuit

Figure A1.25 Ideal diode with current output

Figure A1.26 Single amplifier absolute value circuit for current input
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Figure A1.27 High input impedance absolute value circuit with variable gain
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Appendix A2
Gain peaking/damping
factor/phase margin

The closed-loop gain-peaking and lightly damping transient response exhib-
ited by closed-loop configurations having an inadequate stability phase margin
is in many cases due to the phase shift in the loop gain introduced by two
break frequencies, one of which is remote (more than a decade away) from
the other. Bode plots for commonly encountered situations are shown in
Figure A2.1 and in both the cases considered the frequency dependence of
the loop gain can be expressed by the relationship
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(A2.1)

( fc2
>> 10fc1

)

The closed-loop signal gain of an op-amp feedback circuit can be expressed
in the form (see Section 2.3.1)

ACL(o) is the ideal frequency independent closed-loop signal gain. Substitution
for �AOL(jf) and rearrangement give

(A2.2)

Equation A2.2 represents the closed-loop sinusoidal response.
The more general closed-loop transfer function is obtained in terms of the

amplex variable s by the substitution, s � jf, s2 � �f 2 giving

(A2.3)

Equation A2.3 represents a second order transfer function. Comparison with
the general second order function

gives the relationships between the damping factor �, natural frequency fo

and amplifier parameters as

(A2.4)

and (A2.5)

At the frequency f1 at which the 1/� and the open-loop gain frequency plots
intersect the magnitude of the loop gain is unity. Equation A2.1 gives the
magnitude as

fo � √ (|�AOL(o)| fc1 
fc2

)

� � 
√ fc2

2 √ (|�AOL(o)| fc1
)

T(s) � 
1

1 �  2 
�

�o

 s �  
s2

�o
2

ACL(s) � 
ACL(o)

1 �  j 
s

|�AOL(o)| fc1

 – 
s 2

|�AOL(o)| fc1
fc2

 

ACL( jf) � 
ACL(o)

1 �  j 
f

|�AOL(o)| fc1

 – 
f 2

|�AOL(o)| fc1
fc2

 

ACL(f) � ACL(o) �
1

1 �  
1

�AOL(jf)

�

�AOL(jf) �  – j |�AOL(o) | 
fc1

f
 

1

1 �  j 
f

fc2
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A2.1 Damping factor
and phase margin
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(A2.6)

Combining equations A2.4 and A2.6 gives

(A2.7)

Phase margin is related to f1 and the break frequency fc2 by the relationships

(A2.8)

( fc2
>> fc1

)

Substitution in equation A2.7 gives the relationship between damping factor
and phase margin as

(A2.9)

Gain peaking

The magnitude of the closed-loop signal gain is, from equation A2.2

(A2.10)

where � and fo are determined by equations A2.4 and A2.5.
The magnitude peaks for � < 1/√2 and the frequency at which the gain

peak occurs can be found by differentiating equation A2.10 with respect to
f and equating to zero. This gives the frequency at which the gain peak
occurs as

fp � fo √(1 � 2�2) (For � < 1/√2) (A2.11)

Substituting this value of fp in equation A2.10 gives

(A2.12)

The extent of the magnitude peaking may be expressed as

(A2.13)

The relationship between gain peaking and phase margin may be obtained
by substituting the value of � from equation A2.9, thus

P(dB of peaking) � 20 log
10
 

1

2� √ (1 – �2)

|ACL(jf)|

at peak
 � 

ACL(o)

2 � √ (1 – �2)

|ACL(jf)| � 
ACL(o)

√ ��1 – � f

fo
�2�2

 � �2� 
f

fo 
�2�

� � 
1

2 √ �cos �m

sin2�m
�

f1
fc2

 � 
1

tan �m

 ; �1 �  � f1
fc2

�
2

�
1/2

 � 
1

sin �m

� � 
1

2 √ � f1
fc2

 �1 �  � f1
fc2

�
2

�
1/2

�

|�A(jf)|

at f � f1
 � 1 � |�AOL(o)| 

fc1

f1
 

1

	 �1 �  � f1
 fc2

�2�
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(A2.14)P(dB of peaking) � 20 log
10
 

2 cos �m

sin2 �m

√ �4 
cos �m

sin2 �m
 – 1�
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Appendix A3
Effect of resistor tolerance
on CMRR of one amplifier
differential circuit

In Figure A3.1 the amplifier is assumed ideal, resistors have tolerance
100 	 per cent per cent and worst case CMRR is considered. An input
common mode signal ecm gives rise to an output signal

