The Art Of Electronics - 2nd Edition

Paul HOrowitz rasvaso unvensrry

WI nfleld H I II ROWLAND INSTITUTE FOR SCIENCE. CAMBRIDGE, MASSACHUSETTS

CAMBRIDGE

UNIVERSITY PRESS




Published by the Press Syndicatedf the University of Cambridge
The Fitt Building, Trumpington Street, Cambridge CB2 |RP

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

10 Stamford Road, Oakleigh, Melbourne3166, Australia

© Cambridge University Press 1980, 1989

First published 1980

Second edition 1989

Reprinted 1990 (twice), 1991, 1993, 1994

Printed in the United States of America

Library o Congress Cataloguing-in-Publication Data is available.

A catalogue record for this book isavailable from the British Library.

ISBN 0-521-37095-7 hardback



Contents

List of tables xvi
Preface xix

Preface to first edition xxi

CHAPTER 1
FOUNDATIONS 1

Introduction 1
Voltage, current, and resistance 2

101 Voltageand current 2

1.02 Relationship between voltage and
current: resistors 4

1.03 Voltagedividers 8

1.04 Voltageand current sources 9

1.05 Thevenin's equivalent circuit 11

1.06 Small-signal resistance 13

Signals 15

1.07 Sinusoidal signals 15

1.08 Signal amplitudes and
decibels 16

1.09 Other signds 17

1.10 Logiclevels 19

111 Signal sources 19

Capacitors and ac circuits 20

1.12 Capacitors 20

1.13 RCucircuits: V and I versus
time 23

1.14 Differentiators 25

1.15 Integrators 26

Inductors and transformers 28

1.16 Inductors 28
1.17 Transformers 28

Impedance and reactance 29

1.18 Frequency analysis of reactive
circuits 30

119 RC filters 35

1.20 Phasor diagrams 39

1.21 "Poles” and decibels per
octave 40

1.22 Resonant circuits and active
filters 41

1.23 Other capacitor applications 42

1.24 Thévenin’s theorem
generalized 44

Diodes and diode circuits 44

125 Diodes 44

1.26 Rectification 44

1.27 Power-supply filtering 45

1.28 Rectifier configurations for power
supplies 46

1.29 Regulators 48

1.30 Circuit applicationsof diodes 48

1.31 Inductive loads and diode
protection 52

Other passive components 53

1.32 Electromechanical devices 53
1.33 Indicators 57

1.34 Variablecomponents 57
Additional exercises 58

CHAPTER 2
TRANSISTORS 61
Introduction 61

2.01 First transistor model: current
amplifier 62

Some basic transistor circuits 63

2.02 Transistor switch 63
2.03 Emitter follower 65

Vii



viii

CONTENTS

2.04 Emitter followers as voltage
regulators 68

2.05 Emitter follower biasing 69

2.06 Transistor current source 72

2.07 Common-emitter amplifier 76

2.08 Unity-gain phase splitter 77

2.09 Transconductance 78

Ebers-Moll model applied to basic
transistor circuits 79

2.10 Improved transistor model:
transconductance amplifier 79

2.11 The emitter follower revisited 81

2.12 The common-emitter amplifier
revisited 82

2.13 Biasing the common-emitter
amplifier 84

2.14 Current mirrors 88

Some amplifier building blocks 91

2.15 Push-pull output stages 91

2.16 Darlington connection 94

2.17 Bootstrapping 96

2.18 Differential amplifiers 98

2.19 Capacitance and Miller effect 102
2.20 Field-effect transistors 104

Some typical transistor circuits 104

2.21 Regulated power supply 104

2.22 Temperature controller 105

2.23 Simple logic with transistors and
diodes 107

Self-explanatory circuits 107

2.24 Good circuits 107
2.25 Bad circuits 107
Additional exercises 107

CHAPTER 3
HELD-EFFECT TRANSISTORS 113

Introduction 113

3.01 FET characteristics 114

302 FET types 117

3.03 Universal FET characteristics 119

3.04 FET drain characteristics 121

3.05 Manufacturing spread of FET
characteristics 122

Basic FET circuits 124

3.06 JFET current sources 125
3.07 FET amplifiers 129

3.08 Sourcefollowers 133

3.09 FET gatecurrent 135

3.10 FETs as variable resistors 138

FET switches 140

311 FET analog switches 141
3.12 Limitations of FET switches 144
3.13 Some FET analog switch
examples 151
3.14 MOSFET logic and power
switches 153
3.15 MOSFET handling
precautions 169

Self-explanatory circuits 171

3.16 Circuit ideas 171
3.17 Bad circuits 171 vskip6pt

CHAPTER 4
FEEDBACK AND OPERATIONAL
AMPLIFIERS 175

Introduction 175

4,01 Introduction to feedback 175
4.02 Operational amplifiers 176
4.03 Thegolden rules 177

Basic op-amp circuits 177

4.04 Inverting amplifier 177
4.05 Noninverting amplifier 178
4.06 Follower 179

4.07 Current sources 180

4.08 Basic cautions for op-amp
circuits 182

An op-amp smorgasbord 183

4.09 Linear circuits 183
4.10 Nonlinear circuits 187

A detailed lodk at op-amp behavior 188

411 Departure from ideal op-amp
performance 189

4.12 Effectsof op-amp limitations on
circuit behavior 193

4.13 Low-power and programmable
op-amps 210



CONTENTS

A detailed look at selected op-amp
circuits 213

4.14 Logarithmic amplifier 213
4.15 Active peak detector 217
4.16 Sample-and-hold 220
4.17 Activeclamp 221

4.18 Absolute-valuecircuit 221
4.19 Integrators 222

420 Differentiators 224

Op-amp operation with a single power
supply 224

421 Biasing single-supply ac
amplifiers 225
4.22 Single-supply op-amps 225

Comparators and Schmitt trigger 229

4.23 Comparators 229
4.24 Schmitt trigger 231

Feedback with finite-gain amplifiers
232

4.25 Gain equation 232

4.26 Effects of feedback on amplifier
circuits 233

4.27 Two examples of transistor
amplifierswith feedback 236

Some typical op-amp circuits 238

4.28 General-purpose lab amplifier 238

4.29 Voltage-controlled oscillator 240

4.30 JFET linear switch with Ron
compensation 241

4.31 TTL zero-crossing detector 242

4.32 Load-current-sensing circuit 242

Feedback amplifier frequency
compensation 242

4.33 Gain and phase shift versus
frequency 243

4.34 Amplifier compensation
methods 245

4.35 Freguency response of the feedback
network 247

Self-explanatory circuits 250
4.36 Circuit ideas 250

437 Bad circuits 250
Additional exercises 251

CHAPTER 5
ACTIVE FILTERSAND
OSCILLATORS 263

Activefilters 263

5.01 Frequency response with RC
filters 263

5.02 Ideal performance with LC
filters 265

5.03 Enter activefilters: an
overview 266

5.04 Key filter performance
criteria 267

5.05 Filter types 268

Active filter circuits 272

506 VCVScircuits 273

5.07 VCVSfilter design using our
smplifiedtable 274

5.08 State-variable filters 276

5.09 Twin-T notch filters 279

5.10 Gyrator filter realizations 281

511 Switched-capacitor filters 281

Oscillators 284

5.12 Introduction to oscillators 284
5.13 Relaxation oscillators 284
5.14 The classictimer chip:
the 555 286
5.15 Voltage-controlled oscillators 291
5.16 Quadrature oscillators 291
5.17 Wien bridgeand LC
oscillators 296
5.18 LCoscillators 297
5.19 Quartz-crystal oscillators 300

Self-explanatory circuits 303

5.20 Circuit ideas 303
Additional exercises 303

CHAPTER 6
VOLTAGE REGULATORS AND POWER
CIRCUITS 307

Basic regulator circuits with the
classic723 307



CONTENTS

6.01 The 723 regulator 307
6.02 Positive regulator 309
6.03 High-current regulator 311

Heat and power design 312

6.04 Power transistors and heat
sinking 312
6.05 Foldback current limiting 316
6.06 Overvoltage crowbars 317
6.07 Further considerationsin high-
current power-supply design 320
6.08 Programmable supplies 321
6.09 Power-supply circuit example 323
6.10 Other regulator ICs 325

The unregulated supply 325

6.11 ac line components 326
6.12 Transformer 328
6.13 dc components 329

Voltage references 331

6.14 Zener diodes 332
6.15 Bandgap (Vgr) reference 335

Three-termina and four-terminal
regulators 341

6.16 Three-terminal regulators 341

6.17 Three-terminal adjustable
regulators 344

6.18 Additiona comments about
3-terminal regulators 345

6.19 Switching regulators and dc-dc
converters 355

Special-purpose power-supply
circuits 368

6.20 High-voltageregulators 368

6.21 Low-noise, low-drift supplies 374

6.22 Micropower regulators 376

6.23 Flying-capacitor (charge pump)
voltage converters 377

6.24 Constant-current supplies 379

6.25 Commercial power-supply
modules 382

Self-explanatory circuits 384

6.26 Circuit ideas 384
6.27 Bad circuits 384
Additional exercises 384

CHAPTER 7
PRECISION CIRCUITS AND LOW-NOISE
TECHNIQUES 391

Precision op-amp design techniques
391

7.01 Precision versus dynamic
range 391
7.02 Error budget 392
7.03 Example circuit: precision amplifier
with automatic null offset 392
7.04 A precision-design error
budget 394
7.05 Component errors 395
7.06 Amplifier input errors 396
7.07 Amplifier output errors 403
7.08 Auto-zeroing (chopper-stabilized)
amplifiers 415

Differential and instrumentation
amplifiers 421

7.09 Differencingamplifier 421
7.10 Standard three-op-amp
instrumentation amplifier 425

Amplifier noise 428

7.11 Originsand kinds of noise 430

7.12 Signa-to-noise ratio and noise
figure 433

7.13 Transistor amplifier voltage and
current noise 436

7.14 Low-noise design with
transistors 438

7.15 FET noise 443

7.16 Selectinglow-noisetransistors 445

7.17 Noisein differential and feedback
amplifiers 445

Noise measurements and noise
sources 449

7.18 Measurement without a noise
source 449

7.19 Measurement with noise
source 450

7.20 Noise and signal sources 452

7.21 Bandwidth limiting and rms voltage
measurement 453

7.22 Noise potpourri 454



CONTENTS

Xi

Interference: shielding and
grounding 455

7.23 Interference 455

7.24 Signa grounds 457

7.25 Grounding between
instruments 457

Self-explanatory circuits 466

7.26 Circuit ideas 466
Additional exercises 466

CHAPTER 8
DIGITAL ELECTRONICS 471

Basic logic concepts 471

8.01 Digital versusanadlog 471

8.02 Logic states 472

8.03 Number codes 473

8.04 Gatesand truth tables 478

8.05 Discrete circuits for gates 480
8.06 Gate circuit example 481

8.07 Assertion-level logic notation 482

TTL and CMOS 484

8.08 Catalog of common gates 484
8.09 IC gatecircuits 485
8.10 TTL and CMOS
characteristics 486
8.11 Three-state and open-collector
devices 487

Combinational logic 490

8.12 Logic identities 491

8.13 Minimization and Karnaugh
maps 492

8.14 Combinational functions available
asICs 493

8.15 Implementing arbitrary truth
tables 500

Sequential logic 504

8.16 Devices with memory: flip-
flops 504

8.17 Clocked flip-flops 507

8.18 Combining memory and gates:
sequential logic 512

8.19 Synchronizer 515

Monostable multivibrators 517

8.20 One-shot characteristics 517

8.21 Monostable circuit example 519

8.22 Cautionary notes about
monostables 519

8.23 Timing with counters 522

Sequential functions available as
ICs 523

8.24 Latchesand registers 523

825 Counters 524

8.26 Shift registers 525

8.27 Sequential PALs 527

8.28 Miscellaneoussequential
functions 541

Some typical digital circuits 544

8.29 Modulo-n counter: atiming
example 544

8.30 Multiplexed LED digital
display 546

8.31 Sidereal telescopedrive 548

8.32 An n-pulse generator 548

Logic pathology 551

8.33 dc problems 551

8.34 Switching problems 552

8.35 Congenital weaknesses of TTL and
CMOS 554

Self-explanatory circuits 556

8.36 Circuit ideas 556
8.37 Bad circuits 556
Additional exercises 556

CHAPTER 9
DIGITAL MEETS ANALOG 565

CMOS and TTL logic interfacing 565

9.01 Logic family chronology 565

9.02 Input and output
characteristics 570

9.03 Interfacing between logic
families 572

9.04 Driving CMOSamd TTL
inputs 575

9.05 Driving digital logic from
comparators and op-amps 577



Xii

CONTENTS

9.06 Some comments about logic
inputs 579

9.07 Comparators 580

9.08 Driving external digital loads from
CMOSand TTL 582

9.09 NMOSLS interfacing 588

9.10 Opto-€electronics 590

Digital signals and long wires 599

9.11 On-board interconnections 599
9.12 Intercard connections 601
9.13 Data buses 602

9.14 Driving cables 603

Analogldigital conversion 612

9.15 Introduction to A/D
conversion 612
9.16 Digital-to-analog converters
(DACs) 614
9.17 Time-domain (averaging)
DACs 618
9.18 Multiplying DACs 619
9.19 Choosinga DAC 619
9.20 Analog-to-digital converters 621
9.21 Charge-balancingtechniques 626
9.22 Some unusua A/D and D/A
converters 630
9.23 Choosingan ADC 631

Some A/D conversion examples 636

9.24 16-Channel A/D data-acquisition
system 636

9.25 31-Digit voltmeter 638

9.26 Coulomb meter 640

Phase-locked loops 641

9.27 Introduction to phase-locked
loops 641

9.28 PLL design 646

9.29 Design example: frequency
multiplier 647

9.30 PLL captureand lock 651

9.31 Some PLL applications 652

Pseudo-random bit sequences and noise
generation 655

9.32 Digital noise generation 655

9.33 Feedback shift register
sequences 655

9.34 Analog noise generation from
maximal-length sequences 658

9.35 Power spectrum of shift register
sequences 658

9.36 Low-passfiltering 660

9.37 Wrap-up 661

9.38 Digital filters 664

Self-explanatory circuits 667

9.39 Circuit ideas 667
9.40 Bad circuits 668
Additional exercises 668

CHAPTER 10
MICROCOMPUTERS 673

Minicomputers, microcomputers, and
microprocessors 673

10.01 Computer architecture 674
A computer instruction set 678

10.02 Assembly language and machine
language 678

10.03 Simplified 808618 instruction
st 679

10.04 A programming example 683

Bus signals and interfacing 684

10.05 Fundamental bus signals. data,
address, strobe 684

10.06 Programmed 1/0: dataout 685

10.07 Programmed I/0O: datain 689

10.08 Programmed I/O: status
registers 690

10.09 Interrupts 693

10.10 Interrupt handling 695

10.11 Interrupts in general 697

10.12 Direct memory access 701

10.13 Summary of the IBM PC's bus
signals 704

10.14 Synchronous versus asynchronous
bus communication 707

10.15 Other microcomputer buses 708

10.16 Connecting peripherals to the
computer 711



CONTENTS

Xiii

Software system concepts 714

10.17 Programming 714
10.18 Operating systems, files, and use of
memory 716

Data communications concepts 719

10.19 Serial communication and
ASCIl 720

10.20 Parallel communication:
Centronics, SCSI, |PI,
GPIB (488) 730

10.21 Local area networks 734

10.22 Interface example: hardware data
packing 736

10.23 Number formats 738

CHAPTER 11
MICROPROCESSORS 743

A detailed look at the 68008 744

1101 Registers, memory, and I/0 744
11.02 Instruction set and
addressing 745
11.03 Machine-language
representation 750
11.04 Bussignals 753

A complete design example: analog
signal averager 760

11.05 Circuit design 760

11.06 Programming: defining the
task 774

11.07 Programming: details 777

11.08 Performance 796

11.09 Some afterthoughts 797

Microprocessor support chips 799

11.10 Medium-scaleintegration 800

1111 Peripheral LSl chips 802

11.12 Memory 812

11.13 Other microprocessors 820

11.14 Emulators, development systems,
logic analyzers, and evaluation
boards 821

CHAPTER 12
ELECTRONIC CONSTRUCTION
TECHNIQUES 827

Prototyping methods 827

12.01 Breadboards 827
12.02 PC prototyping boards 828
12.03 Wire-Wrap panels 828

Printed circuits 830

12.04 PC board fabrication 830

12.05 PC board design 835

12.06 StuffingPC boards 838

12.07 Some further thoughts on PC
boards 840

12.08 Advanced techniques 841

Instrument construction 852

12.09 Housing circuit boards in an
instrument 852

12.10 Cabinets 854

12.11 Construction hints 855

12.12 Cooling 855

12.13 Some electrical hints 858

12.14 Where to get components 860

CHAPTER 13
HIGH-FREQUENCY AND HIGH-SPEED
TECHNIQUES 863

High-frequency amplifiers 863

13.01 Transistor amplifiersat high
frequencies: first look 863

13.02 High-frequency amplifiers: the ac
model 864

13.03 A high-frequency calculation
example 866

13.04 High-frequency amplifier
configurations 868

13.05 A wideband design example 869

13.06 Some refinements to the ac
model 872

13.07 The shunt-series pair 872

13.08 Modular amplifiers 873

Radiofrequency circuit elements 879

13.09 Transmission lines 879



Xiv

CONTENTS

13.10 Stubs, baluns, and
transformers 881

13.11 Tuned amplifiers 882

13.12 Radiofreguency circuit
elements 884

13.13 Measuring amplitude or
power 888

Radiofrequency communications:
AM 892

13.14 Some communications
concepts 892

13.15 Amplitude modulation 894

13.16 Superheterodyne receiver 895

Advanced modulation methods 897

13.17 Singlesideband 897

13.18 Frequency modulation 898
13.19 Freguency-shift keying 900
13.20 Pulse-modulation schemes 900

Radiofrequency circuit tricks 902

13.21 Specia construction
techniques 902

13.22 Exotic RF amplifiersand
devices 903

High-speed switching 904

13.23 Transistor model and
equations 905
13.24 Anaog modeling tools 908

Some switching-speed examples 909

13.25 High-voltage driver 909

13.26 Open-collector busdriver 910

13.27 Example: photomultiplier
preamp 911

Self-explanatory circuits 913
13.28 Circuit ideas 913
Additional exercises 913
CHAPTER 14