�  ecm 
R2

R1

  
4x R1

R2 �  R1

� ecm 
R2

R1

  
R1 4x

R2 (1 – x)2 �  R1 (1 �  x2)

� ecm 
R2

R1

 �R1 (1 – x) �  R2 (1 �  x)

R2 (1 – x) �  R1 (1 �  x)
 – 

1 �  x

1 – x �

– 
R2 (1 �  x)

R1 (1 – x) �

eocm
 � ecm � R2 (1 – x)

R2 (1 – x) �  R1 (1 �  x)
 
R1 (1 – x) �  R2 (1 �  x)

R1 (1 – x)
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Thus common mode gain

(A3.1)

Common mode signal applied to op-amp

(see Figure A3.2)

Non-infinite CMRR of an op-amp is represented by an equivalent input error
signal e
cm

applied directly to the input terminal of the op-amp

e
cm gives an output signal

eocm
 � e
cm

 �1 �  
R2

R1
�

e
cm
 � 

ecm 
R2

R1 �  R2

CMRR(A)

� ecm 
R2

R1 �  R2

CMRR �  

1 �  
R2

R1

4x

and    CMRR � 
differential gain

common mode gain
 �  

R2

R1

R2

R1

  
4x R1

R2 �  R1

eocm

ecm
 � 

R2

R1

  
4x R1

R2 �  R1
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A3.1 CMRR of one
amplifier differential

circuit due to 
non-infinite CMRR of
operational amplifier

Figure A3.2 CMRR of circuit due to non-infinite CMRR of amplifier
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Thus, common mode gain of circuit

and CMRR of the circuit � differential gain/common mode gain � CMRR(A).

Effects of resistor tolerance and CMRR(A) are represented by separate input
error generators (Figure A3.1). Output signal eocm

due to input signal ecm is

(A3.2)� 
CMRR(R) 	 CMRR(A)

CMRR(A) ± CMRR(R)

Overall CMRR � 
differential gain

common mode gain
 � 

Adiff

� 1

CMRR(R)

 ± 
1

CMRR(A)
�Adiff

eocm
 � ecm � 1

CMRR(R)

 ± 
1

CMRR(A)
� Adiff

� 
eocm

ecm

 � 

R2

R1

CMRR(A)
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A3.2 Overall CMRR
due to resistor 
mismatch and 

non-infinite CMRR of
operational amplifier

Ideal differential
amplifier circuit with
infinite CMRR

Figure A3.3
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Appendix A4
Instrumentation transducers

Because the ‘front end’ of an instrumentation system frequently consists of
one or more sensors, the purpose of this appendix is to give the reader a brief
introduction to these devices which often provide the input signal to op-amps.

Most instrumentation systems comprise three basic sections: one for
sensing the measurand, the next for conditioning the sensed signal and finally
one for displaying or recording the conditioned signal. Figure A4.1 shows
the block diagram of this arrangement.

The sensing element, known as a sensor or transducer, simply converts
one form of energy into another. In this appendix all the transducers consid-
ered produce an electrical output when stimulated. However, the transduced
electrical output may be of insufficient power and require amplification or
other modification before it can be displayed or recorded. The necessary
amplification, shaping, mixing or other such processing is undertaken in the
signal conditioning section using the techniques variously described else-
where in this book. Finally, the conditioned signal is recorded or displayed.

A simple example of the above basic system is that of a tank containing
a hot liquid, the temperature of which needs to be monitored and recorded
continually. The temperature sensing element could be a thermocouple
(described later), the electrical output of which is conditioned by an op-amp
to raise it to the necessary power level required to drive a chart recorder.

The remainder of this appendix will describe some of the more popular
transducers used with instrumentation systems and will not consider signal
conditioning or display and recording techniques.

These are devices which when subjected to mechanical strain are deformed,
within their elastic limit, and change their ohmic resistance. The strain gauge
therefore is most suitable for detecting and measuring small mechanical
displacements. The strain gauge is firmly secured to the test piece which
when strained under load causes the attached strain gauge also to distort.
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Figure A4.1 Block diagram of basic instrumentation system

A4.1 Introduction

A4.2 Resistance strain
gauges
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The strain gauge is usually part of an initially balanced resistive bridge
network (see Chapter 8) and the accompanying change of gauge resistance
causes an imbalance and an output signal from the bridge indicative of the
amount of strain in the workpiece.

Figure A4.2 shows typical foil type strain gauges used for general engin-
eering strain analysis.