LOW-POWER DESIGN 917
Introduction 917

14.01 Low-power applications 918

Power sources 920

14.02 Battery types 920
14.03 Wall-plug-in units 931
1404 Solar cells 932

14.05 Signa currents 933

Power switching and micropower
regulators 938

14.06 Power switching 938

14.07 Micropower regulators 941

14.08 Ground reference 944

14.09 Micropower voltage referencesand
temperature sensors 948

Linear micropower design
techniques 948

14.10 Problems of micropower linear
design 950

14.11 Discrete linear design
example 950

14.12 Micropower operational
amplifiers 951

14.13 Micropower comparators 965

14.14 Micropower timers and
oscillators 965

Micropower digital design 969

14.15 CMOS families 969

14.16 Keeping CMOS low power 970

14.17 Micropower microprocessors and
peripheras 974

14.18 Microprocessor design example:
degree-day logger 978

Self-explanatory circuits 985
14.19 Circuit ideas 985
CHAPTER 15

MEASUREMENTS AND SIGNAL
PROCESSING 987

Overview 987
Measurement transducers 988

1501 Temperature 988
15.02 Light level 996
15.03 Strain and displacement 1001



CONTENTS

15.04 Acceleration, pressure, force,
velocity 1004

15.06 Magnetic field 1007

15.06 Vacuum gauges 1007

15.07 Particle detectors 1008

15. 08 Biological and chemical voltage
probes 1012

Precision standards and precision
measurements 1016

15. M Frequency standards 1016

15. 10 Freguency, period, and time-
interval measurements 1019

15.11 Voltage and resistance standards
and measurements 1025

Bandwidth-narrowing techniques 1026

15,12 The problem of signal-to-noise
ratio 1026

15. 13 Signd averaging and multichannel
averaging 1026

15.14 Making asignal periodic 1030

15.15 Lock-in detection 1031

15.16 Pulse-height analysis 1034

15. 17 Time-to-amplitude converters
1035

Spectrum analysis and Fourier
transforms 1035

15,18 Spectrum analyzers 1035
1519 Off-line spectrum analysis 1038

Self-explanatory circuits 1038
1520 Circuit ideas 1038

APPENDIXES 1043

Appendix A

The oscilloscope 1045
Appendix B

Math review 1050

Appendix C

The 5% resistor color code 1053
Appendix D

1% Precision resistors 1054
Appendix E

How to draw schematic diagrams 1056
Appendix F

Load lines 1059

Appendix G

Transistor saturation 1062
Appendix H

LC Butterworth filters 1064
Appendix |
Electronicsmagazinesand journals
1068

Appendix J

IC prefixes 1069

Appendix K

Data sheets 1072

2N4400-1 NPN transistor 1073
LF411-12 JFET operational
amplifier 1078

L M317 3-terminal adjustable
regulator 1086

Bibliography 1095
Index 1101



XVi

Tables

Diodes 43

Small-signal transistors 109

JFETs 125

MOSFETs 126

Dua matched JFETs 128

Current regulator diodes 129

Power MOSFETs 164

BJT-MOSFET comparison 166

Electrostatic voltages 170

Operational amplifiers 196

Recommended op-amps 208

High-voltage op-amps 213

Power op-amps 214

Time-domain filter comparison
273

VCVS low-passfilters 274

555-type oscillators 289

Selected VCOs 293

Power transistors 314

Transient suppressors 326

Power-linefilters 327

Rectifiers 331

Zener and referencediodes 334

500mW zeners 334

IC voltage references 336

Fixed voltage regulators 342

Adjustable voltage regulators
346

Dual-tracking regulators 352

Seven precision op-amps 401

Precision op-amps 404

High-speed precision op-amps
412

Fast buffers 418

Instrumentation amplifiers 429

4-bit integers 477

TTL and CMOSgates 484

Logic identities 491

Buffers 560

8.5
8.6
8.7
8.8
8.9
8.10
8.11
9.1
9.2

93

9.4

9.5

9.6

10.1
10.2
10.3
10.4
10.5
10.6
11.1
11.2
11.3
11.4
11.5
11.6
11.7

11.8
12.1
12.2
13.1
13.2
14.1
14.2
14.3

Transceivers 560

Decoders 561

Magnitude comparators 561

Monostable multivibrators 562

D-registersand latches 562

Counters 563

Shift registers 564

Logic family characteristics 570

Allowed connections between logic
families 574

Comparators 584

DIA converters 620

AID converters 632

Integrating A/D converters 634

IBM PC bus 704

Computer buses 709

ASCII codes 721

RS-232signds 724

Serial data standards 727

Centronics (printer) signals 730

6800018 instruction set 746

Allowable addressing modes 748

6800018 addressing modes 749

68008 bus signals 753

6800018 vectors 788

Zilog 8530 registers 804

Zilog 8530 serial port initialization
806

Microprocessors 822

PC graphic patterns 839

Venturi fans 858

RF transistors 877

Wideband op-amps 878

Primary batteries 922

Battery characteristics 923

Primary-battery attributes 930



TABLES  xvii

14.4
14.5

14.6
14.7
14.8

Low-power regulators 942

Micropower voltage references
949

Micropower op-amps 956

Programmable op-amps 958

L ow-power comparators 966

14.9 Microprocessor controllers 976
14.10 Temperaturelogger current drain

983

15.1 Thermocouples 990

D.1
H.1

Selected resistor types 1055
Butterworth low-passfilters 1064



Ch2: Transistors

INTRODUCTION

The transistor is our most important ex-
ample of an "active component, a device
that can amplify, producing an output sig-
nal with more power in it than the input
signal. The additional power comes from
an external source of power (the power
supply, to be exact). Note that voltage am-
plification isn't what matters, since, for ex-
ample, a step-up transformer, a "' passive”
component just like a resistor or capaci-
tor, has voltage gain but no power gain.
Devices with power gain are distinguish-
able by their ability to make oscillators, by
feeding some output signal back into the
input.

It is interesting to note that the prop-
erty of power amplification seemed very
important to the inventors of the transis-
tor. Almost the‘first thing they did to
convince themselves that they had really
invented something was to power a loud-
speaker from a transistor, observing that
the output signal sounded louder than the
input signal.

The transistor is the essential ingredi-
ent of every electronic circuit, from the

simplest amplifier or oscillator to the most
elaborate digital computer. Integrated cir-
cuits(ICs), which havelargely replaced cir-
cuits constructed from discrete transistors,
are themselves merely arrays of transistors
and other components built from a single
chip of semiconductor material.

A good understanding of transistors is
very important, even if most of your
circuits are made from ICs, because you
need to understand the input and output
properties of the 1C in order to connect
it to the rest of your circuit and to the
outside world. In addition, the transistor
is the single most powerful resource for
interfacing, whether between 1Cs and other
circuitry or between one subcircuit and
another. Finally, there are frequent (some
might say too frequent) situations where
the right IC just doesn't exist, and you
have to rely on discrete transistor circuitry
to do the job. Asyou will see, transistors
have an excitement all their own. Learning
how they work can be great fun.

Our treatment of transistors is going
to be quite different from that of many
other books. It is common practice to
use the h-parameter model and equivalent
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circuit. In our opinion that is unnecessar-
ily complicated and unintuitive. Not only
doescircuit behavior tend to berevealed to
you as something that drops out of elabo-
rate equations, rather than deriving from a
clear understanding in your own mind as
to how the circuit functions; you also have
the tendency to lose sight of which param-
eters of transistor behavior you can count
on and, more important, which ones can
vary over large ranges.

In thischapter we will build upinstead a
very simple introductory transistor model
and immediately work out some circuits
with it. Soon its limitations will become
apparent; then we will expand the model
to include the respected Ebers-Moll con-
ventions. With the Ebers-Moll equations
and a simple 3-terminal model, you will
have a good understanding of transistors;
you won't need to do alot of calculations,
and your designs will be first-rate. In par-
ticular, they will be largely independent of
the poorly controlled transistor parameters
such as current gain.

Some important engineering notation
should be mentioned. Voltage at a tran-
sistor terminal (relative to ground) is in-
dicated by a single subscript (C, B, or
E): V¢ is the collector voltage, for in-
stance. Voltage between two terminals is
indicated by a double subscript: Vpg is
the base-to-emitter voltage drop, for in-
stance. If the same letter is repeated, that
means a power-supply voltage: Ve isthe
(positive) power-supply voltage associated
with the collector, and Vgg is the (neg-
ative) supply voltage associated with the
emitter.

2.01 First transistor model: current
amplifier

Let's begin. A transistor is a 3-terminal
device (Fig. 2.1) available in 2 flavors (npn
and pnp), with properties that meet the
following rulesfor npn transistors (for pnp
simply reverse al polarities):

1. The collector must be more positive
than the emitter.

2 The base-emitter and base-collector
circuits behave like diodes (Fig. 2.2).
Normally the base-emitter diode is con-
ducting and the base-collector diode is re-
verse-biased, i.e., the applied voltage is
in the opposite direction to easy current

flow.

collector

base %ﬁ
I3
TO-5

emltter TO*18
prp
£
B¢ 1092
Figure 2.1. Transstor symbols, and smal
transistor packages.

¢ c
e
npn B [ pnp B E:
/5\“ '/\
E f I3

gure 2.2. An ohmmeter's view of a transis-
tor's terminals.

3. Any given transistor has maximum
values of Ic, Ig, and Vg that cannot
be exceeded without costing the exceeder
the price of a new transistor (for typical
values, see Table 2.1). There are also other
limits, such as power dissipation (IcVcg),
temperature, Vpg, etc., that you must keep
in mind.

4. When rules 1-3 are obeyed, I¢ isrough-
ly proportional to Ig and can be written as

Ic = hpglp = Bl

where hrg, the current gain (also caled
beta), is typicaly about 100. Both I¢
and Ig flow to the emitter. Note: The
collector current is not due to forward
conduction of the base-collector diode;
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that diode is reverse-biased. Just think of
it as ""transistor action."

Property 4 givesthe transistor its useful-
ness: A small current flowing into the base
controlsa much larger current flowing into
the collector.

Warning: hrg is not a'good' transistor
parameter; for instance, its value can vary
from 50 to 250 for different specimensof a
given transistor type. It also depends upon
the collector current, collector-to-emitter
voltage, and temperature. A circuit that
depends on a particular value for hrg is
a bad circuit.

Note particularly the effect of property 2.
This means you can't go sticking a voltage
across the base-emitter terminals, because
an enormous current will flow if the base
is more positive than the emitter by more
than about 0.6 to 0.8 volt (forward diode
drop). This rule also implies that an op-
erating transistor has Vs ~ Vg * 0.6 volt
(Vs = Vg T Vgg). Again, polarities are
normally given for npn transistors; reverse
them for pnp.

Let us emphasize again that you should
not try to think of the collector current
as diode conduction. It isn't, because the
collector-base diode normally has voltages
applied across it in the reverse direction.
Furthermore, collector current varies very
little with collector voltage (it behaves like
a not-too-great current source), unlike for-
ward diode conduction, where the current
rises very rapidly with applied voltage.

SOME BASIC TRANSISTOR CIRCUITS

2.02 Transistor switch

Look at the circuit in Figure 2.3. This ap-
plication, in which a small control current
enables a much larger current toflow in an-
other circuit, is called a transistor switch.
From the preceding rules it is easy to un-
derstand. When the mechanical switch is
open, there is no base current. So, from

+10V

10V 0.1A
mechanical lamp
switch

1.0k

Figure 2.3. Transistor switch example.

rule 4, there is no collector current. The
lamp is off.

When the switch is closed, the base
rises to 0.6 volt (base-emitter diode is in
forward conduction). The drop across
the base resistor is 9.4 volts, so the base
current is9.4mA. Blind application of rule
4 gives Ic = 940mA (for a typica beta
of 100). That is wrong. Why? Because
rule 4 holds only if rule 1 is obeyed; at a
collector current of 100mA the lamp has
10 volts across it. To get a higher current
you would have to pull the collector below
ground. A transistor can't do this, and
the result is what's called saturation - the
collector goes as close to ground as it can
(typical saturation voltagesare about 0.05-
0.2V, see Appendix G) and stays there. In
this case, the lamp goes on, with its rated
10 volts across it.

Overdriving the base (we used 9.4mA
when 1.0mA would have barely sufficed)
makes the circuit conservative; in this
particular case it is a good idea, since
a lamp draws more current when cold
(the resistance of a lamp when cold is 5
to 10 times lower than its resistance at
operating current). Also transistor beta
drops at low collector-to-base voltages, so
some extra base current is necessary to
bring a transistor into full saturation (see
Appendix G). Incidentaly, in areal circuit
you would probably put a resistor from
base to ground (perhaps 10k in this case)
to make sure the base is at ground with
the switch open. It wouldn't affect the
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""on" operation, becauseit would sink only
0.06mA from the base circuit.

There are certain cautions to be ob-
served when designing transistor switches:
1. Choose the base resistor conservatively
to get plenty of excess base current, es-
pecially when driving lamps, because of
the reduced beta at low Vgg. This is
also a good idea for high-speed switching,
because of capacitive effects and reduced
beta at very high frequencies (many mega-
hertz). A small "' speedup™ capacitor is of-
ten connected across the base resistor to
improve high-speed performance.

2. If the load swings below ground for
some reason (e.g., it is driven from ac,
or it is inductive), use a diode in series
with the collector (or adiode in the reverse
direction to ground) to prevent collector-
base conduction on negative swings.

3. For inductive loads, protect the transis-
tor with a diode across the load, as shown
in Figure 2.4. Without the diode the in-
ductor will swing the collector to a large
positive voltage when the switch isopened,
most likely exceeding the collector-emitter
breakdown voltage, as the inductor triesto
maintain its" on" current from Ve to the
collector (seethe discussion of inductorsin
Section 1.31).

+Vee

Figure 24. Always use a suppression diode
when switching an inductive load.

Transistor switchesenable you to switch
very rapidly, typically in asmall fraction of
amicrosecond. Also, you can switch many

different circuits with a single control sg-
nal. One further advantage is the possibil-
ity of remote cold switching, in which only
dc control voltages snake around through
cablesto reach front-panel switches, rather
than the electronically inferior approach
of having the signals themselves traveling
through cablesand switches(if you run lots
of signals through cables, you're likely to
get capacitive pickup as wel as some Sg-
nal degradation).

"Transistor man"

Figure 2.5 presents a cartoon that will help
you understand some limits of transistor

Figure 2.5. " Transistor man'" observes the base
current, and adjusts the output rheostat in an
attempt to maintain the output current hrg
times larger.

behavior. The little man's perpetua task
in life is to try to keep Ic = hrglp;
however, he is only alowed to turn the
knob on the variable resistor. Thus he
can go from a short circuit (saturation)
to an open circuit (transistor in the " off'
state), or anything in between, but he isn't
alowed to use batteries, current sources,
etc. One warning isin order here: Don't
think that the collector of a transistor
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looks like a resistor. It doesn't. Rather,
it looks approximately like a poor-quality
constant-current sink (the value of current
depending on the signal applied to the
base), primarily because of thislittle man's
efforts.

Another thing to keep in mind is that,
at any given time, a transistor may be (@)
cut off (no collector current), (b) in the
active region (some collector current, and
collector voltage more than a few tenths
of a volt above the emitter), or (c) in
saturation (collector within a few tenths of
a volt of the emitter). See Appendix G on
transistor saturation for more details.

2.03 Emitter follower

Figure 2.6 shows an example of an emitter
follower. It is caled that because the out-
put terminal is the emitter, which follows
the input (the base), less one diode drop:

Ve = Vg — 0.6 volt

Theoutput isareplica of theinput, but 0.6
to 0.7 volt less positive. For this circuit,
Vin must stay at +0.6 volt or more, or
else the output will sit at ground. By
returning the emitter resistor to a negative
supply voltage, you can permit negative
voltage swings as well. Note that there is
no collector resistor in an emitter follower.

+10V

Figure 2.6. Emitter follower.

At first glance this circuit may appear
useless, until you realize that the input
impedance is much larger than the out-
put impedance, as will be demonstrated

shortly. This means that the circuit re-
quires less power from the signa source
to drive a given load than would be the
case if the signal source were to drive the
load directly. Or a signal of some inter-
nal impedance (in the Thévenin sense) can
now drive a load of comparable or even
lower impedancewithout loss of amplitude
(from the usual voltage-divider effect). In
other words, an emitter follower has cur-
rent gain, even though it has no voltage
gain. It has power gain. Voltagegain isn't
everything!

Impedances of sources and loads

This last point is very important and is
worth some more discussion before we
calculate in detail the beneficia effects of
emitter followers. In electronic circuits,
you're always hooking the output of some-
thing to the input of something else, as
suggested in Figure 2.7. The signa source
might be the output of an amplifier stage
(with Thevenin equivalent series imped-
ance Zo,t), driving the next stage or per-
hapsaload (of someinput impedance Ziy).
In general, the loading effect of the follow-
ing stage causes a reduction of signal, aswe
discussed earlier in Section 1.05. For this
reason it isusually best tokeep Zouy K Zip
(a factor of 10 is a comfortable rule of
thumb).

In some situations it is OK to forgo
this general goal of making the source stiff
compared with the load. In particular, if
the load is always connected (e.g., within
a circuit) and if it presents a known and
constant Z;,, it is not too serious if it
"loads" the source. However, it is dways
nicer if signal levels don't change when
a load is connected. Also, if Z;i, varies
with signal level, then having a stiff source
(Zouwy K Zipn) assures linearity, where oth-
erwise the level-dependent voltage divider
would cause distortion.

Findly, there are two situations where
Zouwt < Zin isactualy the wrong thing to

65
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first amplifier

second amplifier

Figure 2.7. lllustrating circuit ""loading' as a voltage divider.

do: In radiofrequency circuits we usually
match impedances (Zoywt = Zin), for
reasons well describe in Chapter 14. A
second exception appliesif the signal being
coupled is a current rather than a voltage.
In that case the situation is reversed, and
one strives to make Zin K Zout (Zous =
oo, for a current source).

Input and output impedances of emitter
followers

As you have just seen, the emitter
follower is useful for changing impedances
of signals or loads. To put it bluntly, that's
the whole point of an emitter follower.

Let's calculate the input and output
impedances of the emitter follower. In
the preceding circuit we will consider R
to be the load (in practice it sometimes is
the load; otherwise the load is in paralé
with R, but with R dominating the parallel
resistance anyway). Make a voltage change
AVp at the base; the corresponding change
at the emitter is AVg = AVg. Then the
change in emitter current is

Alg = AVp/R
SO
1 AVp
Alg = Alp = ———
B hfe +1 E R(hfe+l)

(using Ig = Ic+IB). Theinput resistance
is AVg/Alpg. Therefore

Tin — (hfe + l)R

The transistor beta (hge) is typicaly
about 100, so a low-impedance load looks
like a much higher impedance at the base;
it iseasier to drive.

In the preceding calculation, asin Chap-
ter 1, we have used lower-case symbols
such as hy, to signify small-signal (incre-
mental) quantities. Frequently one con-
centrates on the changes in voltages
(or currents) in a circuit, rather than the
steady (dc) values of those voltages (or
currents). This is most common when
these "small-signal" variations represent
a possible signal, asin an audio amplifier,
riding on a steady dc "hias" (see Section
2.05). The distinction between dc cur-
rent gain (hrpg) and small-signal current
gain (hge)isn't always made clear, and the
term beta is used for both. That's alright,
since hy. = hrg (except at very high fre-
guencies), and you never assumeyou know
them accurately, anyway.

Although we used resistances in the
preceding derivation, we could generalize
to complex impedances by allowing AVg,
Alp, etc.,, to become complex num-
bers.  We would find that the same
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transformation rule applies for imped-
ances: Zin = (he + 1)Zioad-

~ We could do a similar calculation to
find that the output impedance Z,,,,; Of an
emitter follower (the impedance lookin
into the emitter) driven from a source o
internal impedance Zsource 1S given by

Zsource

Tope + 1

Strictly speaking, the output impedance of
the circuit should also include the paralel
resistance of R, but in practice Z,y (the
impedance looking into the emitter) dom-
inates.

Zout =

EXERCISE 2.1
Show that the preceding relationship is correct.
Hint: Hold the source voltage fixed, and find
the change in output current for a given change
in output voltage. Remember that the source
voltage is connected to the base through a
series resistor.

Because of these nice properties, emit-
ter followers find application in many
situations, e.g., making low-impedance sig-
nal sources within a circuit (or at out-
puts), making stiff voltage references from
higher-impedance references (formed from
voltage dividers, say), and generdly isolat-
ing signal sources from the loading effects
of subsequent stages.

+10V
]
s Rload
1.0k ? 1.0k
-1
-10v

Figure 2.8. An npn emitter follower can source
pl ent¥_ o current through the transistor, but can
snk limited current only through its emitter
resgtor.

BERCEE 2.2

Use afollower with base driven from a voltage

divider to provide a stiff source of +5 volts from
an available regulated +15 |t supply. Load

current (max) = 256mA. Choose your resistor
values so that the output voltage doesn't drop

more than 5% under full load.

Important points about followers

1. Notice (Section 2.01, rule 4) that in
an emitter follower the npn transistor can
only "source” current. For instance, in
the loaded circuit shown in Figure 2.8 the
output can swing to within a transistor
saturation voltage drop of Ve (about
+9.9V), but it cannot go more negative
than —5 volts. That is because on the
extreme negative swing, the transistor can
do no more than turn off, which it does at
—4.4 volts input (—5V output). Further
negative swing at the input results in
backbiasing of the base-emitter junction,
but no further change in output. The
output, for a 10 volt amplitude sine-wave
input, looks as shown in Figure 2.9.

time

voltage =

-5V

Figure 2.9. Illustrating the asymmetrical cur-
Irent drive cgpability of the npn emitter fol-
ower.

“clipping”

Another way to view the problem is
to say that the emitter follower has low
small-signal output impedance. Its large-
signal output impedance is much larger
(as large as RE). The output impedance
changes over from its small-signal value to
itslarge-signal value at the point wherethe
transistor goes out of the active region (in
this case at an output voltage of -5V). To
put this point another way, a low value of
small-signal  output impedance doesn't
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necessarily mean that the circuit can
generate large signal swings into a low-
resistance load. Low small-signal output
impedance doesn't imply large output cur-
rent capability.

Possible solutions to this problem

involve either decreasing the value of
the emitter resistor (with greater power
dissipation in resistor and transistor),
using a pnp transistor (if al signas are
negative only), or using a "push-pull™
configuration, in which two comple-
mentary transistors (one npn, one pnp),
are used (Section 2.15). Thissort of prob-
lem can aso come up when the load of
an emitter follower contains voltage or
current sources of its own. This happens
most often with regulated power sup-
plies (the output is usually an emitter fol-
lower) driving a circuit that has other
power supplies.
2. Always remember that the base-emit-
ter reverse breakdown voltage for silicon
transistors is small, quite often as little
as 6 volts. Input swings large enough to
take the transistor out of conduction can
easly result in breakdown (with conse-
guent degradation of hrg) unless a
protective diode is added (Fig. 2.10).

Figure 2.10. A diode prevents base-emitter
reverse Voltage breskdown.

3. The voltage gain of an emitter follower
is actually dightly less than 1.0, because
the base-emitter voltage drop is not really
constant, but depends dightly on collector
current. You will see how to handle that
later in the chapter, when we have the
Ebers-Moll equation.