The strain gauge measuring grid is manufactured from a copper nickel
alloy which has a low and controllable temperature coefficient. The actual
form of the metal grid, which changes its resistance under strain, is accur-
ately produced by photo-etching techniques. A thermoplastic film is used to
encapsulate the grid which helps to protect the gauge from mechanical and
environmental damage. It also acts as a medium to transmit the strain from
the test piece to the gauge material.

The principle of operation of this device is based on the fact that the resist-
ance of an electrical conductor changes with a ratio of �R/R if a stress is
applied such that its length changes by a factor �L/L. This is where �R is
the change in resistance from the unstressed value R and �L is the corre-
sponding change in the unstressed length L.

The change in resistance is brought about mainly by the change in phys-
ical size of the conductor and, because of changes in its physical structure,
an alteration in the conductivity in the material.

Copper nickel alloy is commonly used in the construction of strain gauges
because the resistance change of the foil is virtually proportional to the
applied strain, i.e.

�R/R � K . E

where K is a constant known as the gauge factor and E is the applied strain.
Therefore

�R/R � gauge factor 	 �L/L

The change in resistance of the strain gauge can thus be utilized accurately
to measure strain when connected to an appropriate measuring and indicating
circuit.

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

324 Operational Amplifiers

Figure A4.2 Typical foil strain gauges

AMPLIFIERS 12 App1-4  2/6/03  6:29 PM  Page 324



Strain gauges are available commercially in a wide variety of preferred
sizes and specifications. However, a typical specification for a small foil type
strain gauge is as follows:

Measurable strain 2 to 4% maximum
Thermal output at 20–160°C ±2 �strain/°C*

at 160–180°C ±5 �strain/°C*
Gauge factor change with temperature ±0.015%/°C max.
Gauge resistance 120 

Gauge resistance tolerance ±0.5%
Fatigue life � 105 reversals at 1000 �strain*
Foil material copper nickel alloy
Temperature range �30°C to �80°C
Gauge length 8 mm
Gauge width 2 mm
Gauge factor 2.1
Base length (single types) 13.0 mm
Base width (single types) 4.0 mm
Base diameter (rosettes) 21.0 mm

* 1 �strain is equivalent to an extension of 0.0001%.

While the strain gauge is basically a displacement type transducer, because
strain is caused by force the gauge can readily be adapted to measure force,
torque, weight, acceleration and many other quantities.

It should be noted that because the resistance of strain gauges is affected
by changes in the temperature, they are often used in pairs; one in each of
the balancing limbs of the measuring bridge circuits. Only one gauge is fixed
to the test piece to act as the sensor, the other, being connected into the
balancing limb of the bridge, is alongside but not fixed to the workpiece and
is purely for temperature compensation purposes. Figure A4.3 illustrates this
connection.

Also, because the strain gauge resistance is quite low, typically 120 
,
the remote connection of a sensor gauge away from the instrumentation
bridge circuit can cause problems. This is because the resistance of the long
connecting leads may have significant resistance compared with that of the
sensor gauge itself. The problem can be overcome using three connecting
leads to the remote sensor gauge as shown in Figure A4.4. The extra lead
is connected so as effectively to place two equal resistance connecting leads
in series with each of the bridge limbs AC and DC without disturbing the
electrical balance.

Like strain gauges, these are passive transducers which change their resis-
tance when stimulated. They are also known as resistance thermometers
because they suffer a change of resistance with change of temperature. The
change of resistance can be detected using similar bridge circuits and op-
amp conditioning circuits as are used with strain gauges. The voltage output
from these circuits is calibrated to indicate temperature.
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A4.3 Platinum
resistance temperature

detectors
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The resistive element is made from platinum because not only does this
metal exhibit a near linear variation of resistance with temperature change, it
also shows a large (38.5 per cent) change of resistance for a 100°C tempera-
ture change. The platinum temperature sensing element is usually sheathed for
protection and may be mounted in a variety of probes, some being hand-held.

The platinum thermometers can be very accurate and typically are
manufactured to conform to BS 1904 Grade 2 and DIN 43 760. A typical
specification is as follows:

Resistance at 0°C 100 ± 0.1 

Temperature coefficient 0.385 
/°C
Maximum temperature 500°C
Minimum temperature �50°C
Resistance tolerance at 0°C ±0.2 
 (±0.3°C)

at 500°C ±0.8 
 (±2.4°C)

1111
2
3
4
5
6
7
8
9
1011
1
2
3
4
5
6
7
8
9
20111
1
2
3
4
5
6
7
8
9
30111
1
2
3
4
5
6
7
8
9
40111
1
2
3
4
5
6
7
8
49111

326 Operational Amplifiers

Figure A4.3 Strain gauge bridge circuit with temperature compensation
included

Figure A4.4 Three-wire compensating lead connection
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Platinum resistance thermometers can be manufactured to give very accur-
ate and long-term stable readings. They are often employed as laboratory
temperature standards and where accurate temperature control is required.
However, they can be fragile and have a slow response time of up to a
second.

These are devices which may have positive or negative temperature coeffi-
cients (ptc or ntc). They are manufactured from semiconductor materials and
are often packaged as small discs, some 5–12 mm in diameter, or at the tip
of a probe.

The principle of operation of the thermistor is that its resistance changes
with temperature. However, unlike the platinum resistance thermometer, the
resistance: temperature relationship of the thermistor is very non-linear and
its upper working temperature is usually much lower. The thermistor is quite
robust, especially in disc form, and its small size and sensitivity make it
very suitable for the temperature control of ovens, deep freezers, rooms,
process control, temperature compensation, high temperature protection, high
current protection and the like. But, because of its non-linearity and fairly
wide tolerances, care should be taken to check the calibration of circuits
after a thermistor change has been made. A typical specification is as follows:

Resistance at 25° 10 k

at �125°C 260 


Maximum temperature range �30°C to �125°C
Maximum dissipation 900 mW
Thermal time constant 30 s

There are several designs available and the purpose of each is to convert a
fluid pressure into an analogous electrical signal. Some designs have a
diaphragm which is moved by the measurand pressure and this movement
is translated into a change of resistance, inductance or capacitance. Other
pressure transducers use the piezo-resistive effect. Advanced manufacturing
techniques include laser trimmed bridge resistors for close tolerance on null
and sensitivity. The sensing element is a 0.1 inch square silicon chip with
integral sensing diaphragm and four piezo resistors. When pressure is applied
to the diaphragm it is caused to flex, changing the resistance, which results
in an output voltage proportional to pressure when a suitable excitation
voltage is applied to the device. The sensing resistors are connected as a
four-active element bridge for best linearity and sensitivity. A typical technical
specification for one of these transducers are as follows:

Pressure range 0–30 psi
Full scale output 79 mV
Sensitivity/psi 2.63 mV
Excitation 10 V DC
Overpressure 60 psi max.
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A4.4 Thermistors

A4.5 Pressure
transducers
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These are active transducers which convert the difference between two
temperatures into a proportional voltage. The thermocouple principle is based
upon the Seebeck effect which is simply the generation of a voltage by a
heated junction of dissimilar metals. Figure A4.5 shows how a couple of
two such metal junctions, at different temperatures, can be connected to cause
a meter to indicate the voltage potential between the two junctions. One
junction, the ‘cold’ or ‘reference’ junction, is usually held at 0°C (although
room temperature suffices for some applications) while the other junction is
used as a ‘temperature sensor’.

The metals used include nickel, chromium, iron, platinum, rhodium,
aluminium, constantan, manganese and silicon. Most thermocouple manu-
facturers use different pairs of these metals, or their alloys, to produce a
selection of small, robust devices capable of measuring temperatures ranging
from �230°C to �1300°C. To indicate their designed temperature ranges
and other characteristics, thermocouples are usually classified as being Type
J, K, N or T. However, because the thermocouple sensor junction is placed
in physical contact with the measurand, for temperatures above �1300°C,
which is higher than the freezing point of most metals, optical pyrometer
temperature measurement becomes more appropriate.

The device usually comprises two metres of thermocouple wire insulated
with varnish-impregnated glass fibre sleeving having an overall diameter of
1.5 mm. The hot junction tip is welded in an argon atmosphere to eliminate
any oxidization of the junction. It has an operating range of �50°C to
�400°C. Its small size and flexibility make it suitable for temperature
measurement in confined places such as electronic assemblies.

A high quality hand-held probe can be used not only for general purpose
temperature measurements in the range �100°C to �600°C by, say, immer-
sion in liquids, but also because of its sharpened stainless steel probe tip
and robust construction it can penetrate solids for internal temperature
measurements. This makes it ideal for use in the food industry for checking
the temperature of frozen foods, or for general measurement of below-surface
temperatures of soil, grain, and powders.
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A4.6 Thermocouples

Figure A4.5 Principle of thermocouple action
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A miniature AC energized LVDT is one of a range of the most common
forms of displacement transducer. LVDTs typically comprise three coils
wound in-line on an insulating hollow former inside which is a movable
nickel iron core. The centre of the three coils is energized by an alternating
current and, with the movable core in the centre position, induces equal emfs
across the other two coils which effectively form the secondary windings of
a transformer. Movement of the core disturbs the balance of the magnetic
coupling between the three coils. By comparison of the now unbalanced
secondary coil output voltages, the magnitude and direction of the core move-
ment can be determined.