2.04 Emitter followers as voltage
regulators

The simplest regulated supply of voltage
issimply a zener (Fig. 2.11). Some current
must flow through the zener, so you choose
Vvi - Vout
R
Because Vi, isn't regulated, you use the
lowest value of V,, that might occur for
this formula.  This is called worst-case
design. In practice, you would aso worry
about component tolerances, line-voltage
limits, etc., designing to accommodate
the worst possiblecombination that would
ever occur.

> rout (Max)

Vm Lo 'A% 4 © vou( ( Vlener)
(unregulated, R
with some
ripple)

Fgure 2.11. Smple zener voltage reguletor.

The zener must be able to dissipate

Vri -V u
Piener = (_R—Ot - Iout) Vzener

Again, for worst-case design, you would
use Vip (max), Rmin, and Ioye (mMin).

BEEROE 23

Design a +10 volt regulated supply for load
currents from 0 to 100mA; the input voltage is
+20 to +25 volts. Allow at least 10mA zener
current under all (worst-case) conditions. What
power rating must the zener have?

This simple zener-regulated supply is
sometimes used for noncritical circuits, or
circuits using little supply current. How-
ever, it has limited usefulness, for severd
reasons:

1. Vou isn't adjustable, or settable to a
precise value.

2. Zener diodes give only moderate ripple
rejection and regulation against changesof
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input or load, owing totheir finite dynamic
impedance.

3. For widely varying load currents a high-
power zener is often necessary to handle
the dissipation at low load current.

By using an emitter follower to isolate
the zener, you get the improved circuit
shown in Figure 2.12. Now the situa-
tion is much better. Zener current can be
made relatively independent of load cur-
rent, since the transistor base current is
small, and far lower zener power dissipa-
tion is possible (reduced by as much as
1/hrg). The collector resistor R can be
added to protect the transistor from mo-
mentary output short circuits by limiting
the current, even though it is not essential
to the emitter follower function. Choose
R¢ so that the voltage drop across it is
less than the drop across R for the highest
normal load current.

v

n

(unregulated)

Figure 2.12. Zener regulator with follower,
for increased output current. R protects the
transistor by limiting maximum output current.

EXERCISE 2.4

Designa+10 volt supply with the same specifi-
cations asin Exercise2.3. Use azener and emit-
ter follower. Calculate worst-case dissipation
in transistor and zener. What is the percentage
change in zener current from the no-load con-
dition to full load? Compare with your previous
circuit.

A nice variation of this circuit aims
to eliminate the effect of ripple current
(through R) on the zener voltage by sup-
plying the zener current from a current

source, which isthe subject of Section 2.06.
An alternative method uses a low-pass
filter in the zener bias circuit (Fig. 2.13).
Rischosen to provide sufficient zener cur-
rent. Then C is chosen large enough so
that RC > 1/ fiipple- (In @ variation of
this circuit, the upper resistor is replaced
by a diode.)

Vm o—
(unregulated)

= = Vv

out

Figure 213. Reducing ripple in the zener
regulator.

Later you will see better voltage reg-
ulators, ones in which you can vary the
output easily and continuously, using feed-
back. They are also better voltage sources,
with output impedances measured in milli-
ohms, temperature coefficients of a few
parts per million per degree centigrade,
efc.

Figure 2.14

2.05 Emitter follower biasing

When an emitter follower isdriven from a
preceding stage in a circuit, it is usually
OK to connect its base directly to the
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previous stage's output, as shown in Figure
2.14.

Because the signal on @Q,’s collector is
always within the range of the power sup-
plies, Q2’s base will be between Vo and
ground, and therefore @ is in the active
region (neither cut off nor saturated), with
its base-emitter diode in conduction and
its collector at least a few tenths of a volt
more positive than itsemitter. Sometimes,
though, the input to a follower may not
be so conveniently situated with respect to
the supply voltages. A typical exampleisa
capacitively coupled (or ac-coupled) signal
from some external source (e.g., an audio
signa input to a high-fidelity amplifier).
In that case the signd’s average voltage is
zero, and direct coupling to an emitter fol-
lower will givean output likethat in Figure
2.15.

input

N\
output

Figure 2.15. A transstor amplifier powered
from a srgle positive supply cannot generate
nega'givae voltage swings a the transistor output
terminal.

It is necessary to bias the follower
(in fact, any transistor amplifier) so that
collector current flows during the entire
signa swing. In this case a voltage divider
isthe simplest way (Fig. 2.16). R, and Ry
are chosen to put the base halfway between
ground and Ve with no input signal,
i.e,, R; and R, are approximately equal.
The process of selecting the operating
voltages in a circuit, in the absence of
applied signas, is known as setticg the
quiescent point. In this case, as in most
cases, the quiescent point is chosen to
allow maximum symmetrical signal swing

of the output waveform without clipping
(flattening of the top or bottom of the
waveform). What values should R; and
R, have? Applying our genera principle
(Section 1.05), we make the impedance of
the dc bias source (the impedance looking
into the voltage divider) small compared
with the load it drives (the dc impedance
looking into the base of the follower). In
this case,

R1||R2 < hreRE

Thisisapproximately equivalent to saying
that the current flowing in the voltage
divider should be large compared with the
current drawn by the base.

Fgure 2.16. An ac-coupled emitter folower.
Note bese bias voltage divider.

Emitter follower design example

Asan actual design example, let's make an
emitter follower for audio signals(20Hz to
20kHz). Ve is +15 volts, and quiescent
current isto be 1mA.

Step 1. Choose Vg. For thelargest possible
symmetrical swing without clipping, Vg =
0.5V, or +17.5 volts.

Step 2 Choose RE. For a quiescent
current of ImA, Rg = 7.5k.

Step 3 Choose R; and Rz. Vg is Vg+
0.6, or 8.1 volts. Thisdeterminesthe ratio
of Ry to Ry as 1:1.17. The preceding
loading criterion requires that the parallel
resistance of R; and R, be about 75k
or less (onetenth of 7.5k times hpg).
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Suitable standard values are R; = 130k,
Ry = 150k.

Step 4. Choose C;. C; forms a high-pass
filter with the impedance it sees as a load,
namely the impedance looking into the
base in parallel with the impedance look-
ing into the base voltage divider. If we
assume that the load this circuit will drive
islarge compared with the emitter resistor,
then the impedance looking into the base
is hpgRE, about 750k. The divider looks
like 70k. So the capacitor sees a load of
about 63k, and it should have a value of
at least 0.15uF so that the 3dB point will
be below the lowest frequency of interest,
20Hz.

Step 5 Choose C;. €3 forms a high-
pass filter in combination with the load
impedance, which is unknown. However,
it issafetoassumethat theload impedance
won't be smaller than Rg, which gives a
value for Cs of at least 1.0uF to put the
3dB point below 20Hz. Because there are
now two cascaded high-passfilter sections,
the capacitor values should be increased
somewhat to prevent large attenuation
(reduction of signal amplitude, in this case
6dB) at the lowest frequency of interest.
C1 = 0.5uF and C; = 3.3uF might be
good choices.

Followers with split supplies

Because signals often are " near ground," it
is convenient to use symmetrical positive
and negative supplies. This simplifies
biasing and eliminates coupling capacitors
(Fig. 2.17).

Warning: You must always provide a dc
path for base bias current, even if it goes
only to ground. In the preceding circuit it
is assumed that the signal source has a dc
path to ground. If not (e.g., if the signal
is capacitively coupled), you must provide
aresistor to ground (Fig. 2.18). Rp could
be about one-tenth of hrr REg, as before.

+Vee

signal
(near

ground) output

{also near
ground)

7VEE

F ?ure 2.17. A dc-coupledemitter follower with
split supply.

EXERCISE 2.5
Design an emitter follower with £15 volt sup-
plies to operate over the audio range (20Hz-
20kHz). Use 5mA quiescent current and capac-
itive input coupling.

Figure 2.18

Bad biasing

Unfortunately, you sometimes see circuits
like the disaster shown in Figure 2.19. Fg
was chosen by assuming a particular value
for hpg (100), estimating the base cur-
rent, and then hoping for a 7 volt drop
across Rp. Thisis a bad design; hrg is
not a good parameter and will vary con-
siderably. By using voltage biasing with
a stiff voltage divider, as in the detailed
example presented earlier, the quiescent
point is insensitive to variations in tran-
sistor beta. For instance, in the previous
design example the emitter voltage will in-
crease by only 0.35 volt (5%) for a transis-
tor with hgpg = 200 instead of the nominal
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hrrg = 100. As with this emitter follower
example, it is just as easy to fall into this
trap and design bad transistor circuits in
the other transistor configurations(e.g., the
common-emitter amplifier, which we will
treat later in this chapter).

_+15V

7.5k

Figure 2.19. Don't do thig!

2.06 Transistor current source

Current sources, although often neglected,
are as important and as useful as voltage
sources. They often provide an excelent
way to bias transistors, and they are un-
equaled as "active loads" for super-gain
amplifier stagesand as emitter sources for
differential amplifiers. Integrators, saw-
tooth generators, and ramp generators
need current sources. They provide wide-
voltage-range pull-upswithin amplifier and
regulator circuits. And, findly, there are
applications in the outside world that
require constant current sources, e.g.,
electrophoresis or electrochemistry.

Resistor plus voltage source

The simplest approximation to a current
source is shown in Figure 2.20. As long
as Rioaq € R (in other words, Vigadg <K
V), the current is nearly constant and is
approximately

I=V/R

The load doesn't have to be resistive. A
capacitor will charge at a constant rate, as
long as Veapacitor < V; thisisjust the first
part of the exponential charging curve of
an RC.

foad

+V o—"WA——0——

load

Figure 2.20

There are severa drawbackstoasimple
resistor current source. In order to make
agood approximation to a current source,
you must use large voltages, with lots of
power dissipation in the resistor. In ad-
dition, the current isn't easily programma-
ble, i.e., controllable over a large range via
a voltage somewhere else in the circuit.

EXERCISE 2.6
If youwantacurrent sourceconstantto 1%over
aload voltagerangeof 0to +10 volts,how large
a voltage source must you use in series with a
single resistor?

EXERCISE 2.7
Suppose you want a 10mA current in the pre-
ceding problem. How much power is dissipated
in the series resistor? How much gets to the
load?

Transistor current source

Fortunately, it is possible to make a very
good current source with a transistor (Fig.
2.21). It workslike this: Applying Vg to
the base, with Vg > 0.6 volt, ensures that
the emitter is aways conducting:

Vg =V — 0.6 volt

So

Igp = VE/RE = (VB - 06 VOlt)/RE
But, since Ig = I for large hrg,

Ic =~ (Vg — 0.6 volt)/Rg
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independent of V¢, as long as the transis-
tor is not saturated (Vo = Veg+ 0.2 volt).

+Vee

load

Ve

Re

Figure 2.21. Transistor current source: basic
concept.

Current-source biasing

The base voltage can be provided in a
number of ways. A voltage divider is
OK, as long as it is tiff enough. As
before, the criterion is that its impedance
should be much lessthan the dc impedance
looking into the base (hppREg). Or you
can use a zener diode, biased from Vg,
or even a few forward-biased diodes in
series from base to the corresponding
emitter supply. Figure 2.22 shows some

examples. Inthelast example (Fig. 2.22C),
a pnp transistor sources current to a load
returned to ground. The other examples
(using npn transistors) should properly be
called current sinks, but the usual practice
is to call al of them current sources.
["Sink™ and "source" simply refer to the
direction of current flow: If a circuit
supplies(positive) current to a point, it isa
source, and vice versal] In thefirst circuit,
the voltage-divider impedance of ~1.3k is
very stiff compared with the impedance
looking into the base of about 100k (for
hre = 100), so any changes in beta with
collector voltage will not much affect the
output current by causing the base voltage
to change. In the other two circuits the
biasing resistors are chosen to provide
several milliamps to bring the diodes into
conduction.

Compliance

A current source can provide constant
current to the load only over some finite
range of load voltage. To do otherwise
would be equivalent to providing infinite
power. The output voltage range over
which a current source behaves well is
called its output compliance. For the
preceding transistor current sources, the
compliance is set by the requirement that

+—+10V

load

8.2k 10k

5.6V
zener

+15V * » +10V
56082
8.8V
8.2V
4.7k 2mA + load
B [

Figure 2.22. Transstor-current-source circuits, illustrating three methods of base biasing; npn
transistorssi nk current, whereas pnp transistors source current. The circuit in C illustratesa load

returned to ground.
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the transistors stay in the active region.
Thusin thefirst circuit the voltage at the
collector can go down until the transistor
isalmost in saturation, perhaps *1.2 volts
at the collector. The second circuit, with
its higher emitter voltage, can sink current
down to a collector voltage of about +5.2
volts.

In al cases the collector voltage can
range from a value near saturation al the
way up to the supply voltage. For exam-
ple, the last circuit can source current to
the load for any voltage between zero and
about +8.6 volts across the load. |n fact,
the load might even contain batteries or
power suppliesof itsown, carrying the col-
lector beyond the supply voltage. That's
OK, but you must watch out for transistor
breakdown (Vo g must not exceed BV go,
the specified collector-emitter breakdown
voltage) and also for excessive power dis-
sipation (set by IcVeg). As you will see
in Section 6.07, there isan additional safe-
operating-area constraint on power transis-
tors.

EXERCISE 2.8
You have +5 and +15 volt regulated supplies
available in a circuit. Design a 5mA npn current
source (sink) using the +5 volts on the base.
What is the output compliance?

A current source doesn't have to have
a fixed voltage at the base. By varying
VB you get a voltage-programmable cur-
rent source. The input signa swing vin
(remember, lower-case symbols mean vari -
ations) must stay small enough so that the
emitter voltage never drops to zero, if the
output current is to reflect input voltage
variations smoothly. The result will be a
current source with variations in output
current proportional to the variations in
input voltage, iou = vin/RE-

[ Deficiencies of current sources

To what extent does this kind of cur-
rent source depart from the idea? In

other words, does the load current vary
with voltage, i.e., have afinite(Rp, < o)
Thévenin equivalent resistance, and if so
why? There are two kinds of effects:

1. Both Vg (Early effect) and hpg vary
dightly with collector-to-emitter voltage at
a given collector current. The changes in
VpE produced by voltage swings across the
load cause the output current to change,
because the emitter voltage (and therefore
the emitter current) changes, even with a
fixed applied base voltage. Changes in
hrg produce small changesin output (col-
lector) current for fixed emitter current,
since I = Ig — Ig; in addition, there
are small changes in applied base voltage
produced by the variable loading of the
nonzero bias source impedance as hrg
(and therefore the base current) changes.
These effects are small. For instance, the
current from the circuit in Figure 2.22A
varied about 0.5% in actual measurements
with a2N3565 transistor. In particular, for
load voltages varying from zero to 8 valts,
the Early effect contributed 0.5%, and tran-
sistor heating effects contributed 0.2%. In
addition, variations in hrg contributed
0.05% (note the stiff divider). Thus these
variations result in a less-than-perfect cur-
rent source: The output current depends
dightly on voltage and therefore has
less than infinite impedance. Later you
will see methods that get around this
difficulty.

2. Vg and also hrg depend on temper-
ature. This causes driftsin output current
with changes in ambient temperature; in
addition, the transistor junction tempera-
ture varies as the load voltage is changed
(because of variation in transistor dissipa
tion), resulting in departure from ideal cur-
rent source behavior. The change of Vgg
with ambient temperature can be compen-
sated with a circuit like that shown in
Figure 2.23, in which @2’s base-emitter
drop is compensated by the drop in emit-
ter follower @, with similar tempera-
ture dependence. Rj, incidentally, is a
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* Ve

load

Figure 2.23. One method of temperature-
compensating a current source.

pull-up resistor for @1, since Q2’s base
sinks current, which Q1 cannot source.

O Improving current-source performance

In genera, the effectsof variability in Vg,
whether caused by temperature depen-
dence (approximately —2mV/°C) or by de-
pendence on Vo (the Early effect, given
roughly by AVeg =~ -0.0001AVcEg),
can be minimized by choosing the emitter
voltage to be large enough (at least 1V,
say) so that changes in Vg of tens of
millivolts will not result in large fractional
changes in the voltage across the emitter
resistor (remember that the base voltage
is what is held constant by your circuit).
For instance, choosing Vg = 0.1 volt (i.e.,
applying about 0.7V to the base) would
cause 10% variations in output current
for 10mV changes in Vgg, Whereas the
choice Vg = 1.0 volt would result in
1% current variations for the same Vgg
changes. Don't get carried away, though.
Remember that the lower limit of output
compliance is set by the emitter voltage.
Using a 5 volt emitter voltage for a current
source running from a +10 volt supply
limits the output compliance to dightly
less than 5 volts (the collector can go from
about Vg+ 0.2V to Vge, ie., from 5.2V
to 10V).

Figure 2.24. Cascode current source for im-
proved current stability with load voltage vari-
ations.

Figure 2.24 shows a circuit modifica-
tion that improves current-source perfor-
mance significantly. Current source Q1
functions as before, but with collector volt-
age held fixed by @5’s emitter. The load
sees the same current as before, since Q2’s
collector and emitter currents are nearly
equal (large hrg). But with this circuit
the Vg of @1 doesn't change with load
voltage, thuseliminating the small changes
in Vgg from Early effect and dissipation-
induced temperature changes. Measure-
ments with 2N3565s gave 0.1% current
variation for load voltages from 0 to 8
volts; to obtain performance of this accu-
racy it isimportant to use stable 1% resis-
tors, as shown. (Incidentally, this circuit
connection also finds use in high-frequency
amplifiers, where it is known as the “cas-
code.) Later you will see current source
techniques using op-amps and feedback
that circumvent the problem of Vg vari-
ation altogether.

The effects of variability of hrpg can
be minimized by choosing transistors with
large hrE, so that the base current contri-
bution to the emitter current is relatively
small.

Figure 2.25 shows one last current
source, whose output current doesn't
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depend on supply voltage. In this circuit,
Q1’s Vpg across Ry sets the output cur-
rent, independent of Ve

Iout = VBE'/R2

R, biases @, and holds ¢);’s collector at
two diode drops below Ve, eliminating
Early effect asin the previous circuit. This
circuit is not temperature-compensated;
the voltage across R, decreases approxi-
mately 2.1mV /°C, causing the output cur-
rent to decrease approximately 0.3%/°C.

+Vee

Figure 2.25. Transistor Vg g-referenced current
source.

2.07 Common-emitter amplifier

Consider a current source with a resistor
asload (Fig. 2.26). Thecollector voltage is

Ve = Vee — IcRe

We could capacitively couple a signa to
the base to cause the collector voltage to
vary. Consider the example in Figure
2.27. C ischosen so that al frequencies of
interest are passed by the high-pass filter
it forms in combination with the parallel
resistance of the base biasing resistors (the

Figure 2.26

impedance looking into the base itself will
usually be much larger because of the way
the base resistors are chosen, and it can be
ignored); that is,

1

>
AT
The quiescent collector current is 1.0mA
because of the applied base bias and the
1.0k emitter resistor. That current puts
the collector at +10 volts (+20V, minus
1.0mA through 10k). Now imagine an
applied wiggle in base voltage vg. The
emitter follows with vg = wvg, which
causes a wiggle in emitter current

iE = ’UE/RE = ’UB/RE

and nearly the same change in collector
current (hy. islarge). So the initial wiggle
in base voltage finally causes a collector
voltage wiggle

Vo = —icRC = _UB(RC/RE)

Ahal It's a voltage amplifier, with a voltage
amplification (or "gain™) given by

gain = 'Uout/vin = _RC/RE‘

In this case the gain is —10,000/1000,
or —10. The minus sign means that a
positive wiggleat theinput getsturned into
a negative wiggle (10 times aslarge) at the
output. This is caled a common-emitter
amplifier with emitter degeneration.
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+20V

signal
out

signal —

in c
A2
10k

Figure 2.27. An ac common-emitter amplifier
with emitter degeneration. Notethat the output
termind isthecollector, rather than the emitter.

Input and output impedance of the
common-emitter amplifier

We can easily determine the input and
output impedances of the amplifier. The
input signal sees, in paralel, 110k, 10k,
and the impedance looking into the base.
The latter is about 100k (hy. times REg),
so the input impedance (dominated by the
10k) is about 8k. The input coupling
capacitor thusformsa high-pass filter, with
the 3dB point at 200Hz. Thesignal driving
the amplifier sees 0.1uF in series with
8k, which to signals of normal frequencies
(well above the 3dB point) just looks like
8k.

The output impedance is 10k in paral-
le with the impedance looking into the
collector. What is that? Wadl, remem-
ber that if you snip off the collector resis-
tor, you're simply looking into a current
source. The collector impedance is very
large (measured in megohms), and so the
output impedance is just the value of the
collector resistor, 10k. It isworth remem-
bering that the impedance looking into a
transistor's collector is high, whereas the
impedance looking into the emitter is low
(as in the emitter follower). Although the
output impedance of a common-emitter
amplifier will be dominated by the collec-
tor load resistor, the output impedance of

an emitter follower will not be dominated
by the emitter load resistor, but rather by
the impedance looking into the emitter.