The displacement to be measured is applied to the movable core and
because it has no direct sliding contact is virtually friction free. This gives
the LVDT an advantage over the resistive potentiometric transducer which
is sometimes used in similar applications. The LVDT can be used to detect
movements in the range 0.5–25 mm.

These are passive displacement transducers which also require an AC exci-
tation. A basic capacitor comprises a pair of parallel metal places between
which is either a space or a solid dielectric material in which energy is stored
when a voltage is applied between the plates. The capacitance, in farads, of
a device is a measure of its ability to store this energy and depends upon
the area of the plates, their spacing and the nature of the dielectric. The
mechanical variation of any one of these three parameters will cause a sym-
pathetic variation in the capacitance of the device. Since the spacing between
the plates of a capacitor is usually less than 1.0 mm, a very detectable 10
per cent variation in capacitance requires a change in the plate spacing of
less than 100 microns. This sensitivity makes the capacitive transducer one
of the most suitable sensors for the measurement of small displacements.

These are used for the measurement of shaft angular velocity and are avail-
able in two basic types:

Pulse tachometers. These have a toothed ferromagnetic disc which must
be coupled to and rotated by the shaft, the speed of which is to be measured.
The ferromagnetic disc may be manufactured with only a single tooth-like
protrusion which is arranged to fall close to a pick-up head once in each
revolution of the disc. The pick-up head comprises a permanent magnet
around which a coil is wound. The passage of the tooth through the magnetic
field causes a distorting movement of the field and this flux movement induces
an emf across the pick-up coil. The number of pulses counted or the average
DC produced in a given time from a train of these pulses is indicative of
the shaft speed.

Tachogenerators. These are really no more than either DC machines which
produce a direct voltage proportional to their angular velocity or AC alter-
nators which have a direct relationship between their speed of rotation and
their output frequency.
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A4.7 Linear variable
differential

transformers (LVDT)

A4.8 Capacitive
transducers

A4.9 Tachometers
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Figure A4.6 shows the typical layout of an electromagnetic flowmeter as
used for measuring the rate of flow of a wide range of liquids. The basic
principle involved is that of a current being induced into a conductor which
is moving through a magnetic flux. In this case the moving conductor is the
fluid itself and the magnetic flux is produced by external excitation. The
fluid must have a resistance per cm3 of less than 10 M
 to permit the gener-
ation of a satisfactory signal (domestic tap water has a resistance per cm3

of about 50 k
). The moving fluid is contained within a smooth-bore plastic
pipe into which two pick-up electrodes are inserted and which collect the
current generated, it being proportional to the rate of fluid flow.

Electromagnetic flowmeters are available commercially with diameters
ranging from 3 mm to 2000 mm. They have been used successfully to measure
the flow of tap water, sea water, mercury, blood, chemicals and, because of
the use of smooth-bored pipes, slurries and liquids containing solids.

Figure A4.7 shows how a current-carrying conductor situated in a perpen-
dicular magnetic field experiences a transverse voltage which is proportional
to the product of the current and the magnetic field flux density. The voltage
so established is present in all conductors but is of particular significance in
semiconductor materials. It can be shown that the current, I the flux density,
B, and the voltage generated, E, are related by the expression:

E � �RH(I 	 B)

RH is known as the Hall coefficient and is given by 1/ne where n is the
number of charge carriers per unit volume which constitute the current and
e is the charge on the carriers.
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A4.10 Electromagnetic
flowmeters

Figure A4.6 Principle of electromagnetic flowmeter

A4.11 Hall effect
transducers
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The Hall effect voltage in semiconductors in the presence of a magnetic field
is used to produce ‘bounce-free’ switching. A switched transistor is turned on
by a Hall effect device under the influence of a magnetic field exceeding a
designed ‘operate’ strength. However, the Hall effect device does not ‘release’
until the magnetic field strength is reduced to a level below the operate level. It
is this hysteresis effect that produces the ‘bounce-free’ switching.