2.08 Unity-gain phase splitter

Sometimes it is useful to generate a signal
and its inverse, i.e., two signals 180° out
of phase. That's easy to do - just use
an emitter-degenerated amplifier with a
gain of —1 (Fig. 2.28). The quiescent
collector voltage is set to 0.75V¢ ¢, rather
than the usual 0.5Vg¢, in order to achieve
the same result - maximum symmetrical
output swing without clipping at either
output. The collector can swing from
0.5Vee to Voo, whereas the emitter can
swing from ground to 0.5V¢c.

g ' +20V

Sij

Figure 2.28. Unity-gain phase splitter.

Note that the phase-splitter outputs
must be loaded with equal (or very high)
impedances at the two outputs in order to
maintain gain symmetry.

Phase shifter

A nice use of the phase splitter is shown
in Figure 2.29. This circuit gives (for
a sine wave input) an output sine wave
of adjustable phase (from zero to 180°),
but with constant amplitude. It can be
best understood with a phasor diagram
of voltages (see Chapter 1); representing
the input signal by a unit vector aong
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the real axis, the signals look as shown in
Figure 2.30.

Vo

1

¢4

Vi

Figure 2.29. Constant-amplitude phase shifter.

Signal vectors vg and v¢ must be at
right angles, and they must add to form
a vector of constant length along the real
axis. There is a theorem from geometry
that says that the locus of such points
is a circle. So the resultant vector (the
output voltage) always has unit length,
i.e., the same amplitude as the input, and
its phase can vary from nearly zero to
nearly 180° relative to the input wave as
R is varied from nearly zero to a value
much larger than Zo at the operating
frequency. However, note that the phase
shift also depends on the frequency of
the input signal for a given setting of the
potentiometer R. It is worth noting that a
simple RC high-pass (or |ow-pass) network
could also be used as an adjustable phase
shifter. However, its output amplitude
would vary over an enormous range as the
phase shift was adjusted.

An additional concern hereisthe ability
of the phase-splitter circuit to drive the
RC phase shifter as a load. Idedly, the
load should present an impedance that
is large compared with the collector and
emitter resistors. As a result, this circuit
is of limited utility where a wide range
of phase shifts is required. You will see
improved phase-splitter techniques in
Chapter 4.

Figure 2.30. Phasor diagram for phase shifter.

2.09 Transconductance

In the preceding section we figured out the
operation of the emitter-degenerated am-
plifier by (a) imagining an applied base
voltage swing and seeing that the emitter
voltage had the same swing, then (b) calcu-
lating the emitter current swing; then, ig-
noring the small base current contribution,
we got the collector current swing and thus
(c) the collector voltage swing. The voltage
gain was then simply the ratio of collector
(output) voltage swing to base (input) volt-

age swing.
+20V
% 110k 10k
I signal out
signal [,—{
in 0.1uF | 1.6V
1.0v

Figure 2.31. The common-emitter amplifier is
ﬁ)gjansconductance dage driving a (resitive)

There's another way to think about
this kind of amplifier. Imagine breaking it
apart, asin Figure 2.31. Thefirst part isa
voltage-controlled current source, with
quiescent current of 1.0mA and gan
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of —1mA/V. Gain means the ratio out-
put/input; in this case the gain has units
of current/voltage, or 1/resistance. Thein-
verse of resistance is caled conductance
(the inverse of reactance is susceptance,
and the inverse of impedance is admit-
tance) and has a specia unit, the siemens,
which used to be caled the mho (ohm
spelled backward). An amplifier whose
gain has units of conductance is called
a transconductance amplifier; the ratio
Iou/Vin is called the transconductance,
gm.-

Think of thefirst part of the circuit asa
transconductance amplifier, i.e., a voltage-
to-current amplifier with transconductance
gm (gain) of ImA/V (1000uS, or 1mS,
whichisjust 1/Rg). Thesecond part of the
circuit is the load resistor, an "amplifier"
that converts current to voltage. This
resistor could be called a transresistance
amplifier, and its gain (r,,) has units of
voltage/current, or resistance. In this case
its quiescent voltage is Ve, and its gain
(transresistance) is 10kV/A (10k€2), which
is just Rc. Connecting the two parts
together gives you a voltage amplifier. You
get the overall gain by multiplying the two
gains. In thiscase G = gmRc = Re/RE,
or —10, a unitless number equal to the
ratio (output voltage)/(input voltage).

This is a useful way to think about an
amplifier, because you can analyze perfor-
mance of the sections independently. For
example, you can analyze the transconduc-
tance part of the amplifier by evaluating
gm for different circuit configurations or
even different devices, such as field-effect
transistors (FETs). Then you can analyze
the transresistance (or load) part by consid-
ering gain versus voltage swing trade-offs.
If you are interested in the overall voltage
gain, it isgiven by Gv = g¢mrm, Where
rm 1Sthe transresistance of the load. Ulti-
mately the substitution of an active load
(current source), with its extremely high
transresistance, can yield one-stage volt-
age gains of 10,000 or more. The cascode

configuration, which we will discuss later,
is another example easily understood with
this approach.

In Chapter 4, which deals with opera-
tional amplifiers, you will see further ex-
amples of amplifiers with voltages or cur-
rents as inputs or outputs; voltage ampli-
fiers(voltageto voltage), current amplifiers
(current to current), and transresistance
amplifiers (current to voltage).

Turning up the gain: limitations of the
simple model

The voltage gain of the emitter-degener-
ated amplifier is —R¢/Rg, according to
our model. What happens as Rg is re-
duced toward zero? The equation pre-
dicts that the gain will rise without limit.
But if we made actual measurements of
the preceding circuit, keeping the quies-
cent current constant at 1mA, we would
find that the gain would level off at about
400 when Rpg is zero, i.e., with the emit-
ter grounded. We would also find that the
amplifier would become significantly non-
linear (the output would not be a faithful
replica of the input), the input impedance
would become small and nonlinear, and
the biasing would become critical and un-
stable with temperature. Clearly our tran-
sistor model isincomplete and needsto be
modified in order to handle thiscircuit sit-
uation, as well as others we will talk about
shortly. Our fixed-up model, which we will
cal the transconductance model, will be
accurate enough for the remainder of the
book.

EBERS-MOLL MODEL APPLIED TO
BASIC TRANSISTOR CIRCUITS

2.10 Improved transistor model:
transconductance amplifier

The important change is in property 4
(Section 2.01), where we said earlier that
Ic = hrpglp. Wethought of the transistor
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as a current amplifier whose input circuit
behaved like a diode. That's roughly cor-
rect, and for some applications it's good
enough. But to understand differential am-
plifiers, logarithmic converters, tempera-
ture compensation, and other important
applications, you must think of the transis-
tor asatransconductancedevice - collector
current is determined by base-to-emitter
voltage.
Here's the modified property 4:

4. When rules 1-3 (Section 2.01) are
obeyed, I isrelated to Veg by

VBE

o= [on(22) -

where Vr = kT /q = 25.3mV at room
temperature (68°F, 20°C), q is the elec-
tron charge (1.60 x 10~!° coulombs), & is
Boltzmann's constant (1.38 x 10723
joules/°K), T is the absolute temperature
in degrees Kelvin (°K =°C + 273.16), and
Is isthe saturation current of the partic-
ular transistor (dependson T). Then the
base current, which also dependson Vgg,
can be approximated by

Ip =Ic/hrE

where the "constant™ hrg is typicaly in
the range 20 to 1000, but depends on
transistor type, Ic, Vo g, and temperature.
Is represents the reverse leakage current.
In the active region Ic > Is, and
therefore the —1 term can be neglected in
comparison with the exponential.

The equation for I is known as the
Ebers-Moll equation. It also approximate-
ly describes the current versus voltage for
a diode, if Vr is multiplied by a correc-
tion factor m between 1 and 2. For tran-
sistors it is important to realize that the
collector current is accurately determined
by the base-emitter voltage, rather than
by the base current (the base current is
then roughly determined by hrg), and that
this exponential law is accurate over an
enormous range of currents, typically from
nanoamps to milliamps.  Figure 2.32

makes the point graphicaly. If you mea-
sure the base current at various collector
currents, you will get a graph of hrg ver-
sus I like that in Figure 2.33.

Aombination current
8

SN A S (N A NS SN B
01 02 03 04 05 06 07 08

VBE

Transistor base and collector

Figure 2.32. T _
currents as functions of base-to-emitter voltage
VBE.

1000
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hee
100 log scale
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10® 107 10 % 105 10 4 10 3 10 2
Ic (amps) —»
Figure 2.33. Typicd transistor current gan

(hrE) Versus collector current.

Although the Ebers-Moll equation tells
us that the base-emitter voltage "pro-
grams'" the collector current, this property
may not be directly usable in practice (bi-
asing a transistor by applying a base volt-
age) because of the large temperature co-
efficient of base-emitter voltage. You will
see later how the Ebers-Moll equation pro-
videsinsight and solutions to this problem.

Rules of thumb for transistor design

From the Ebers-Moll equation we can get
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several important quantities we will be
using often in circuit design:

1. The steepness of the diode curve. How
much do we need to increase Vgg to in-
crease I¢c by a factor of 10? From the
Ebers-Moall equation, that's just Vi log, 10,
or 60mV at room temperature. Base volt-
age increases 60mV per decade of collector
current. Equivalently, Ic = Icoe®V/?%,
where AV isin millivolts.

2. The small-signal impedance looking
into the emitter, for the base held at a fixed
voltage. Takingthe derivative of Vg with
respect to I¢, you get

re = Vr/Ic = 25/Ic ohms

where I isin milliamps. The numerical
value 25/I¢ isfor room temperature. This
intrinsic emitter resistance, r., acts as if it
isin series with the emitter in all transistor
circuits. It limits the gain of a grounded
emitter amplifier, causes an emitter fol-
lower to have a voltage gain of slightly less
than unity, and preventsthe output imped-
ance of an emitter follower from reaching
zero. Note that the transconductance of a
grounded emitter amplifier is g, = 1/re.

3. The temperature dependence of Vpg.
A glance at the Ebers-Moll equation sug-
geststhat Veg has a positive temperature
coefficient. However, because of the tem-
perature dependence of Is, Vg decreases
about 2.1mV/°C. It isroughly proportional
to 1/Tabs, Where Tay,s is the absolute tem-
perature.

There is one additional quantity we

will need on occasion, athough it is not
derivable from the Ebers-Moll equation. It
is the Early effect we described in Section
2.06, and it sets important limits on
current-source and amplifier performance,
for example:
4. Early effect. Vgg varies dightly with
changing Vo at constant I¢. This effect
iscaused by changing effective base width,
and it isgiven, approximately, by

AVBE = —aAVCE

where o =~ 0.0001.

These are the essentia quantities we
need. With them we will be able to handle
most problems of transistor circuit design,
and we will have little need to refer to the
Ebers-Moll equation itself.

2.11 The emitter follower revisited

Before looking again at the common-emit-
ter amplifier with the benefit of our new
transistor model, let's take a quick look
at the humble emitter follower. The
Ebers-Moll model predicts that an emit-
ter follower should have nonzero out-
put impedance, even when driven by a
voltage source, because of finite r,
(item 2, above). The same effect also
produces a voltage gain dlightly less
than unity, because r. forms a voltage di-
vider with the load resistor.

These effectsare easy to calculate. With
fixed base voltage, the impedance look-
ing back into the emitter is just Ryt =
dVBE/dIE; but I =~ Ic, O Rouwt =
Te, the intrinsic emitter resistance [r. =
25/Ic(mA)].  For example, in Figure
2.34A, the load sees a driving impedance
of re = 25 ohms, since I = ImA. (This
is paralleled by the emitter resistor Rg,
if used; but in practice Rg will always
be much larger than r..) Figure 2.34B
shows a more typical situation, with finite
source resistance Rgs (for simplicity weve
omitted the obligatory biasing components
- base divider and blocking capacitor -
which are shown in Fig. 2.34C). In this
case the emitter follower's output imped-
ance isjust re in serieswith Ry /(hfe+ 1)
(again paraleled by an unimportant Rg,
if present). For example, if R, = Ik and
I = 1ImA, Ry, = 35 ohms (assuming
hge = 100). It iseasy to show that the in-
trinsic emitter r. also figuresinto an emit-
ter follower's input impedance, just as if
it werein serieswith theload (actualy, par-
alel combination of load resistor and
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(fixed)

blocking
R, capacitor

bias
divider

load

[

Figure 2.34

emitter resistor). In other words, for the
emitter follower circuit the effect of the
Ebers-Moll model issimply to add a series
emitter resistance r. to our earlier results.

The voltage gain of an emitter follower
is dightly less than unity, owing to the
voltage divider produced by 7. and the
load. It is simple to calculate, because
the output is at the junction of r. and
Rioaq: Gv = Uout/'Uin = RL/("'e + RL)-
Thus, for example, a follower running
at ImA quiescent current, with 1k load,
has a voltage gain of 0.976. Engineers
sometimes like to write the gain in terms
of the transconductance, to put it inaform
that holdsfor FETs also (see Section 3.07);
in that case (usingg = 1/r.) you get
Gy = RLgm/(l +Rrgm).

-

+ Vee

load

signal
source -_—

212 The common-emitter amplifier
revisited

Previously we got wrong answers for the
voltage gain of the common-emitter am-
plifier with emitter resistor (sometimes
called emitter degeneration) when we set
the emitter resistor equal to zero.
The problem is that the transistor has
25/Ic(mA) ohms of built-in (intrinsic)
emitter resistance r. that must be added
to the actual external emitter resistor. This
resistance is significant only when small
emitter resistors (or none at all) are used.
So, for instance, the amplifier we consid-
ered previously will have a voltage gain of
—10k/r,, or —400, when the exter-
nal emitter resistor is zero. The input
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impedance is not zero, as we would have
predicted earlier (h¢.Rg); it is approxi-
mately hgere, OF in this case (ImA quies-
cent current) about 2.5k.

The terms "grounded emitter” and
"*common emitter™ are sometimes used in-
terchangeably, and they can be confusing.
We will use the phrase "grounded emitter
amplifier” to mean a common-emitter am-
plifier with Rg = 0. A common-emitter
amplifier stage may have an emitter resis-
tor; what mattersisthat the emitter circuit
iscommon to theinput circuit and the out-
put circuit.

Shortcomings of the single-stage
grounded emitter amplifier

The extra voltage gain you get by using
Rg = 0 comes at the expense of other
properties of the amplifier. In fact, the
grounded emitter amplifier, in spite of its
popularity in textbooks, should be avoided
except in circuits with overal negative
feedback. In order to see why, consider
Figure 2.35.

+20V

10k

signal out

signal in
{dc coupled}

Figure 2.35. Common-emitter amplifier with-
out emitter degeneration.

1. Nonlinearity. The gan is G =
—gmRc = —R¢/[re = —Rclc(mA)/25,
so for a quiescent current of 1mA, the
gain is —400. But Ic varies as the
output signal varies. For this example,
the gain will vary from —800 (Vout = O,
Ic = 2mA) down to zero (Vour = Veo,
I = 0). For a triangle-wave input, the

output will look like that in Figure 2.36.
The amplifier has high distortion, or poor
linearity. The grounded emitter amplifier
without feedback is useful only for small
signal swingsabout the quiescent point. By
contrast, the emitter-degenerated amplifier
has gain almost entirely independent of
collector current, aslong as Rg > re, and
can be used for undistorted amplification
even with large signal swings.

Figure 2.36. Nonlinear output waveform from
grounded emitter amplifier.

2. Input impedance. The input impedance
isroughly Zi, = hgere = 25 hye/Ic(mA)
ohms. Once again, I¢ varies over the sig-
nal swing, giving a varying input imped-
ance. Unless the signal source driving the
base has low impedance, you will wind
up with nonlinearity due to the nonlinear
variable voltage divider formed from the
signal source and the amplifier's input im-
pedance. By contrast, theinput impedance
of an emitter-degenerated amplifier iscon-
stant and high.

3 Biasing. The grounded emitter ampli-
fier is difficult to bias. It might be tempt-
ing just to apply a voltage (from a volt-
age divider) that gives the right quiescent
current according to the Ebers-Moll equa-
tion. That won't work, because of the tem-
perature dependence of Vg (at fixed I¢),
which varies about 2.1mV/°C (it actually
decreases with increasing T because of the
variation of Is with T; as a result, Vgg
is roughly proportional to 1/T', the abso-
lute temperature). This means that the
collector current (for fixed Vgg) will in-
crease by a factor of 10 for a 30°C rise



84

TRANSISTORS
Chapter 2

in temperature. Such unstable biasing is
useless, because even rather small changes
in temperature will cause the amplifier to
saturate. For example, a grounded emitter
stage biased with the collector at half the
supply voltagewill go into saturation if the
temperature rises by 8°C.

EXERCISE 2.9
Vaify that an 8°C rise in ambient temperature
will causea base-voltage-biasedgrounded emit-
ter stage to saturate, assuming that it was in-
tidly biased for Ve = 0.5V

Some solutions to the biasing problem
will be discussed in the following sections.
By contrast, the emitter-degenerated am-
plifier achievesstable biasing by applyinga
voltage to the base, most of which appears
across the emitter resistor, thus determin-
ing the quiescent current.

Emitter resistor as feedback

Adding an external series resistor to the
intrinsic emitter resistance r. (emitter de-
generation) improves many properties of
the common-emitter amplifier, at the ex-
pense of gain. You will see the same thing
happening in Chapters 4 and 5, when
we discuss negative feedback, an important
technique for improving amplifier charac-
teristics by feeding back some of the output
signd to reduce the effective input signal.
The similarity here is no coincidence; the
emitter-degenerated amplifier itself uses a
form of negative feedback. Think of the
transistor as a transconductance device,
determining collector current (and there-
fore output voltage) according to the volt-
age applied between the base and emitter;
but the input to the amplifier isthe voltage
from base to ground. So the voltage from
base to emitter is the input voltage, mi-
nus a sample of the output (IgRg). That's
negative feedback, and that's why emitter
degeneration improves most properties of
the amplifier (improved linearity and sta-
bility and increased input impedance; also

the output impedance would be reduced if
the feedback were taken directly from the
collector). Great things to look forward to
in Chapters 4 and 5!

2.13 Biasing the common-emitter
amplifier

If you must have the highest possiblegain
(or if the amplifier stage is inside a feed-
back loop), it is possible to arrange suc-
cessful biasing of a common-emitter am-
plifier. There are three solutions that can
be applied, separately or in combination:
bypassed emitter resistor, matched biasing
transistor, and dc feedback.

Vee
+15V

Fgure 2.37. A bypassed emitter resistor can be
used to improve the bias stability of a grounded
emitter amplifier.

Bypassed emitter resistor

Use a bypassed emitter resistor, biasing as
for the degenerated amplifier, as shown in
Figure 2.37. In this case Rg has been
chosen about 0.1R¢, for ease of biasing;
if Rg is too smal, the emitter voltage
will be much smaller than the base-emitter
drop, leading to temperature instability of
the quiescent point as Vgg varies with
temperature. Theemitter bypasscapacitor
is chosen by making its impedance small
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compared with r. (not Rg) at the lowest
frequency of interest. In this case its
impedance is 25 ohms at 650Hz. At signa
frequencies the input coupling capacitor
sees an impedance of 10k in parallel with
the base impedance, in this case h¢. times
25 ohms, or roughly 2.5k. At dc, the
impedance looking into the base is much
larger (hse times the emitter resistor, or
about 100k), which is why stable biasing
is possible.

+20V

Figure 2.38

A variation on thiscircuit consists of us-
ing two emitter resistors in series, one of
them bypassed. For instance, suppose you
want an amplifier with a voltage gain of
50, quiescent current of 1mA, and Vec of
+20 volts, for signalsfrom 20Hz to 20kHz.
If you try to use the emitter-degenerated
circuit, you will have the circuit shown in
Figure 2.38. The collector resistor is cho-
sen to put the quiescent collector voltage at
0.5Vece. Then the emitter resistor is cho-
sen for the required gain, including the ef-
fectsof ther, of 25/Ic(mA). The problem
is that the emitter voltage of only 0.175
volt will vary significantly as the ~0.6 volt
of base-emitter drop varies with temper-
ature (—2.1mV/°C, approximately), since
the base is held at constant voltage by R
and Rs; for instance, you can verify that
an increase of 20°C will cause the collector
current to increase by nearly 25%.

The solution here is to add some by-
passed emitter resistance for stable biasing,
with no change in gain at signal frequen-
cies (Fig. 2.39). As before, the collector
resistor is chosen to put the collector at
10 volts (0.5Vee). Then the unbypassed
emitter resistor is chosen to give a gain
of 50, including the intrinsic emitter resis-
tance r, = 25/Ic(mA). Enough bypassed
emitter resistance is added to make stable
biasing possible (one-tenth of the collector
resistance isagood rule). The base voltage
is chosen to give ImA of emitter current,
with impedance about one-tenth thedc im-
pedance looking into the base (in this case
about 100k). The emitter bypass capacitor
ischosen to have low impedance compared
with 180+25 ohmsat the lowest signal fre-
guencies. Finaly, the input coupling ca
pacitor is chosen to have low impedance
compared with the signal-frequency input
impedance of the amplifier, which is equal
to the voltage divider impedance in paral-
lel with (180 T 25)hs. ohms (the 82092 is
bypassed, and looks like a short at signal
frequencies).