The Hall effect vane switch transducer makes use of bounce-free switching
in its operation of transducing the presence of a ferrous metal into an elec-
trical signal. A Hall effect sensor and magnet are housed in a pcb mounting
package which will detect the presence of a ferrous metal vane passing
through the gap between the sensor and the magnet. The device, which oper-
ates from 5 V direct (7 mA quiescent current), features two independent TTL
compatible outputs capable of sinking up to 4 mA each or 8 mA combined.
The switching time is less than 3 �s and the operating frequency can be up
to 100 kHz. The device is useful in many position or counting operations,
particularly in dusty or high ambient light environments, where an optical
switch would be unsuitable.

The miniature linear Hall effect IC is a magnetic field sensor in a moulded
4-pin dil plastic package less than 8 mm square. This device features a differ-
ential output stage. One output increases linearly in voltage, while the other
decreases, for a linear increase in magnetic flux density over a ±40 mT range.
Typically, the output voltage varies linearly between 1.0 V and 3.0 V with
a sensitivity of 1.0 mV/Gauss. Typical applications for this device include
the investigation of magnetic fields in the vicinity of transformers and cables
and as current sensors with high isolation and in linear feedback elements
in analogue control systems. The sensor is immune from damage by high
values of flux density.

Opto transducers are devices which change one or more of their electrical
characteristics when struck by light. The light is not necessarily visible to
the human eye; it may be infrared. Outlined below are brief details of a
small selection of the many opto devices available commercially.

The light dependent resistor (LDR) uses a small strip of cadmium sulphide
which may be illuminated by light passing through a clear window in the
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Figure A4.7 The Hall effect

A4.12 Opto
transducers
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casing of the device. The resistance of this particular device can vary from
about 500 
 in bright sunlight to 1.0 
 in darkness. It can be used at mains
voltages (320 V DC or AC peak), it is cheap and sensitive but can have a
slow response time of 120 ms. Typical applications for the LDR are the auto-
matic control of public lighting, in intruder sensing devices and reflective
smoke alarms.

All silicon diode junctions are affected by incident light and the photo-
diode is little more than a conventional silicon diode placed in a casing
which is fitted with a window to allow the diode junction to be illuminated.
The leakage current of the diode is very small but this increases when the
junction is struck by light. The photodiode is operated in a reversed bias
mode and in series with a load resistor through which the light dependent
leakage current flows. The voltage drop across the load resistor is analogous
to the intensity of the light striking the photodiode. Compared with the LDR,
the photodiode is similarly packaged, will not operate with such high supply
voltages, is not as sensitive to light stimulation but its response is much
faster, being in the order of a few microseconds. Typical applications for
photodiodes are in fast response AC circuits, in infrared beam switching and
with photographic flash circuits.

The phototransistor operates in much the same way as the photodiode,
the base-collector junction being effectively reverse biased and stimulated
by light. However, the amplifying effect of the transistor makes the sensitivity
of this device more than ten times that of the photodiode. But it cannot
operate at such high frequencies; typically up to 200 kHz rather than the
500 MHz of the photodiode.

Optical shaft encoders are now available for sensing shaft position or
angular velocity. Typically, these devices are 50 mm long and 50 mm wide
and 50 mm in diameter and contain a light source beamed through a perfor-
ated rotating disc and detected by a light sensor. Rotation of the input shaft
causes the energized encoder to produce an output comprising a number of
TTL compatible pulses for each complete revolution. The device typically
requires a DC excitation of 5–30 V and, depending upon the specification
chosen, will provide resolutions of 100, 1250, 2000 or 2500 pulses per revo-
lution. Typical applications are in machine tool control, robotics and position
sensors for feedback on mechanical valve openings.
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555 Timer, 192–4
8038 Waveform generator, 195–8

Absolute value circuit, 314–5
AC amplifiers, 106
AC voltmeter, 310–1
Acquisition time, 217
Active filters, 237–65
Adder, 5, 25
Adder subtractor, 6, 304
All-pass filter, 252–3
Amplifier symbol, 1
Analogue to digital converter, 220–3
Answers to exercises, 300–3
Anti-logarithmic converter, 137–41
Aperture time, 216
Astable, 175, 192–4
Averaging, 257–8

Balancing offsets, 45, 48, 129
Band-gap voltage reference, 297
Bandpass filter, 234–6, 248–51
Bandstop filter, 236, 251–2
Bandwidth, 20, 74, 77, 82–4, 135,

165, 231
Battery powered, 69, 72
Bessel response, 246
Bias current, 45, 66, 69, 82, 95
Bi-CMOS op-amp, 64, 69, 70
Bi-FET op-amp, 11, 64, 70
Binary weighted DAC, 224–6
Bipolar op-amp, 11, 64, 70
Bode approximation, 20–1, 232, 234
Bode plots, 19, 25, 122, 124, 204
Bootstrapping, 107
Break frequency, 20, 231
Bridge amplifier, 200–3
Buffer, 6, 75, 83
Butterworth response, 241, 243–4

Capacitance loading, 26, 80, 275
Capacitance multiplier, 181–2
Capacitive transducers, 203, 329
Capacitors, 281–2
Cauer (or Elliptic) response, 245

Chebyshev response, 244–5
Chopper stabilisation, 66
Closed loop bandwidth, 19
Closed loop gain, 3, 16–8, 22, 64
Closed loop stability, 25, 77, 93,

121, 135
CMOS op-amp, 11, 68, 70
Common mode error, 49
Common mode input impedance, 90
Common mode rejection ratio (CMRR),

49, 66, 80, 89, 320
Common mode voltage, 13
Comparators, 171, 312–3
Compensation, 28, 77
Complementary bipolar technology, 65
Composite amplifier, 287
Constant current, 297–8
Current adder, 5, 98
Current booster, 284
Current feedback, 63, 73–81
Current limiting, 104
Current measurement, 97
Current mirror, 74
Current scaling, 93
Current sink, 102–3
Current source, 94, 99–103
Current summation, 5, 98
Current to voltage converter, 5, 93,

98, 305
Cut-off frequency, 231, 241

Damped response, 40, 233, 316
Decibel (dB), 19
Decoder based DAC, 224
Depletion MOSFET, 105
Dielectric absorption, 216–7, 282
Differential input, 12, 92, 157–8, 168–9
Differential input amplifier, 1, 88–93,

305
Differential signal transmission, 199
Differentiator, 163–8
Digital to analogue converter, 223–8
Diode connected transistor, 119
Diode limiting, 174, 283
Diode transfer function, 110
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Divider, 139
Drift, 45, 70, 149, 280, 289

Earth loop, 271
Earthed load, 100–2
Electromagnetic flow-meter, 330
Electrostatic discharge (ESD), 69
Evaluating errors, 46
Excalibur, 65

Feed-forward frequency compensation,
34

Feedback, current, 63, 73
Feedback, negative, 2, 13
Feedback, positive, 173
Feedback, voltage, 14–8, 63–4
Field effect transistor (FET), 185
Filters, active, 77, 237
Filters, passive, 230
First order lag response, 20
Floating load, 100
Follower, see buffer
Frequency compensation, 28, 39
Frequency dependent negative resistance

(FDNR), 259–62
Frequency response, 19, 22
Frequency to voltage converter, 218–20
Full-power response, 44
Full-wave rectifier, 211–3
Function generator, 195

Gain, 13
Gain bandwidth product, 24
Gain error factor, 27, 77
Gain peaking, 27, 318
Guarding, 273
Gyrator, 238, 262–5

Half-power bandwidth, 20
Hall effect, 208, 330
High input impedance, 107
High pass filter, 234, 246–8
High voltage regulator, 105–6
Hold time, 214–8
Hold mode, 147
Hot-wire anemometer, 205
Hysteresis, 173, 313

Ideal amplifier, 2
Ideal diode, 114, 314
Inductive loads, 100
Input bias current, 45, 67–8
Input capacitance, 77, 181, 203–4,

274–6

Input impedance, 14, 18, 64, 69, 76,
90, 150

Input offset current, 45
Input offset voltage, 45, 67
Input resistance, 84
Input voltage limits, 12
Instrumentation amplifier , 92
Instrumentation transducers, 

323–32
Integrated circuit, 8, 63
Integrating A-to-D converter, 221
Integrator, 7, 78, 146–63
Integrator reset, 160–2
Interface circuit, 199, 203
Interference, 272
Inverter, 2, 17, 82, 106

JFET input op-amp, 64, 67, 71

Lag compensation, 37
Lag-lead network, 34–7
Large signal settling time, 44
Lead compensation, 36
Light dependent resistor, 331–2
Limitation of gain, 13
Limitations of input, 11, 13
Limitations of op-amps, 8
Limitations of output, 12
LinCMOS op-amp, 63, 70
Linear circuits, 82
Logarithmic amplifier, 109–45
Long-tailed pair, 11
Loop gain, 16, 74
Low drop-out (LDO) regulator, 105
Low pass filter, 230–3