+20V

Figure 2.39. A common-emitter amplifier
combining bias stability, linearity, and large
voltage gain.

An alternative circuit splits the signal
and dc paths (Fig. 2.40). Thisletsyou vary
the gain (by changing the 1802 resistor)
without bias change.
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1.0k 18082

Figure 2.40. Equivalent emitter circuit for
Figure 2.39.

O Matched biasing transistor

Use a matched transistor to generate the
correct base voltage for the required col-
|ector current; this ensures automatic tem-
perature compensation (Fig. 2.41). Q;’s
collector is drawing 1mA, since it is guar-
anteed to be near ground (about one Vg
drop above ground, to be exact); if @
and 2 are a matched pair (available as
a single device, with the two transistors
on one piece of silicon), then @, will also
be biased to draw 1mA, putting its collec-
tor at +10 volts and alowing a full £10
volt symmetrical swing on its collector.
Changes in temperature are of no impor-
tance, aslong as both transistorsare at the
same temperature. Thisis a good reason
for using a""monolithic™ dual transistor.

Feedback at dc

Use dc feedback to stabilize the quiescent
point. Figure 2.42 showsone method. By
taking the bias voltage from the collector,
rather than from Ve, you get some
measure of bias stability. The basesits one
diode drop above ground; since its bias
comes from a 10:1 divider, the collector is
at 11 diode drops above ground, or about
7 volts. Any tendency for the transistor

Figure 2.41. Biasing scheme with compensated
Vee drop.

+15V

8.2k

~ 11 Vge lor = 7V)

R?
G.SKi * TmA
L L

Figure 2.42.
feedback.

Bias stahility is improved by
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to saturate (e.g., if it happens to have
unusualy high beta) is stabilized, since
the dropping collector voltage will reduce
the base bias. This scheme is acceptable
if great stability is not required. The
quiescent point isliable todrift a volt or so
as the ambient (surrounding) temperature
changes, since the base-emitter voltage
has a significant temperature coefficient.
Better stability is possible if several stages
of amplification are included within the
feedback loop. You will see examples|ater
in connection with feedback.

A better understanding of feedback is
really necessary to understand this circuit.
For instance, feedback acts to reduce the
input and output impedances. The input
signal sees R;’s resistance effectively re-
duced by the voltage gain of the stage. In
this case it is equivalent to a resistor of
about 300 ohms to ground. In Chapter
4 we will treat feedback in enough
detail so that you will be able to figure
the voltage gain and terminal impedance
of thiscircuit.

Note that the base bias resistor values
could be increased in order to raise the
input impedance, but you should then
take into account the non-negligible base
current. Suitable values might be R; =
220k and R, = 33k. An dlternative
approach might be to bypass the feedback
resistance in order to eliminate feedback
(and therefore lowered input impedance)
at signal frequencies (Fig. 2.43).

Comments on biasing and gain

Oneimportant point about grounded emit-
ter amplifier stages. You might think that
the voltage gain can be raised by increas-
ing the quiescent current, since the intrin-
sic emitter resistance 7. drops with rising
current. Although . does go down with
increasing collector current, the smaller
collector resistor you need to obtain the
same quiescent collector voltage just can-
celsthe advantage. In fact, you can show

33k
= 33k
§ 6.8k

Figure 2.43. Eliminating feedback a signd
frequencies.

that the small-signal voltage gain of a
grounded emitter amplifier biased to
0.5Vece isgiven by G = 20V ¢, indepen-
dent of quiescent current.

EXERCISE 2.10
Show that the preceding statement is true.

If you need more voltage gain in one
stage, one approach is to use a current
source as an active load. Since its imped-
anceisvery high, single-stage voltage gains
of 1000 or more are possible. Such an ar-
rangement cannot be used with the bias-
ing schemes we have discussed, but must
be part of an overal dc feedback loop, a
subject we will discuss in the next chap-
ter. You should be sure such an amplifier
looks into a high-impedance load; other-
wise the gain obtained by high collector
load impedance will be lost. Something
like an emitter follower, a field-effect tran-
sistor (FET), or an op-amp presents a good
load.

In radiofrequency amplifiers intended
for use only over a narrow frequency
range, it is common to use a parallel LC
circuit as a collector load; in that case
very high voltage gain is possible, since
the LC circuit has high impedance (like
a current source) at the signa frequency,
with low impedance at dc. Since the LC
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is"tuned,” out-of-band interfering signals
(and distortion) are effectively rejected.
Additional bonuses are the possibility of
peak-to-peak output swings of 2Ve¢ and
the use of transformer coupling from the
inductor.

EXERCISE 2.11
Design atuned common-emitter amplifier stage
to operate at 100kHz. Use a bypassed emitter
resistor,and set thequiescentcurrentat 1.0mA.
AssumeVg e = +15voltsand L = 1.0mH, and
put a6.2k resistor across theLC toset Q =10
(toget a10% bandpass; see Section 1.22). Use

capacitive input coupling.

f tVee
mirror
‘sources

Ve
I=1p
Ejl load

' =

user programs
acurrent /p

Figure 2.44. Classic bipolar-transistor
matched-pair current mirror. Note the com-
mon convention o referringto the positive sup-
ply asVee, even when pnp transistorsare used.

2.14 Current mirrors

The technique of matched base-emitter bi-
asing can be used to make what is called a
current mirror (Fig. 2.44). You "program"
the mirror by sinking a current from Q;’s
collector. That causes a Vg for Q1 ap-
propriate to that current at the circuit tem-
perature and for that transistor type. @,
matched to ¢; (a monolithic dual tran-
sistor isided), is thereby programmed to
source the same current to the load. The
small base currents are unimportant.

One nicefeatureof thiscircuit isvoltage
compliance of theoutput transistor current

source to within a few tenths of a volt of
Vee, sincethereisno emitter resistor drop
to contend with. Also, in many applica-
tions it is handy to be able to program a
current with acurrent. An easy way to gen-
erate the control current Ip iswith aresis-
tor (Fig. 2.45). Since the bases are a diode
drop below Ve, the 14.4k resistor pro-
duces a control current, and therefore an
output current, of tmA. Current mirrors
can be used in transistor circuits when-
ever a current source is needed. They're
very popular in integrated circuits, where
(a) matched transistors abound and (b) the
designer tries to make circuits that will
work over alarge range of supply voltages.
There are even resistorless integrated cir-
cuit op-amps in which the operating cur-
rent of the whole amplifier is set by one
external resistor, with all the quiescent cur-
rents of the individual amplifier stages in-
side being determined by current mirrors.

Vee +15V

Figure 2.45

Current mirror limitations due to Early
effect

One problem with the simple current mir-
ror is that the output current varies a bit
with changes in output voltage, i.e., the
output impedance is not infinite. This is
because of thedlight variation of Vgg with
collector voltage at a given current in Q2
(due to Early effect); in other words, the
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curve of collector current versus collector-
emitter voltage at afixed base-emitter volt-
age is not flat (Fig. 2.46). In practice, the

Figure 2.46

current might vary 25% or so over the
output compliance range - much poorer
performance than the current source with
emitter resistor discussed earlier.

+20V

1.0k

Figure 2.47. Improved current mirror.

One solution, if a better current source
is needed (it often isn't), is the circuit
shown in Figure 2.47. The emitter resis-
torsarechosen to have at least a few tenths
of avolt drop; this makes the circuit a far
better current source, since the small vari-
ations of Vg with Vo g are now negligible
in determining the output current. Again,
matched transistors should be used.

Wilson mirror

Another current mirror with very constant
current is shown in the clever circuit of

Figure 2.48. @, and Q. are in the usual
mirror configuration, but Q3 now keeps
Q1’s collector fixed at two diode drops

+Vee

Figure 2.48. Wilson current mirror. Good sta-
bility with load variations is achieved through
cascode transistor (s, which reduces voltage
variations across (1.

below V. That circumvents the Early ef-
fect in 1, whose collector is now the pro-
gramming terminal, with @, now sourc-
ing the output current. (s does not af-
fect the balance of currents, since its base
current is negligible; its only function is
to pin Qy’s collector. The result is that
both current-determining transistors (¢
and Q2) havefixed collector-emitter drops;
you can think of Q3 as simply passing
the output current through to a variable-
voltage load (a similar trick is used in the
cascode connection, which you will see
later in the chapter). @3, by the way, does
not have to be matched to @21 and 2.

Multiple outputs and current ratios

Current mirrors can be expanded to source
(or sink, with npn transistors) current to
several loads. Figure 2.49 shows the idea.
Note that if one of the current source
transistors saturates (e.g., if its load is
disconnected), its base robs current from
the shared base reference line, reducing
the other output currents. Thesituation is
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control
current

Figure 2.49. Current mirror with multiple
outputs. This circuit is commonly used to
obtain multiple programmable current sources.

load 1 load 2

byl & = =

Figure 2.50

rescued by adding another transistor (Fig.
2.50).

Figure 2.51 shows two variations on
the multiple-mirror idea. These circuits
mirror twice (or half) the control current.
In the design of integrated circuits, current
mirrors with any desired current ratio
can be made by adjusting the size of the
emitter junctions appropriately.

Texas Instruments offers complete mo-
nolithic Wilson current mirrors in conve-
nient TO-92 transistor packages. Their
TLOIL1 series includes 1:1, 1:2, 1:4, and
2:1 ratios, with output compliance from
1.2 to 40 volts. The Wilson configuration
givesgood current source performance - at
constant programming current the output
current increases by only 0.05% per volt -
and they are very inexpensive (50 cents or
less). Unfortunately, these useful devices
are available in npn polarity only.

Ip¢ load

control
current

A

]
4

In ‘ load

control
current

B

Figure 2.51. Current mirrors with current
ratios other than 1 1.

+Vee

1p = 20uA l 1, =10uA

(programming E
current)

Figure 2.52. Maodifying current-source output
with an emitter resistor. Note that the output
current is no longer a simple multiple of the
progamming current.

Another way to generate an output cur-
rent that is a fraction of the programming
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current is to add a resistor in the emitter
circuit of the output transistor (Fig. 2.52).
In any circuit where the transistors are op-
erating at different current densities, the
Ebers-Moll equation predicts that the dif-
ference in Vgg depends only on the ra-
tio of the current densities. For matched
transistors, the ratio of collector currents
equals the ratio of current densities. The
graph in Figure 2.53 ishandy for determin-
ing the difference in base-emitter drops in
such a situation. This makesit easy to de-
sign a**ratio mirror."

+10 V4
0 Y]
-10
-20 .
3 0°c A
Z —40 25°C |50t°ci
& —50 hg AVBE=gI )
> —60 z foy ™
qQ e’ ) a1
~70 Lo
_80 |
60 d
90 A ( m?// ecade)
-100 .
1104
-120
0.01 002 005 01 02 05 10 20
102/161
Figure 253.  Collector current ratios for

matched transistors as determined by the dif-
ference in gpplied base-emitter voltages.

EXERCISE 2.12
Show that the ratio mirror in Figure 2.52 works
as advertised.

SOME AMPLIFIER BUILDING BLOCKS

O 2.15 Push-pull output stages

Aswe mentioned earlier in the chapter, an
npn emitter follower cannot sink current,
and a pnp follower cannot source current.
The result is that a single-ended follower

operating between split supplies can drive
a ground-returned load only if a high
quiescent current isused (thisissometimes
caled a class A amplifier). The quiescent
current must be at least as large as the
maximum output current during peaks of
the waveform, resulting in high quiescent
power dissipation. For instance, Figure
2.54 shows a follower circuit to drive
an 8 ohm load with up to 10 watts of
audio. The pnp follower @1 is included
to reduce drive requirements and to cancel
Q2’s Vpg offset (zero volts input gives
zero volts output). ; could, of course,
be omitted for simplicity.  The hefty
current source in @Qi’s emitter load is
used to ensure that there is sufficient
base drive to ), at the top of the signal
swing. A resistor as emitter load would
be inferior because it would have to be a
rather low value (5052 or less) in order to
guarantee at least 50mA of base drive to
Q. at the peak of the swing, when load
current would be maximum and the drop
across the resistor would be minimum; the
resultant quiescent current in ¢; would be
excessive.

+16V
100mA
Q, 882
loudspeaker
signal Q,
in
8R
-30v

Figure 2.54. A 10 watt loudspesker amplifier,
built with a single-ended emitter follower, dis-
Sipates 165 watts of quiescent power!

The output of this example circuit can
swing to nearly £15 volts (peak) in both
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directions, giving the desired output power
(9V rms across 8§1). However, the out-
put transistor dissipates 55 watts with no
signal, and the emitter resistor dissipates
another 110 watts. Quiescent power dissi-
pation many times greater than the maxi-
mum output power is characteristic of this
kind of class A circuit (transistor alwaysin
conduction); this obvioudly leaves a lot to
be desired in applications where any sig-
nificant amount of power isinvolved.

+15V

signal
in

~15V

Fgure 2.55. Push+pull emitter follower.

Figure 2.55 shows a push-pull follower
to do the same job. @; conducts on posi-
tive swings, @2 on negative swings. With
zero input voltage, there is no collector
current and no power dissipation. At 10
watts output power there is less than 10
watts dissipation in each transistor.

signal in

crossover
/distortion
‘v

Fgure 2.56. Crossover distortion in the push
pull follower.

O Crossover distortion in push-pull stages

There is a problem with the preceding
circuit as drawn. The output trails the

tVee

signal
in

signal
out

—Vee

FHaure 2.57. Biadng the push-pull follower to
diminate crossover distortion.

input by a Vgg drop; on positive swings
the output is about 0.6 volt less positive
than the input, and the reversefor negative
swings. For an input sine wave, the output
would look as shown in Figure 2.56. In
the language of the audio business, this is
caled crossover distortion. The best cure
(feedback offersanother method, although
it isnot entirely satisfactory) isto biasthe
push-pull stage into dight conduction, as
in Figure 2.57.

The bias resistors R bring the diodes
into forward conduction, holding @:’s
base a diode drop above the input signal
and Q2’s baseadiode drop below the input
sgna. Now, as the input signal crosses
through zero, conduction passes from @2
to (J1; one of the output transistors is
alwayson. R ischosen to provide enough
base current for the output transistors at
the peak output swing. For instance, with
+20 volt supplies and an 8 ohm load
running up to 10 watts sine-wave powe,
the peak base voltage is about 13.5 volts,
and the peak load current is about 1.6
amps. Assuming a transistor beta of 50
(power transistors generally have lower
current gain than small-signal transistors),
the 32mA of necessary base current will
require base resistors of about 220 ohms
(6.5V from Vo to base at peak swing).
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Thermal stability in class B push-pull
amplifiers

The preceding amplifier (sometimescalled
a class B amplifier, meaning that each
transistor conducts over haf the cycle)
has one bad feature: It is not thermally
stable. Asthe output transistors warm up
(and they will get hot, because they are
dissipating power when signal is applied),
their Vpg drops, and quiescent collector
current beginsto flow. Theadded heat this
produces causes the situation to get worse,
with the strong possibility of what is called
thermal runaway (whether it runs away
or not depends on a number of factors,
including how large a " heat sink™ is used,
how well the diode temperature tracks the
transistor, etc.). Even without runaway,
better control over the circuit is needed,
usually with the sort of arrangement shown
in Figure 2.58.

_VEE

Foure 2.58. Smdl emitter resistors improve
thermal stability in the push-pull follower.

For variety, the input is shown coming
from the collector of the previousstage; R,
now serves the dual purpose of being @1’s
collector resistor and providing current to
bias the diodes and bias-setting resistor in

the push-pull base circuit. Here R3 and
Ry, typically afew ohmsor less, provide a
"*cushion” for the critical quiescent current
biasing: The voltage between the bases
of the output transistors must now be a
bit greater than two diode drops, and you
provide the extra with adjustable biasing
resistor R, (often replaced by athird series
diode). With a few tenths of a volt across
R3 and R4, the temperature variation of
Veg doesn't cause the current to rise very
rapidly (the larger the drop across K3 and
R4, the less sensitive it is), and the circuit
will be stable. Stability is improved by
mounting the diodes in physical contact
with the output transistors (or their heat
sinks).

You can estimate the thermal stability
of such a circuit by remembering that
the base-emitter drop decreases by about
2.1mV for each 1°C rise and that the
collector current increases by a factor
of 10 for every 60mV increase in base-
emitter voltage. For example, if R2 were
replaced by a diode, you would have three
diode drops between the bases of @2 and
()3, leaving about one diode drop across
the series combination of Rz and Rj.
(The latter would then be chosen to give
an appropriate quiescent current, perhaps
50mA for an audio power amplifier.) The
worst case for thermal stability occurs
if the biasing diodes are not thermally
coupled to the output transistors.

Let us assume the worst and calculate
the increase in output-stage quiescent cur-
rent corresponding to a 30°C temperature
rise in output transistor temperature.
That's not a lot for a power amplifier, by
the way. For that temperature rise, the
Vg of the output transistors will decrease
by about 63mV at constant current, rais-
ing the voltage across R3 and R4 by about
20% (i.e., the quiescent current will rise
by about 20%). The corresponding figure
for the preceding amplifier circuit without
emitter resistors (Fig. 2.57) will be afactor
of 10 rise in quiescent current (recall that
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Ic increases a decade per 60mV increase
in Vgg), i.e., 1000%. The improved ther-
mal stability of this biasing arrangement is
evident.

This circuit has the additional advan-
tage that by adjusting the quiescent
current, you have some control over the
amount of residual crossover distortion. A
push-pull amplifier biased in this way to
obtain substantial quiescent current at the
crossover point is sometimes referred to
as a class AB amplifier, meaning that both
transistors conduct simultaneously during
a portion of the cycle. In practice, you
choose a quiescent current that is a good
compromise between low distortion and
excessive quiescent dissipation. Feedback,
the subject of the next chapter, is amost
always used to reduce distortion still fur-
ther.

set bias

"VEE

Figure 2.59. Biasing a push-pull output stage
for low crossover distorion and thermal
Sability.

An alternative method for biasing a
push-pull follower isshown in Figure 2.59.

Q4 acts as an adjustable diode: The base
resistors are a divider, and therefore Q4’s
collector-emitter voltage will stabilize at a
value that puts 1 diode drop from base to
emitter, since any greater Vog will bring
it into heavy conduction. For instance, if
both resistors were |k, the transistor would
turn on at 2 diode drops, collector to emit-
ter. In this case, the bias adjustment lets
you set the push-pull interbase voltage any-
where from 1 to 3.5 diode drops. The
10pF capacitor ensures that both output
transistor bases see the same signal; such
a bypass capacitor is a good idea for any
biasing scheme you use. In this circuit,
Q1’s collector resistor has been replaced
by current source 5. That's a useful cir-
cuit variation, because with a resistor it is
sometimes difficult to get enough base cur-
rent to drive Q2 near the top of the swing.
A resistor small enough to drive Qo suffi-
ciently results in high quiescent collector
current in @; (with high dissipation), and
also reduced voltage gain (remember that
G = _Rcollector/ Remitter)- Another solu-
tion to the problem of ()2’s base drive is
the use of bootstrapping, a technique that
will be discussed shortly.

Q,

E

Figure 2.60. Darlington transistor configura-
tion.

2.16 Darlington connection

If you hook two transistors together as
in Figure 2.60, the result behaves like a
single transistor with beta equal to the
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product of the two transistor betas. This
can be very handy where high currents
are involved (e.g., voltage regulators or
power amplifier output stages), or for input
stages of amplifiers where very high input
impedance is necessary.

For a Darlington transistor the base-
emitter drop is twice normal, and the
saturation voltage is at least one diode
drop (since Q1’s emitter must be a diode
drop above @.’s emitter). Also, the
combination tendsto act like a rather slow
transistor because @1 cannot turn off ¢,
quickly. This problem isusually taken care
of by including a resistor from base to
emitter of Q, (Fig. 261). R aso prevents
leakage current through ¢; from biasing

£

Figure 2.61. Improving turn-off speed in a
Darlington pair.

Q- into conduction; its value is chosen so
that @:’s leakage current (nanoamps for
small-signd transistors, as much as hun-
dreds of microamps for power transistors)
produces less than a diode drop across R
and so that R doesn't sink a large propor-
tion of @2’s base current when it has a
diode drop across it. Typically R might be
a few hundred ohmsin a power transistor
Darlington, or a few thousand ohms for a
small-signa Darlington.

Darlington transistors are available as
single packages, usually with the base-
emitter resistor included. A typical ex-

s}
N

13

Figure 2.62. Sziklai connection (" complemen-
tary Darlington™).

ample is the npn power Darlington
2N6282, with current gain of 2400 (typi-
caly) at a collector current of 10 amps.