Magnitude, 20
Modulation, 197
Mono-stable, 178, 194
MOSFET, 68–9, 161
Multiplier, four quadrant, 141
Multi-vibrator, 175

Negative impedance conversion (NIC),
237

Noise characterisation, 50, 71, 78
Noise current, 64, 67, 79
Noise density spectrum, 52
Noise figure, 58
Noise gain, 84, 166
Noise voltage, 65, 67–8, 71, 79
Non-ideal amplifier, 14
Non-inverting amplifier, 83, 106
Non-linear response, 50, 109
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Normailzation and scaling, 253–5
Notch filter, 236, 251–2

Offset balancing, 45, 129, 277–80
Offset errors, 45, 66, 88, 95, 127,

149, 166
Open-loop gain, 13, 20
Open-loop transfer curve, 12
Oscillators, 183, 306–10
Output current boosting, 284
Output impedance, 14
Output level biasing, 287–9
Output voltage boosting, 284–7
Output voltage range, 12
Over temperature shutdown, 104
Overload recovery, 44, 282
Overshoot, 42

Packages, 8
Passive filters, 230
Passive Filters band reject (notch) filter,

236
Peak detector, 213–5
Peak-to-peak detector, 216
Peak-to-peak noise, 52
Peaking, 27, 41
Phase, 20
Phase compensation, 28
Phase inversion, 65
Phase margin, 27–30, 317
Phase shift, 77, 232
Phase shifting circuit, 252–3, 309
Phase-frequency response, 26
Photo-diode sensor, 208, 332
Pink noise, 53
Positive feedback, 173
Power supply, 72, 80, 276–7
Power supply bypassing, 81, 270, 276
Precise diode circuits, 209–11, 314
Pressure transducer, 327
Protection circuits, 12, 129–30, 282

Quadrature-phase oscillator, 185, 309
Quiescent current, 68

Ramp generator, 190, 307
Rate comparator, 173, 313
Recovery time, 44
Rectifier circuits, 209–13
Reference voltage, 295–7
Regenerative comparator, 173, 313
Regulated voltage supply, 293, 306
Resistance measurement, 312
Resistance strain gauges, 323–5

Resistive-T network, 84, 96
Resistors, 281
Ringing, 41
Rise time, 39
RMS converter, 139
Roll-off, 21
Run mode, 147

Sallen-Key filters, 77, 255–7
Sample and hold circuits, 215–8
Schmitt trigger, 173, 313
Sensor interfacing, 199
Series voltage feedback, 15
Set mode, 147
Settling time, large signal, 44, 78
Settling time, small signal, 43
Shielding, 273–4
Signal-to-noise ratio, 55
Sine wave oscillator, 183
Single supply operation, 291–3
Slew rate, 33, 43, 67, 69, 76, 79, 155
Slew rate errors, 155
Small signal response, 38
Small signal settling time, 43
Square wave generator, 187, 306–8
Stability, closed loop, 25, 77, 80, 93,

121, 135, 275
State variable filter, 248–51
Step response, 40–2
Strain gauge, 323–5
Subtractor, 6, 88
Successive approximation A-to-D, 222–3
Summation, 5, 87–8, 156, 174
Summing point, 2, 79, 109
Supply voltage sensitivity, 46
Switched gain, 86
Symbol, 1

Temperature drift, 46, 130, 137, 295–6
Temperature effects, 70, 93
Thermistor, 327
Thermocouple, 206–7, 328
Thermometer code DAC, 227–8
Time averaging, 257–8
Timer circuit, 192
Transconductance, 34, 141–3
Transdiode, 118
Transducer, 203
Transfer curve, 12
Transfer function, 63–4, 231
Transient response, 37
Trans-impedance, 63–4, 73
Triangular wave generator, 187, 195,

307–8
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Unity gain follower, 6, 76, 83
Unity gain frequency, 23, 77

Variable gain, 85
Virtual earth, 3, 5
Virtual ground generator, 294–5
Voltage adder, 5
Voltage booster, 284–7
Voltage controlled gain, 86
Voltage controlled oscillator, 306
Voltage feedback, 14–8, 63–4, 69

Voltage reference, 104, 295–7, 305
Voltage regulator, 103, 293–4, 306
Voltage summation, 87–8
Voltage to current converter, 6, 99
Voltage to frequency converter, 218

Waveform generators, 187
White noise, 52
Wideband circuits, 73, 269
Wien Bridge, 184
Window comparator, 312–3
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