Sziklai connection

A similar beta-boosting configuration is
the Sziklai connection, sometimes referred
to as a complementary Darlington (Fig.
2.62). This combination behaves like an
npn transistor, again with large beta. It has
only a single base-emitter drop, but it also
cannot saturate to less than a diode drop.
A small resistor from base to emitter of (22
is advisable. This connection is common
in push-pull power output stages where
the designer wishes to use one polarity of
output transistor only. Such a circuit is
shown in Figure 2.63. As before, R; is
Q1’s collector resistor. Darlington Q23
behaves like a single npn transistor with
high current gain. The Sziklai connected
pair Q4Qs behaves like a single high-gain
pnp power transistor. As before, R and
R4 are small. This circuit is sometimes
caled a pseudocomplementary push-pull
follower. A true complementary stage
would use a Darlington-connected pnp pair

for Q4Qs.

Superbeta transistor

The Darlington connection and its near
relatives should not be confused with the
so-called superbeta transistor, a device
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with very high hpg achieved through
the manufacturing process. A typica
superbeta transistor is the 2N5962, with a
guaranteed minimum current gain of 450
at collector currents from 10uA to 10mA;
it belongs to the 2N5961-2N5963 series,
with a range of maximum Vggs of 30
to 60 volts (if you need higher collector
voltage, you have to settle for lower beta).
Superbeta matched pairs are available for
use in low-level amplifiers that require
matched characteristics, a topic we will
discuss in Section 2.18. Examples are the
1L M394 and MAT-01 series; these provide
high-gain npn transistor pairs whose Vggs
are matched to a fraction of a millivolt
(aslittle as 501V in the best versions) and
whose hrgs are matched to about 1%. The
MAT-03is apnp matched pair.

» +Vee

_VEE

Figure 2.63. Push-pull power stage using only
npn output transistors.

It is possible to combine superbeta
transistors in a Darlington connection.

Some commercial devices (e.g., the LM 11
and LM316 op-amps) achieve base bias
currents as low as 50 picoamps this way.

[0 2.17 Bootstrapping

When biasing an emitter follower, for in-
stance, you choose the base voltage divider
resistors so that the divider presents a stiff
voltage source to the baseg, i.e., their paral-
lel impedance is much lessthan the imped-
ance looking into the base. For thisreason
the resulting circuit has an input imped-
ance dominated by the voltage divider -
the driving signal sees a much lower im-
pedance than would otherwise be neces-
sary. Figure 2.64 shows an example. The
input

+Vee

20k

out

%ZOK 1.0k

resistance of about 9k is mostly due to the
voltage-divider impedance of 10k. It is
always desirable to keep input impedances
high, and anyway it's a shame to load
the input with the divider, which, after
al, is only there to bias the transistor.
Bootstrapping isthe colorful namegiven to
a technique that circumventsthis problem
(Fig. 2.65). The transistor is biased by
the divider R, R, through series resistor
R3. (s is chosen to have low impedance
at signa frequencies compared with the
bias resistors. As aways, bias is stable
if the dc impedance seen from the base
(in this case 9.7k) is much less than the
dc impedance looking into the base (in

Figure 2.64
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this case approximately 100k). But now
the signal-frequency input impedance is
no longer the same as the dc impedance.
Look at it this way: An input wiggle vin
results in an emitter wiggle vg =~ vi,. SO
the change in current through bias resistor
R3 is1 = (’Uirl — UE')/Rg ~ 0, i.e., Zin
(due to bias string) = vin/iin = infinity.
Weve made the | oading (shunt) impedance
of the bias network very large at signal
frequencies.

4.7k ————out

E '
¢, R4
OuF 1.0k

Figure 2.65. Raising the input impedance of
an emitter follower at signal frequencies by
bootstrapping the base bias divider.

-
RZ
10k 1

Another way of seeing this is to notice
that R3 always hasthe same voltage across
it at signal frequencies (since both ends
of the resistor have the same voltage
changes), i.e., it's a current source. But
a current source has infinite impedance.
Actually, the effective impedance is less
than infinity because the gain of afollower
is dightly less than 1. That is so because
the base-emitter drop depends on collector
current, which changes with the signa
level. You could have predicted the same
result from the voltage-dividing effect of
the impedance looking into the emitter
[re = 25/Ic(mA) ohms] combined with
the emitter resistor. If the follower has
voltage gain A (A= 1), the effective value
of R3 at signal frequenciesis

R3/(1 — A)

In practice the value of Rj is effectively
increased by a hundred or so, and the
input impedance is then dominated by the
transistor's base impedance. The emitter-
degenerated amplifier can be bootstrapped
in the same way, since the signal on
the emitter follows the base. Note that
the bias divider circuit is driven by the
low-impedance emitter output at signa
frequencies, thus isolating the input signal
from this usual task.

Ve

p———— output

- VEE

Figure 2.66. Bootstrapping driver-stage collec-
tor load resistor in a power amplifier.

[J Bootstrapping collector load resistors

The bootstrap principle can be used to in-
crease the effective value of a transistor's
collector load resistor, if that stage drives
a follower. That can increase the voltage
gain of the stage substantially [recall that
Gy = —gmRc, with g, = 1/(Rg + re)l.
Figure 2.66 shows an example of a boot-
strapped push-pull output stage similar to
the push-pull follower circuit we saw ear-
lier. Because the output follows (22’s base
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signal, C' bootstraps @1’s collector load,
keeping a constant voltage across R, asthe
signd varies (C must be chosen to have
low impedance compared with R, and R
at al signal frequencies). That makes R,
look like a current source, raising Q1’s
voltage gain and maintaining good base
driveto @2, even at the peaks of the signa
swing. When the signal gets near V¢, the
junction of R; and R actually rises above
Ve because of the stored chargein C. In
thiscase, if B3 = R, (not a bad choice) the
junction between them rises to 1.5 times
Voo when the output reaches V. This
circuit has enjoyed considerable popular-
ity in commercial audio amplifier design,
although a simple current source in place
of the bootstrap is superior, since it main-
tains the improvement at low frequencies
and eliminates the undesirable electrolytic
capacitor.

2.18 Differential amplifiers

The differential amplifier is a very com-
mon configuration used to amplify the dif-
ference voltage between two input signals.
In the ideal case the output is entirely
independent of the individual signal lev-
els - only the difference matters. When
both inputs change levels together, that's
a common-mode input change. A differen-
tial change is called normal mode. A good
differential amplifier has a high common-
mode rejection ratio (CMRR), the ratio of
response for a normal-mode signa to the
response for acommon-mode signal of the
same amplitude. CMRR is usually speci-
fied in decibels. The common-mode input
range is the voltage level over which the
inputs may vary.

Differential amplifiers are important in
applications where weak signals are con-
taminated by " pickup' and other miscella-
neous noise. Examples include digital sig-
nals transferred over long cables (usually
twisted pairs of wires), audio signals (the
term "balanced” means differential, usu-

aly 600£2 impedance, in the audio busi-
ness), radiofrequency signals (twin-lead ca-
ble is differential), electrocardiogram volt-
ages, magnetic-core memory readout sig-
nals, and numerous other applications. A
differential amplifier at the receiving end
restores the original signal if the common-
mode signals are not too large. Differen-
tial amplifiers are universally used in op-
erational amplifiers, which we will come
to soon. They're very important in dc
amplifier design (amplifiers that amplify
clear down to dc, i.e., have no coupling ca-
pacitors) because their symmetrical design
is inherently compensated against thermal
drifts.

Figure 2.67 shows the basic circuit.
The output is taken off one collector with
respect to ground; that is caled a single
ended output and is the most common
configuration.  You can think of this
amplifier as a device that amplifies a
differencesignal and convertsit toasingle-
ended signa so that ordinary subcircuits
(followers, current sources, etc.) can make
use of the output. (If, instead, adifferential
output is desired, it is taken between the
collectors.)

output

input 1 input 2

AVVEE

Figure 2.67. Classc transstor differentia

amplifier.

What is the gain? That's easy enough
to calculate: Imagine a symmetrical input
signal wiggle, in which input 1 rises by



SOME AMPLIFIER BUILDING BLOCKS
2.18 Differential amplifiers

9

vin (@ smal-signa variation) and input 2
drops by the same amount. As long as
both transistors stay in the active region,
point A remainsfixed. Thegain isthen de-
termined as with the single transistor am-
plifier, remembering that the input change
is actually twice the wiggle on either base:
Gait = Rc/2(re + RE). Typicdly Rg is
small, 100 ohmsor less, or it may be omit-
ted entirely. Differential voltage gains of a
few hundred are typical.

The common-mode gain can be deter-
mined by putting identical signals vin, on
both inputs. If you think about it correctly
(remembering that R; carries both emitter
currents), you'll findGem = —Re /(2R +
REg). Here weve ignored the small r., be-
cause R; is typicaly large, at least a few
thousand ohms. We really could have ig-
nored Rg as well. The CMRR is roughly
R,/(re T Rg). Let's look at a typical ex-
ample (Fig. 2.68) to get some familiarity
with differential amplifiers.

R is chosen for a quiescent current
of 100uA. As usual, we put the collector
at 0.5Vee for large dynamic range. Q1’s
collector resistor can be omitted, since
no output is taken there. R; is chosen
to give total emitter current of 200uA,
split equally between the two sides when

input 1

the (differential) input is zero. From the
formulas just derived, this amplifier has
a differential gain of 30 and a common-
mode gain of 0.5. Omitting the 1.0k
resistors raises the differential gain to
150, but drops the (differential) input
impedance from about 250k to about 50k
(you can substitute Darlington transistors
in the input stage to raise the impedance
into the megohm range, if necessary).

Remember that the maximum gain of
a single-ended grounded emitter amplifier
biased to 0.5Vec is 20Vee. In the case
of a differential amplifier the maximum
differential gain (Rg = 0) is hdf that
figure, or (for arbitrary quiescent point)
20 times the voltage across the collector
resistor. The corresponding maximum
CMRR (again with Rg = 0) is equal to
20 times the voltage across R; .

EXERCISE 2.13
Verify that these expressions are correct. Then
design a differential amplifier to your own spec-
ifications.

The differential amplifier is sometimes
caled a "long-tailed pair,” because if the
length of a resistor symbol indicated its
magnitude, the circuit would look like
Figure 2.69. The long tail determines the

Vout RC

Gypy=—"=""—
9t T T, 20Rg +r,)

G _fe
M 2R, +Rg +r,
R

CMRR ~ ————
RE re

Figure 2.68. Cdculating differential amplifier performance.
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long tail

Fgure 2.69

common-mode gain, and the small inter-
emitter resistance (including intrinsic
emitter resistance r.) determines the dif-
ferential gain.

Current-source biasing

The common-mode gain of the differential
amplifier can be reduced enormously by
substituting a current source for R;. Then
R, effectively becomes very large, and
the common-mode gain is nearly zero.
If you prefer, just imagine a common-
mode input swing; the emitter current
source maintains a constant total emitter
current, shared equally by the two collector
circuits, by symmetry. The output is
therefore unchanged. Figure 2.70 showsan
example. The CMRR of this circuit, using
an LM394 monolithic transistor pair for
Q1 and Q5 and a 2N5963 current source
is 100,000:1 (100dB). The common-mode
input range for this circuit goes from —12
volts to +7 volts;, it is limited at the
low end by the compliance of the emitter
current source and at the high end by the
collector's quiescent voltage.

Be sure to remember that this amplifier,
like dl transistor amplifiers, must have a
dc bias path to the bases. If theinput isca
pacitively coupled, for instance, you must
have base resistors to ground. An addi-
tional caution for differential amplifiers,

—15v

ngre 2.70. ImprovingCMRR of the differen-
tid amplifier with a current source.

particularly those without inter-emitter
resistors. Bipolar transistors can tolerate
only 6 volts of base-emitter reverse bias
before breakdown; thus, applying a differ-
ential input voltage larger than this will
destroy the input stage(if there is no inter-
emitter resistor). An inter-emitter resistor
limits the breakdown current and prevents
destruction, but the transistors may be de-
graded (in hge, Noise, etc.). In either case
the input impedance dropsdrastically dur-
ing reverse conduction.

Use in single-ended dc amplifiers

A differential amplifier makes an excellent
dc amplifier, even for single-ended inputs.
You just ground one of the inputsand con-
nect the signal to the other (Fig. 2.71). You
might think that the "unused” transistor
could be eliminated. Not so! The dif-
ferential configuration is inherently com-
pensated for temperature drifts, and even
when one input is at ground that transis-
tor is still doing something: A tempera-
ture change causes both Vggs to change
the same amount, with no change in bal-
ance or output. That is, changesin Vgg
are not amplified by Gaig (only by G,
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which can be made essentially zero). Fur-
thermore, the cancellation of Vggs means
that there are no 0.6 volt drops at the input
to worry about. The quality of a dc ampli-
fier constructed this way islimited only by
mismatching of input Vggs or their tem-
perature coefficients. Commercial mono-
lithic transistor pairs and commercial dif-
ferential amplifier ICs are available with
extremely good matching (e.g., the MAT-
01 npn monolithic matched pair has a typ-
ical drift of Vgg between the two transis-
tors of 0.15pV/°C and 0.2uV per month).

+Vee

dc input .
(noninverting)

-V

EE

Figure2.71 A differential amplifiercan be used
as a precison sngle-ended dc amplifier.

Either input could have been grounded
in the preceding circuit example. The
choice depends on whether or not the
amplifier is supposed to invert the signal.
(The configuration shown is preferable
at high frequencies, however, because of
Miller effect; see Section 2.19.) The
connection shown is noninverting, and so
the inverting input has been grounded.
This terminology carries over to op-amps,
which are simply high-gain differential
amplifiers.

Current mirror active load

As with the simple grounded emitter am-
plifier, it is sometimes desirable to have a

single-stage differential amplifier with very
high gain. An elegant solution is a cur-
rent mirror active load (Fig. 2.72). Q1Q>
is the differential pair with emitter cur-
rent source. @3 and (4, a current mir-
ror, form the collector load. The high ef-
fective collector load impedance provided
by the mirror yields voltage gains of 5000
or more, assuming no load at the ampli-
fier's output. Such an amplifier is usually
used only within a feedback loop, or as a
comparator (discussed in the next section).
Be sure to load such an amplifier with a
high impedance, or thegain will drop enor-
mougly.

+Vee

Q,

"VEE

Figure 2.72. Differential amplifier with active
current mirror load.

Differential amplifiers as phase splitters

The collectors of a symmetrical differen-
tial amplifier generate equal signal swings
of opposite phase. By taking outputsfrom
both collectors, you've got a phase splitter.
Of course, you could also use a differen-
tial amplifier with both differential inputs
and differential outputs. This differential
output signal could then be used to drive
an additional differential amplifier stage,
with greatly improved overal common-
mode rejection.
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Differential amplifiers as comparators

Because of its high gain and stable char-
acteristics, the differential amplifier is the
main building block of the comparator, a
circuit that tells which of two inputs is
larger. They are used for all sorts of ap-
plications: switching on lightsand heaters,
generating square wavesfrom triangles, de-
tecting when a level in a circuit exceeds
some particular threshold, class D ampli-
fiersand pulse-code modulation, switching
power supplies, etc. The basic idea is to
connect a differential amplifier so that it
turns a transistor switch on or off, depend-
ing on the relative levels of the input sig-
nals. The linear region of amplification
is ignored, with one or the other of the
two input transistors cut off at any time.
A typical hookup isillustrated in the next
section by a temperature-controlling cir-
cuit that uses a resistive temperature sen-
sor (thermistor).

2.19 Capacitance and Miller effect

In our discussion so far we have used what
amounts to a dc, or low-frequency, model
of the transistor. Our simple current
amplifier model and the more sophisti-
cated Ebers-Moll transconductance mod-
el both deal with voltages, currents, and
resistances seen at the various terminals.
With these model s al one we have managed
to go quite far, and in fact these simple
models contain nearly everything you will
ever need to know to design transistor cir-
cuits. However, one important aspect that
has seriousimpact on high-speed and high-
frequency circuits has been neglected: the
existence of capacitance in the external cir-
cuit and in the transistor junctions them-
selves. Indeed, at high frequencies the ef-
fects of capacitance often dominate circuit
behavior; at 100 MHz a typical junction
capacitance of 5pF has an impedance of
320 ohmsg!

We will deal with this important sub-
ject in detail in Chapter 13. At this point

we would merely like to state the problem,
illustrate some of its circuit incarnations,
and suggest some methods of circumvent-
ing the problem. It would be a mistake
to leave this chapter without realizing the
nature of this problem. In the course of
this brief discussion we will encounter the
famous Miller effect and the use of config-
urations such as the cascode to overcome
it.

Junction and circuit capacitance

Capacitance limits the speed at which the
voltages within a circuit can swing ("'dew
rate™), owing to finite driving impedance
or current. When a capacitance is driven
by afinite sourceresistance, you see RC ex-
ponential charging behavior, whereas a ca-
pacitance driven by a current source leads
to slew-rate-limited waveforms (ramps).
As general guidance, reducing the source
impedances and load capacitances and in-
creasing the drive currents within a circuit
will speed things up. However, there are
some subtleties connected with feedback
capacitance and input capacitance. Let's
take a brief look.

I output
T

Figure 2.73. Junction and load capacitancesin
atransistor anplifier.

The circuit in Figure 2.73 illustrates
most of the problems of junction capac-
itance. The output capacitance forms a
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time constant with the output resistance
R;, (Rp includes both the collector
and load resistances, and Cr includes
both junction and load capacitances),
giving a rolloff starting at some frequency
f = 127rR1Cy. The sameis true for the
input capacitance in combination with the
source impedance Rs.

Miller effect

C¢p is another matter. The amplifier has
some overall voltage gain G'v, so a small
voltage wiggle at the input results in a
wiggle Gy times larger (and inverted) at
the collector. This means that the signal
source sees a current through Ce, that is
Gy+ 1ltimes aslarge as if C., were con-
nected from base to ground; i.e., for the
purpose of input rolloff frequency calcu-
lations, the feedback capacitance behaves
like a capacitor of value Cep(Gv + 1) from
input to ground. This effective increase of
C.p is known as the Miller effect. It of-
ten dominates the rolloff characteristics of
amplifiers, since a typical feedback capaci-
tance of 4pF can look like several hundred
picofarads to ground.

There are severa methods available to
beat the Miller effect. It is absent alto-
gether in a grounded base stage. You can
decrease the source impedance driving a
grounded emitter stage by using an emit-
ter follower. Figure 2.74 shows two other
possibilities. The differential amplifier cir-
cuit (with no collector resistor in Q1) has
no Miller effect; you can think of it as an
emitter follower driving a grounded base
amplifier. Thesecond circuit isthe famous
cascode configuration. (1 is a grounded
emitter amplifier with Ry, as its collector
resistor. @9 is interposed in the collector
path to prevent Q1’s collector from swing-
ing (thereby eliminating the Miller effect)
while passing the collector current through
to the load resistor unchanged. V. is a
fixed bias voltage, usualy set a few volts
above @’s emitter voltage to pin @1’s

Ve

output

A Voo +15V

Figure 2.74. Two circuit configurations that
avoid Miller effect. Circuit B is the cascode.

collector and keep it in the active region.
Thisfragment isincomplete as shown; you
could either include a bypassed emitter
resistor and base divider for biasing (as
we did earlier in the chapter) or include
it within an overall loop with feedback at
dc. V4 might be provided from a divider
or zener, With bypassing to keep it stiff at
signal frequencies.

EXERCISE 2.14
Explain in detail why there is no Miller effect
in either transistor in the preceding differential
amplifier and cascode circuits.

Capacitive effects can be somewhat
more complicated than this brief introduc-
tion might indicate. In particular: (a) The
rolloffsdue to feedback and output capaci-
tances are not entirely independent; in the
terminology of the trade there is pole split-
ting, an effect we will explain in the next
chapter. (b) The input capacitance till
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has an effect, even with a stiff input sig-
nal source. In particular, current that flows
through Cy. is not amplified by the tran-
sistor. This base current "'robbing" by the
input capacitance causes the transistor's
small-signal current gain h¢. to drop at
high frequencies, eventually reaching unity
at a frequency known as fr. (c) To com-
plicate matters, the junction capacitances
depend on voltage. C. changes so rapidly
with base current that it is not even spec-
ified on transistor data sheets; fr isgiven
instead. (d) When a transistor is operated
as a switch, effects associated with charge
stored in the base region of a saturated
transistor cause an additional lossof speed.
We will take up these and other topics hav-
ing to do with high-speed circuits in Chap-
ter 13.

2.20 Field-effect transistors

In this chapter we have dealt exclusively
with bipolar junction transistors (BJTS),
characterized by the Ebers-Moall equation.
BJTsweretheoriginal transistors, and they
still dominate analog circuit design. How-
ever, it would be a mistake to continue
without a few words of explanation about
the other kind of transistor, the field-effect
transistor (FET), which we will take up in
detail in the next chapter.

The FET behaves in many ways like
an ordinary bipolar transistor. It is a 3-
terminal amplifying device, available in
both polarities, with a terminal (the gate)
that controls the current flow between the
other two terminals (source and drain).
It has a unique property, though: The
gate draws no current, except for leakage.
This means that extremely high input
impedances are possible, limited only by
capacitance and leakage effects. With
FETs you don't have to worry about
providing substantial base current, as was
necessary with the BJT circuit design of
this chapter. Input currents measured in

picoamperes are commonplace. Yet the
FET is a rugged and capable device, with
voltage and current ratings comparable to
those of bipolar transistors.

Most of the available devices fabricated
with transistors (matched pairs, differen-
tial and operational amplifiers, compara-
tors, high-current switches and amplifiers,
radiofrequency amplifiers, and digital
logic) arealso available with FET construc-
tion, often with superior performance.
Furthermore, microprocessors and mem-
ory (and other large-scale digital electron-
ics) are built almost exclusively with FETSs.
Finally, the area of micropower design is
dominated by FET circuits.

FETs are so important in electronic de-
sign that we will devote the next chapter
tothem, before treating operational ampli-
fiers and feedback in Chapter 4. We urge
the reader to be patient with us as we lay
the groundwork in these first three difficult
chapters; that patience will be rewarded
many times over in the succeeding chap-
ters, as we explore the enjoyable topics of
circuit design with operational amplifiers
and digital integrated circuits.

SOME TYPICAL TRANSISTOR CIRCUITS

To illustrate some of the ideas of this
chapter, let's look at a few examples of
circuits with transistors. The range of
circuits we can cover isnecessarily limited,
since real-world circuits often use negative
feedback, a subject we will cover in
Chapter 4.

2.21 Regulated power supply

Figure 2.75 shows a very common config-
uration. R; normally holds ¢; on; when
the output reaches 10 volts, (2 goes into
conduction (base at 5V), preventing fur-
ther rise of output voltage by shunting base
current from ;’s base. The supply can be
made adjustable by replacing R, and Rg3
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Q1
+12V to +25V 2N3055 - +H1ov
(unregulated) Ll .0 to 100mA
] i
R, Q, 1.0k
1.0k 2N3904
R
43v 3

1N4731

Figure 2.75. Feedback voltage regulator.

by a potentiometer. This is actually an
example of negative feedback: @2 "looks
at' the output and does something about
it if the output isn't at the right voltage.

2.22 Temperature controller

The schematic diagram in Figure 2.76

shows a temperature controller based on
a thermistor sensing element, a device that
changes resistance with temperature. Dif-
ferential Darlington @; - Q4 comparesthe
voltage of the adjustable reference divider
R4-Rg with the divider formed from the
thermistor and R,. (By comparing ratios
from the same supply, the comparison be-
comesinsensitiveto supply variations; this
particular configuration is called a Wheat-
stone bridge.) Current mirror @sQs pro-
vides an active load to raise the gain, and
mirror Q7Qs providesemitter current. Qo
compares the differential amplifier output
with afixed voltage, saturating Darlington
Q10®Q11, Which supplies power to the heat-
er, if the thermistor is too cold. Rg is a
current-sensing resistor that turns on pro-
tection transistor Q2 if the output cur-
rent exceeds about 6 amps; that removes
base drive from Qi0Q11, preventing
damage.

+50V (unregulated)

Ay
10k
thermistor

= = Figure 2.76. Temperature controller for 50 wett heater.
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2 8 2 4 ! 4 +12V dc
D4
R, R, R, & buzzer 1N4001
1.0k 1.0k 1.0k
03
2N3725
D4 Q,
1NO14
2N3904 |
{2)
D, D,
1N914 IN914
lef i © . .
:O;r s, S, 332: Sy [ seat Figure 2.77. Both diodes and tran-
sistors are used to make digital logic
= = = ""gates™ in this seat-belt buzzer circuit.
1000 —
- 2N5962
— 1
LM394
2 3 2N5087
w
W
< 2N4124
£
S 4
g 100 2N4401 IN5179
5 = 5
g 6
7
L 2N5322
8 2N5320
10 ' ' | z | |
TuA 10uA 100uA TmA 10mA 100mA 1A

collector current, /.

Figure 2.78. Curves of typical transistor current gain, hrg, for a selection of transistors from
Table 2.1. These curves are taken from manufacturers' literature. You can expect production
spreads of +100%, —50% from the "typical" values graphed.
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+10V

1.6k 1.5k

Figure 2.79

2.23 Simple logic with transistors
and diodes

Figure 2.77 shows a circuit that performs
a task we illustrated in Section 1.32:
sounding a buzzer if either car door isopen
and the driver is seated. In thiscircuit the
transistors all operate as switches (either
off or saturated). Diodes D; and D2
form what is caled an OR gate, turning
off @, if either door is open (switch
closed). However, the collector of Q1 stays
near ground, preventing the buzzer from
sounding unless switch S3 is also closed
(driver seated); in that case Rz turns (3
on, putting 12 volts across the buzzer. D3
provides adiodedrop so that Q; isoff with
S, or S, closed, and D4 protects (3 from
the buzzer's inductive turn-off transient.

In Chapter 8 we will discuss logic circuitry
in detail.

Table 2.1 presents a selection of useful
and popular small-signal transistors; Fig-
ure 2.78 shows corresponding curves of
current gain. See also Appendix K.

SELF-EXPLANATORY CIRCUITS

2.24 Good circuits

Figure 2.80 shows a couple of circuit ideas
that use transistors.

2.25 Bad circuits

A lot can be learned from your own
mistakes or someone else's mistakes. In
thissection we present agallery of blunders
(Fig. 2.81). You can amuse Yyoursdf
by thinking of variations on these bad
circuits, and then avoiding them!

ADDITIONAL EXERCISES

(1) Design a transistor switch circuit that
alows you to switch two loads to ground
via saturated npn transistors. Closing

switch A should cause both loads to be
powered, whereas closing switch B should
power only oneload. Hint: Use diodes.
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TABLE 2.1. SELECTED SMALL-SIGNAL TRANSISTORS?
Plastic
I h Ceb fr TO-5¢ TO-18 TO-92"
Veeo max F 1 tyEC tyﬁd Gain

V) (mA) typ (mCA) (pF)  (MHz)  curve npn pnp npn pnp npn pnp
General 20 500 100 150 16 200 - - - - - -
purpose 25 200 200 2 1828 300 4 - - - - 4124 4126

40 200 200 10 1.82.8 300 _ _ 3947 3251 3904 3906

h h lal

High gain, 25 50 300 10 2-7 150 _ - - - 3391A ,3Z07 4058h
low noise 25 300 250 50 4 300 - - - - 6008 6009

25 50 500 5 154 500 - - - - 5089 -

40 20 700 1 14 200 2 LM394 - - - - ~

45 50 1000 10 1.5 300 1 - - -~ - 5962 -

50 50 350 5 18 400 3 _ _ 2848 3965 4967,5210 4965,5087
High 30-60 600 150 150 5 300 5 2219 2905 2222 2907,3251 4401 4403
current 50 1000 100 200 7 450 3725 5022 4014 - - -

60 1000 70 80 15 100 2102,3107 4036 _ - - -

75 2000 70 500 20 60 7.9 5320 5322 ~ - - -
High 150 600 100 10 36 250 _ 4929 - - 5550 5401
voltage 300 1000 50 50 10 50 3439 5416 - - - -
High 12 50 80 3 0.7 1500 6 - - 5179 - 3662"
speed 12 100 50 8 1.5 900 8 - - 018 4208 5770 -

12 200 75 25 3 500 - - 2369 2894 5769 5771

(@ all transistors are 2Nxxx numbers, except for the LM394 dual transistor. Devices listed on a single row are similar in characteristics and in some cases
are electrically identical. ® see figure 2.76. © at Vog=10V. @ see figure 13.4. © or TO-39.
two basic pinouts: EBC and ECB. Transistors with superscript hare ECB; all others are EBC.

M or TO-72, TO-46.

() T0-92 and its variants have
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(@ Consider the current source in Figure
2.79. (a) What is Iicaq? What is the
output compliance? Assume Vgg is 0.6
volt. (b) If hpg varies from 50 to 100
for collector voltages within the output
compliance range, how much will the
output current vary? (There are two effects
here) (c) If Vg varies according to
AVpg = —0.0001 AVeg (Early effect),
how much will the load current vary over
the compliance range? (d) What is the
temperature coefficient of output current
assuming that hpg does not vary with
temperature? What is the temperature
coefficient of output current assuming that
hrg increases from its nominal value of
100 by 0.4%/°C?

(3 Design a common-emitter npn ampli-
fier with voltage gain of 15, Voo of +15
volts, and I¢ of 0.5mA. Bias the collector
at 0.5V, and put the low-frequency 3dB
point at 100Hz.

(@ Bootstrap the circuit in the preceding
problem in order to raise the input imped-
ance. Choose the rolloff of the bootstrap
appropriately.

(B Design a dc-coupled differential am-
plifier with voltage gain of 50 (to a single-
ended output) for input signals near
ground, supply voltages of £15 volts, and
quiescent currents of 0.1mA in each tran-
sistor. Use a current source in the emitter
and an emitter follower output stage.

(6) In this problem you will ultimately de-
sign an amplifier whose gain is controlled
by an externally applied voltage (in Chap-
ter 3 you will see how to do the same
thing with FETs). (@ Begin by design-
ing a long-tailed pair differential amplifier
with emitter current source and no emitter
resistors (undegenerated). Use £15 volt
supplies. Set I (each transistor) at 1maA,
and use Rc = 1.0k. Calculate the volt-
age gain from a single-ended input (other
input grounded) to a single-ended output.
(b) Now modify the circuit so that an ex-
ternally applied voltage controls the emit-
ter current source. Give an approximate

\ 4 +20V

Q, Q, to further
stages

input 1-& Q, Qq input 2

- VEE

Figure 2.83. Base-current cancellation scheme,
commonly used in high-quality operational
amplifiers.

formula for the gain as a function of
controlling voltage. (In a real circuit you
might arrange a second set of voltage-
controlled current sources to cancel the
guiescent-point shift that gain changes
produce in this circuit, or a differential-
input second stage could be added to your
circuit.)

(7 Disregarding the lessons of this chap-
ter, a disgruntled student builds the am-
plifier shown in Figure 2.82. He adjusts
R until the quiescent point is0.5Vece. ()
What is Z;, (at high frequencies where
Z¢ = 0)? (b) What isthe small-signal volt-
agegain? (c) What rise in ambient temper-
ature (roughly) will cause the transistor to
saturate?
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(8 Severad commercialy available pre-
cision op-amps (e.g., the venerable OP-
07 and the recent LT1012) use the circuit
in Figure 2.83 to cancel input bias cur-
rent (only half of the symmetrical-input

differential amplifier isshown in detail; the
other half works the same way). Explain
how the circuit works. Note: (J; and @2
are abeta-matched pair. Hint: It's all done
with mirrors.



Ch3: Field-Effect Transistors

INTRODUCTION

Field-effect transistors (FETSs) are different
from the ordinary transistors (sometimes
called "bipolar transistors,” " bipolar junc-
tion transistors,” or BJTs, to distinguish
them from FETs) that we talked about
in the last chapter. Broadly speaking,
however, they are similar devices,
which we might call charge-control de-
vices. In both cases we have a 3-terminal
device in which the conduction between
two electrodes depends on the availabil-
ity of charge carriers, which is controlled
by a voltage applied to a third control
electrode.

Here's how they differ: In an npn BJT
the collector-base junction is back-biased,
so no current normally flows. Forward-
biasing the base-emitter junction by =0.6
volts overcomes its diode " contact poten-
tial barrier,” causing electronsto enter the
base region, where they are strongly at-
tracted to the collector; although some base
current results, most of these " minority
carriers"” are captured by the collector.
This results in a collector current, con-
trolled by a (smaller) base current. The

collector current is proportional to the
rate of injection of minority carriers into
the base region, which is an exponential
function of the BE potential difference (the
Ebers-Moall equation). You can think of
a bipolar transistor as a current amplifier
(with roughly constant current gain, hrg)
or as a transconductance device (Ebers—
Moll).

In a FET, as the name suggests, conduc-
tion in a channel is controlled by an elec-
tricjield, produced by a voltage applied to
the gate electrode. There are no forward-
biased junctions, so the gate draws no cur-
rent; this is perhaps the most important
advantage of the FET. As with BJTs, there
are two polarities, n-channel FETs (con-
duction by electrons) and p-channel FETs
(conduction by holes). These two polari-
ties are analogous to the familiar apn and
pnp bipolar transistors, respectively. In ad-
dition, however, FETstend to be confusing
at first because they can be made with two
different kinds of gates (thus JFETs and
MOSFETs), and with two different kinds
of channel doping (leading to enhancement
and depletion modes). Well sort out these
possibilities shortly.

113
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First, though, some motivation and per-
spective: The FET’s nonexistent gate cur-
rent is its most important characteristic.
The resulting high input impedance (which
can be greater than 10'4Q) is essential in
many applications, and in any case it
makes circuit design simple and fun. For
applications like analog switches and am-
plifiersof ultrahigh input impedance, FETs
have no equal. They can be easily used by
themselves or combined with bipolar tran-
sistors to make integrated circuits: In the
next chapter well see how successful that
process has been in making nearly perfect
(and wonderfully easy to use) operational
amplifiers, and in Chapters 8-11 well see
how digital electronics has been revolu-
tionized by MOSFET integrated circuits.
Because many FETsusing very low current
can be constructed in a small area, they
are especially useful for large-scale integra-
tion (LSI) digital circuitssuch as calculator
chips, microprocessors, and memories. In
addition, high-current MOSFETSs (30A or
more) of recent design have been replacing
bipolar transistors in many applications,
often providing simpler circuits with im-
proved performance.

3.01 FET characteristics

Beginners sometimes become catatonic
when directly confronted with the confus-
ing variety of FET types (see, for exam-
ple, the first edition of this book!), a vari-
ety that arises from the combined choices
of polarity (n-channel or p-channel), form
of gate insulation (semiconductor junction
[JFET] or oxideinsulator[MOSFET]), and
channel doping (enhancement or depletion
mode). Of the eight resulting possibilities,
six could be made, and five actualy are.
Four of those fiveare of major importance.
It will aid understanding (and sanity),
however, if we begin with one type only,
just as we did with the npn bipolar tran-
sistor. Once comfortable with FETs, well
have little trouble with their family tree.

FET V-I curves

Let's look first at the n-channel enhance-
ment-mode MOSFET, which is analogous
to the npn bipolar transistor (Fig. 3.1). In
normal operation the drain (~collector) is
more positive than the source (~emitter).
No current flows from drain to source
unless the gate (~base) is brought positive
with respect to the source. Once the
gate is thus " fonvard-biased" there will be
drain current, al of which flows to the
source. Figure 3.2 shows how the drain
current Ip varieswith drain-source voltage
Vps, for a few values of controlling gate-
source voltage Vias. For comparison, the
corresponding *family" of curves of Ic
versus Vgg for an ordinary npn bipolar
transistor is shown. Obviously threre are
a lot of similarities between n-channel
MOSFETs and npn bipolar transistors.

drain collector

’ body base __l
gate

source emitter

n-channel MOSFET npn bipolar transistor

Figure 3.1

Like the npn transistor, the FET has a
high incremental drain impedance, giving
roughly constant current for Vps greater
than a volt or two. By an unfortunate
choice of language, thisiscalled the " satu-
ration™ region of the FET and corresponds
to the "active" region of the bipolar tran-
sistor. Anaogous to the bipolar transistor,
larger gate-to-source bias produces larger
drain current. If anything, FETs behave
more nearly like ideal transconductance
devices (constant drain current for con-
stant gate-source voltage) than do bipolar
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Figure 3.2. Measured MOSFET/transistor characteristic curves.
A. VNOI106 n-channel MOSFET: Ip versus Vps for various values of Vgs.
B. 2N3904 npn bipolar transistor: I¢ versus Vee for various values of Vse.

transistors; the Ebers-Moll equation pre-
dicts perfect transconductance characteris-
tics for bipolar transistors, but that ideal
behavior is degraded by the Early effect
(Section 2.10).

So far, the FET looks just like the npn
transistor. Let's look closer, though. For
one thing, over the normal range of cur-
rents the saturation drain current increases
rather modestly with increasing gate volt-

age (Vgs). In fact, it is proportional to
(Vas — Vr)?, where Vr is the " gate thresh-
old voltage™ at which drain current begins
(Vr =~ 1.63V for the FET in Fig. 3.2);
compare this mild quadratic law with the
steep exponential transistor law, as given
to us by Ebers and Moll. Second, there is
zero dc gate current, so you mustn't think
of the FET as a device with current gain
(which would be infinite). Instead, think
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of the FET as a transconductance device,
with gate-source voltage programming the
drain current, as we did with the bipolar
transistor in the Ebers-Moll treatment; re-
call that the transconductance g is sim-
ply the ratio ¢4/vgs (recal the conven-
tion of using lower-case letters to indicate
"small-signal" changesin a parameter; e.g.,
iq/vgs = 814/6Vy,). Third, the gate of a
MOSFET istruly insulated from the drain-
source channel; thus, unlike the situation
for bipolar transistors (or JFETs, as well
see), you can bring it positive (or negative)
at least 10 volts or more without worrying
about diode conduction. Finaly, the FET
differs from the bipolar transistor in the
so-called linear region of the graph, where
it behaves rather accurately like a resistor,
even for negative Vpg; this turns out to be
quite useful because the equivalent drain-
source resistance is, as you might guess,
programmed by the gate-source voltage.

Two examples

FETs have more surprises in store for
us. Before getting into more details,
though, let's look at two simple switching
applications. Figure 3.3 shows the MOS-
FET equivalent of Figure 2.3, our first sat-
urated transistor switch. The FET circuit
is even simpler, because we don't have
to concern ourselves with the inevitable
compromise of providing adequate base
drive current (considering worst-case min-
imum hrg combined with thelamp's cold
resistance) without squandering excessive
power. Instead, we just apply a full-swing
dc voltage drive to the cooperative high-
impedance gate. As long as the switched-
on FET behaves like a resistance small
compared with the load, it will bring its
drain closeto ground; typical power MOS-
FETs have Ron < 0.2 ohm, which is fine
for thisjab.

Figure 3.4 shows an "analog switch"
application, which cannot be done at all
with bipolar transistors. Theideahereisto
switch the conduction of a FET from open-

+10V

I I ) 10V 0.1A
lamp

VNO106

o\__l

Figure 3.3. MOSFET switch.

mVI/V\/W«

—O=—=q
signal in 'L'—'L {
>

A
ﬂ
« 15: switch ON !

ground. switch OFF

Figure 3.4

circuit (gate reverse-biased) to short-circuit
(gate forward-biased), thus blocking or
passing the analog signal (well see plenty
of reasons to do this sort of thing later).
In this case we just arrange for the gate
to be driven more negative than any in-
put signal swing (switch open), or a few
volts more positive than any input signa
swing (switch closed). Bipolar transistors
aren't suited to this application, because
the base draws current and forms diodes
with the emitter and collector, producing
awkward clamping action. The MOSFET
is delightfully simple by comparison,
needing only a voltage swing into the
(essentially open-circuit) gate. Warning:
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e gate

T
conducting n-type region
forms here when gate 15

brought positive

Figure 3.5. An n-channel MOSFET.

It's only fair to mention that our treat-
ment of this circuit has been somewhat
simplistic, for instance ignoring the effects
of gate-channel capacitance and the
variation of Ron with signal swing. Well
have more to say about analog switches
later.

3.02 FET types

n-channel, p-channel

Now for the family tree. First of al, FETs
(like BJTs) can be fabricated in both po-
larities. Thus, the mirror twin of our n-
channel MOSFET isa p-channel MOSFET.
Its behavior is symmetrical, mimicking
pnp transistors: Thedrain isnormally neg-
ative with respect to the source, and drain
current flowsif the gate is brought at least
a volt or two negative with respect to the
source. The symmetry isn't perfect be-
cause the carriers are holes, rather than
electrons, with lower "mobility"” and " mi-
nority carrier lifetime.” These are semi-
conductor parameters of importance in
transistor performance. The consequence
is worth remembering - p-channel FETs
usually have poorer performance,
manifested as higher gate threshold vol-
tage, higher Ron, and lower saturation
current.

K “body” or

“substrate”’

MOSFET, JFET

In a MOSFET (“Metal-Oxide-Semicon-
ductor Field-Effect Transistor'") the gate
region is separated from the conducting
channel by a thin layer of SiO. (glass)
grown onto the channel (Fig. 35). The
gate, which may be either metal or doped
silicon, istruly insulated from the source-
drain circuit, with characteristic input
resistance >10'* ohms. It affects channel
conduction purely by its electric field.
MOSFETSs are sometimes called insulated-
gate FETSs, or IGFETs. Thegate insulating
layer is quite thin, typicaly less than a
wavelength of light, and can withstand
gate voltages up to £20 volts or more.
MOSFETSs are easy to use because the gate
can swing either polarity relative to the
source without any gate current flowing.
They are, however, quite susceptible to
damage from static electricity; you can
destroy a MOSFET device literally by
touching it.

The symbols for MOSFETSs are shown
in Figure 3.6. The extra terminal is the
"body," or "substrate,”” the piece of sili-
con in which the FET is fabricated (see
Fig. 3.5). Because the body forms a diode
junction with the channel, it must be held
at a nonconducting voltage. It can be
tied to the source, or to a point in the
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drain drain making the drain the preferred output
terminal.
gate —l ET body gate " E; body
drain 1
source source
or or gate Hﬁ s ( >
drain drain
source
gate _‘ <+—— body gate W[:l’* body ot
drain

source source

A. nchannel MOSFET B. p-channel MOSFET

Figure 3.6

circuit more negative (positive) than the
source for n-channel @-channel) MOS-
FETs. It is common to see the body
terminal omitted; furthermore, engineers
often use the symbol with the symmetrical
gate. Unfortunately, with what's left you
can't tell source from drain; worse till,
you can't tell n-channel from p-channel!
We will use the lower set of schematic
symbols exclusively in this book to avoid
confusion, although we will often leave the
body pin unconnected.

InaJFET (" Junction Field-Effect Tran-
sistor) the gate forms a semiconductor
junction with the underlying channel. This
hasthe important consequencethat aJFET
gate should not be forward biased with re-
gpect to the channel, to prevent gate cur-
rent. For example, diode conduction will
occur as the gate of an n-channel JFET
approaches +0.6 volt with respect to the
more negativeend of the channel (whichis
usually the source). The gate is therefore
operated reverse-biased with respect to the
channel, and no current (except diode leak-
age) flows in the gate circuit. The cir-
cuit symbols for JFETs are shown in Fig-
ure 3.7. Once again, we favor the symbol
with offset gate, to identify the source. As
well seelater, FETs (both JFET and MOS-
FET) are nearly symmetrical, but the gate-
drain capacitance is usualy designed to
be less than the gate-source capacitance,

drain

source |

gate A—E

source

A. n-channel JFET or

drai‘r
gate

source
B. p-channel JFET

Figure 3.7

Enhancement, depletion

The n-channel MOSFETSs with which we
began the chapter were nonconducting,
with zero (or negative) gate bias, and were
driven into conduction by bringingthe gate
positive with respect to the source. This
kind of FET is known as enhancement
mode. The other possibility is to manu-
facture the n-channel FET with the chan-
nel semiconductor "doped" so that there
is plenty of channel conduction even with
zero gate bias, and the gate must bereverse-
biased a few voltsto cut off the drain cur-
rent. Such a FET is known as depletion
mode. MOSFETS can be made in either
variety, sincethere isno restriction on gate
polarity. But JFETs permit only reverse
gate bias and therefore can be made only
in depletion mode.

A graph of drain current versus gate-
source voltage, at a fixed value of drain
voltage, may help clarify this distinction
(Fig. 3.8). The enhancement-mode device
draws no drain current until the gate
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is brought positive (these are n-channel
FETs) with respect to the source, whereas
the depletion-mode device is operating at
nearly its maximum value of drain current
when the gate is at the same voltage asthe
source. In some sense the two categories
are artificial, because the two curves are
identical except for a shift along the Vg
axis. In fact, it is possible to manufacture
"in-between" MOSFETs. Nevertheless,
the distinction is an important one when
it comes to circuit design.

log plot

! ID’ ~JFET limit
1TmA

depletion enhancement

TuA +

[N ST T E .
-5 -4 -3 -2-1 0 1 2 3 4

Vs

Figure 3.8

Note that JFETs are adways depletion-
mode devices and that the gate cannot be
brought more than about 0.5 volt more
positive (for n-channel) than the source,
since the gate-channel diode will conduct.
MOSFETSs could be either enhancement or
depletion, but in practice you rarely see
depletion-mode MOSFET s (the exceptions
being n-channel GaAs FETs and “dual-
gate™ cascodes for radiofrequency applica-
tions). For all practical purposes, then, you
have to worry only about (a) depletion-
mode JFETs and (b) enhancement-mode
MOSFETSs; they both come in the two po-
larities, n-channel and p-channel.

3.03 Universal FET characteristics

A family tree (Fig. 3.9) and a map (Fig.
3.10) of input/output voltage (source

grounded) may help simplify things. The
different devices (including garden-variety
npn and pnp bipolar transistors) are drawn
in the quadrant that characterizes their in-
put and output voltages when they are in
the active region with source (or emitter)
grounded. You don't have to remember
the properties of the five kinds of FETS,
though, because they're dl basically the
same.

FETs
|

JFET MOSFET

n-channel depletion enhancement

n-channel I—l_|

n-channel p-channel

p-channel

Figure 3.9

output

n-channel enhancement
npn transistors

n-channel depletion
n-channel JFET

» + input

input — - }

p-channel enhancement l p-channel JFET

pnp transistors

t

output

Figure 3.10

First, with the source grounded, a FET
is turned on (brought into conduction)
by bringing the gate voltage "toward" the
activedrain supply voltage. Thisistruefor
al fivetypesof FETs, aswell asthe bipolar
transistors. For example, an n-channel
JFET (which is automatically depletion-
mode) uses a positive drain supply, as do
al n-type devices. Thus a positive-going
gate voltage tends to turn on the JFET.
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The subtlety for depletion-mode devices is
that the gate must be (negatively) back-
biased for zero drain current, whereas
for enhancement-mode devices zero gate
voltage is sufficient to give zero drain
current.

Second, because of the near symmetry
of sourceand drain, either terminal can act
asthe effective source (exception: not true
for power MOSFETS, where the body is
internally connected to the source). When
thinking of FET action, and for purposes
of calculation, the effective source terminal
is aways the one most "away" from the
active drain supply. For example, suppose
a FET is used to switch a line to ground,
and both positive and negative signals are
present on the switched line, which is usu-
aly selected to be the FET drain. If the
switch isan n-channel MOSFET (therefore
enhancement), and a negative voltage hap-
pensto be present on the (turned-off) drain
terminal, then that terminal is actually the
"source” for purposes of gate turn-on volt-
age calculation. Thus a negative gate volt-
age larger than the most negative signal,
rather than ground, is needed to ensure
turn-off.

The graph in Figure 3.11 may help you
sort out all these confusing ideas. Again,
the difference between enhancement and
depletion is merely a question of displace-
ment aong the Vgs axis - i.e., whether
there isalot of drain current or no drain
current at all when the gate is at the same
potential asthe source. The n-channel and
p-channel FETs are complementary in the
same way as npn and pnp bipolar transis-
tors.

In Figure 3.11 we have used standard
symbols for the important FET parame-
ters of saturation current and cutoff volt-
age. For JFETs the value of drain current
with gate shorted to source is specified on
the data sheets as Ipss and is nearly the
maximum drain current possible. (IDss
means current from drain to source with
the gate shorted to the source. Throughout

the chapter you will see this notation, in
which the first two subscripted letters des-
ignate the pair of terminals, and the third
specifiesthe condition.) For enhancement-
mode MOSFETSs the analogous specifica
tionis Ip(ony, given at some forward gate
voltage (“Ipss” would be zero for any
enhancement-mode device).

log plot
ID(on) (Vgs = —5) 4 I

4
{pss <

o piom (Vs = +6)

PMOS
enhancement
NMOS

enhancement

n-channel

JFET p-channel

JFET

TSNS S, T | | 1] 1
-5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5
Ve vy vy Vp

Figure 3.11

For JFETs the gate-source voltage at
which drain current approaches zero is
called the "gate-source cutoff voltage,”
Vas(orF), or the "pinch-off voltage,” Vp,
and istypicaly in the range of —3to —10
volts (positive for p-channel, of course).
For enhancement-mode MOSFETs the
analogous quantity is the "threshold volt-
age," Vr (or Vgs(sn)), the gate-source volt-
age at which drain current begins to flow.
Vr is typically in therangeof 0.5 to 5 volts,
in the "forward" direction, of course. In-
cidentaly, don't confuse the MOSFET Vg
with the Vr in the Ebers-Moll equation
that describes bipolar transistor collector
current; they have nothing to do with each
other.

With FETs it is easy to get confused

about polarities. For example, n-channel
devices, which usually have the drain
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positive with respect to the source, can
have positive or negative gate voltage, and
positive (enhancement) or negative (deple-
tion) threshold voltages. To make mat-
ters worse, the drain can be (and often
is) operated negative with respect to the
source. Of course, al these statements go
in reverse for p-channel devices. In or-
der to minimize confusion, we will aways
assume n-channel devices unless explicitly
stated otherwise. Likewise, because MOS-
FETs are nearly aways enhancement-
mode, and JFETs are always depletion-
mode, well omit those designations from
now on.

3.04 FET drain characteristics

In Figure 3.2 we showed afamily of curves
of Ip versus Vpg that we measured for
a VNO0106, an n-channel enhancement-
mode MOSFET. (The VNOI comes in
various voltage ratings, indicated by the
last two digits of the part number. For
example, a VNO106 is rated at 60V.) We
remarked that FETs behave like pretty
good transconductance devices over most
of the graph (i.e., Ip nearly constant for a
given Vggs), except at small Vpg, where
they approximate a resistance (i.e., Ip
proportional to Vpg). In both cases the
applied gate-source voltage controls the
behavior, which can be wdl described
by the FET analog of the Ebers-Moll
equation. Let's look at these two regions
a bit more closely.

Figure 3.12 shows the situation sche-
matically. In both regions the drain cur-
rent depends on Vgs — Vr, the amount
by which the applied gate-source voltage
exceeds the threshold (or pinch-off) volt-
age. The linear region, in which drain
current is approximately proportional to
Vps, extends up to a voltage Vpsg(sat),
after which the drain current is approx-
imately constant. The slope in the lin-
ear region, Ip/Vps, is proportional to the
gate bias, Vgs — V. Furthermore, the

drain voltage at which the curves enter
the "saturation region,” Vpg(sat), €quals
Vs —Vr, making the saturation drain cur-
rent, Ip(sat)» proportional to (Vgs — Vir)?,
the quadratic law we mentioned earlier.
For reference, here are the universal FET
drain-current formulas:

Ip = 2k[(Vas — Vr)Vps — Vig/2]
(linear region)

Ip = k(Vgs — Vr)?  (saturation region)

linear t tion region
ration r
reglon satu 9

/ Wgs - Vrh=3v

{
o / saturation drain current

/ propartional to Vg ~ V)2

/
/
S'Opel / (Vgs ~ V, 1 =2V
proportional ——
to Vgs — Vr 7B
/ (Vg = Vy) =1V
-
ﬁ/ Vos
linear region
extends to
Vosiwan  Vas
Figure 3.12

If we cdl Vgs — Vr (the amount by
which the gate-source voltage exceeds the
threshold) the " gate drive,” the important
results are that (a) the resistance in the
linear region is inversely proportional to
gate drive, (b) the linear region extends to
a voltage equal to the gate drive, and (c)
saturation drain current is proportional to
the square of the gate drive. These equa-
tions assume that the body is connected to
the source. Notethat the' linear region™ is
not really linear, because of the V34 term;
well show a clever circuit fix later.

The scale factor k& depends on particu-
lars such as the geometry of the FET, ox-
ide capacitance, and carrier mobility. It
has a temperature dependence k o« T-3/2,
which alone would cause Ip to decrease
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with increasing temperature. However, Vr
also depends dightly on temperature (2-
5mV/°C); the combined effect produces
the curve of drain current versus tempera-
ture shown in Figure 3.13.

sauare root nlot

+25°C
30mA —
20mA .
15mA 2N4351 nsc
m n-channel MOSFET
10mA —
/o =
5rnA E
- +125°C,
| 50°C
TmA - % zero temperature coefficient
Y bias voltage
oamal T
OmA R 5

o] \ 10

extrapolated V;

Vgs (V)

Figure 3.13

At large drain currents the negative tem-
perature coefficient of & causes the drain
current to decrease with increasing tem-
perature - goodbye thermal runaway! As
a conseguence, FETs of a given type can
be paralleled without the external current-
equalizing (“'emitter-ballasting™) resistors
that you must use with bipolar transis-
tors (see Section 6.07). This same nega-
tive coefficient also prevents thermal run-
away in local regions of the junction (an
effect known as " current hogging'™), which
severely limitsthe power capability of large
bipolar transistors, as well see when we
discuss " second breakdown™ and "' safe op-
erating area”” in Chapter 6.

At small drain currents (where the tem-
perature coefficient of Vp dominates), Ip
has a positive tempco, with a point of
zero temperature coefficient at some drain
current in between. This. effect is ex-
ploited in FET op-amps to minimize
temperature drift, as well see in the next
chapter.

Subthreshold region

Our expression given earlier for satura-
tion drain current does not apply for very
small drain currents. This is known as
the " subthreshold™ region, where the chan-
nel is below the threshold for conduction,
but some current flows anyway because
of a small population of thermally ener-
getic electrons. If you've studied physics
or chemistry, you probably know in your
bones that the resulting current isexponen-
tial:

ID = kexp(VGs - VT)

We measured some MOSFETs over 9
decades of drain current (InA to 1A) and
plotted the result as a graph of Ip versus
Vaes (Fig. 3.14). The region from 1nA
to ImA is quite precisely exponential;
above this subthreshold region the curves
enter the normal saturation region. For
the n-channel MOSFET (type VNO1) we
checked out a sample of 20 transistors
(from four different manufacturing runs
spread over 2 years), plotting the extreme
range to give you an idea of the variability
(see next section). Note the somewhat
poorer characteristics (Vr, Ip(ony) of the
"*complementary" VFPOI.

3.05 Manufacturing spread of FET
characteristics

Before we look at some circuits, let's take
a look at the range of FET parameters
(such as Ipss and Vr), as well as their
manufacturing " spread” among devices of
the same nominal type, in order to get
a better idea of the FET. Unfortunately,
many of the characteristics of FETs show
much greater process spread than the cor-
responding characteristics of bipolar tran-
sistors, a fact that the designer must keep
in mind. For example, the VNO1 (a typ-
ical n-channel MOSFET) has a specified
Vr of 0.8 to 2.4 volts (Ip = 1mA), com-
pared with the analogous Veg spread of
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Figure 3.14. Measured MOSFET drain current
versus gate-source voltage.

0.63 to 0.83 volt (also at I = 1mA) for
an npn bipolar transistor. Here's what you
can expect:

Characteristic Available range Spread
Ipss, Ipon) 1mA to 100A X5
Rpsion) 0.059 to 10k X5
gm @ ImA 500-3000uS X5
Vp (JFETSs) 05-10v 5V

Vr (MOSFETs) 0.5-5v 2V

Vbs(oFF) 6-1000V
BVgs(oFF) 6-125V

Rp(ony is the drain-source resistance
(linear region, i.e., smal Vpg) when the
FET is conducting fully, e.g., with the
gate grounded in the case of JFETSs or
with a large applied gate-source voltage
(usually specified as 10V) for MOSFETS.
Ipss and Ip(ony arethe saturation-region
(largeVps) d(rai n currents under the same
turned-on gate drive conditions. Vp is the
pinch-off voltage (JFETS), Vr is the turn-
on gatethreshold voltage (MOSFETSs), and

the BV's are breakdown voltages. As you
can see, a JJFET with grounded source may
be a good current source, but you can't
predict very well what the current will
be. Likewise, the Vs needed to produce
some value of drain current can vary
considerably, in contrast to the predictable
(=0.6V) Vg of bipolar transistors.

Matching of characteristics

Asyou can see, FETs are inferior to bipo-
lar transistors in Vgs predictability, i.e.,
they have a large spread in the Vgs re-
quired to produce a given Ip. Devices
with a large process spread will, in gen-
eral, have larger offset (voltage unbalance)
when used as differential pairs. For in-
stance, typical run-of-the-mill bipolar tran-
sistors might show a spread in Vgg of
50mV or so, at some collector current,
for a selection of off-the-shelf transistors.
The comparable figure for MOSFETS is
more like 1 volt! Because FETs have some
very desirable characteristics otherwise, it
is worthwhile putting in some extra effort
to reduce these offsetsin specialy manu-
factured matched pairs. IC designers use
techniques likeinterdigitation (two devices
sharing the same general piece of I1C red
estate) and thermal-gradient cancellation
schemes to improve performance (Fig.
3.15).

The results are impressive. Although
FET devicesstill cannot equal bipolar tran-
sistorsin Vs matching, their performance
is adequate for most applications. For ex-
ample, the best available matched FET has
a voltage offset of 0.5mV and tempco of
5uV/°C (max), whereas the best bipolar
pair has values of 25uV and 0.6uV/°C
(max), roughly 10 times better. Opera-
tional amplifiers (the universal high-gain
differential amplifiers well see in the next
chapter) are available in both flavors; you
would generally choose one with bipolar
innards for high precision (because of its
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FET 1

FET 2

A. interdigitation

FET FET

—» heat flow

FET FET

B. temperature-gradient cancellation

Figure 3.15

close input-transistor Vgg matching),
whereas a FET-input op-amp is the ob-
vious choice for high-impedance applica
tions (because its inputs - FET gates -
draw no current). For example, the inex-
pensive JFET-input LF411 that we will use
asour al-around op-amp in the next chap-
ter hasatypical input current of SOpA and
costs $0.60; the popular MOSFET-input
TLC272 costs about the same and has a
typical input current of only 1pA! Com-
pare this with a common bipolar op-amp,
the uA741, with typica input current of
80,000pA (80nA).

Tables 3.1-3.3 list a selection of typi-
cad JFETs (both single and dual) and
small-signal MOSFETs. Power MOSFETS,
which we will discuss in Section 3.14, are
listed in Table 3.5.

BASIC FET CIRCUITS

Now were ready to look at FET circuits.
Yau can usualy find a way to convert

a circuit that uses BJTs into one using
FETs. However, the new circuit may not
be an improvement! For the remainder
of the chapter wed like to illustrate cir-
cuit situations that take advantage of
the unique properties of FETS, i.e., cir-
cuits that work better with FETSs, or that
you can't build at al with bipolar transis-
tors. For this purpose it may be helpful
to group FET applications into catego-
ries; here are the most important, as we
seeit:

High-impedance/low-current. Buffers or
amplifiers for applications where the base
current and finite input impedance of BJTs
limit performance.  Although you can
build such circuits with discrete FETS,
current practice favors using integrated
circuits built with FETs. Some of these
use FETs as a high-impedance front-end
for an otherwise bipolar design, whereas
others use FETs throughout.

Analog switches. MOSFETS are excellent
voltage-controlled analog switches, as we
hinted in Section 3.01. Well look briefly
at this subject. Once again, you should
generaly use dedicated "analog switch"
ICs, rather than building discrete circuits.
Digital logic. MOSFETs dominate micro-
processors, memory, and most high-
performance digital logic. They are used
exclusively in micropower logic. Here,
too, MOSFETs make their appearance in
integrated circuits. Well seewhy FETsare
preferable to BJTs.

Power switching. Power MOSFETSs are of-
ten preferable to ordinary bipolar power
transistors for switching loads, as we sug-
gested in our first circuit of the chapter.
For this application you use discrete power
FETs.

Variable resistors; current sources. In the
"linear" region of the drain curves, FETs
behave like voltage-controlled resistors; in
the "saturation™ region they are voltage-
controlled current sources. You can exploit
this intrinsic behavior of FETs in your
circuits.
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TABLE3.1. JFETs

lpss Vas(orr), VP

iss cru

BVggs Mmin max min max max max

Type vy (mA)  (mA) (V) V) (F) (pF) Comments
n-channel 5
2N4117A- 40 0.03 0.09 0.6 18 3 1 low leakage: 1pA (max)
2N4119A 40 0.24 0.6 2 6 4 15 ge: 1p
2N4338 50 0.2 0.6 0.3 1 6 2 0.5tANHz @ 100Hz
2N4416 30 5 15 25 6 4 0.8 VHF low noise: <2dB@100MHz
2N4867A- 40 0.4 12 0.7 2 25 5 low freq, low noise:
2N4869A 40 25 7.5 1.8 5 25 5 10nV/VHz(max)@10Hz
2N5265- 60 0.5 1 - 3 7 2 series of 6, tight Ipgg spec;
2N5270 60 7 14 = 8 7 2 2N5358-64 p-chan complement
2N5432 25 150 - 4 10 30 15 switch: Rgy=5Q(max)
2N5457- 25 1 5 0.5 6 7 3 general purpose;
2N5459 25 4 16 2 8 7 3 2N5460-2 p-chan complement
2N5484- 25 1 5 03 3 5 1 low noise RF; inexpensive
2N5486 25 8 20 2 6 5 1 > Inexp
25K117 50 0.6 14 0.2 1.5 13 3t ultra low noise: 1nVAHz
25K147 40 5 30 0.3 12 7% 15! ultra low noise: 0.7nV/NHz
p-channel
2N5114 30 30 90 5 10 25 7 switch: Ron=75Q(max)
2N5358- 40 0.5 1 0.5 3 6 2 series of 7, tight Ipgg Spec;
2N5364 40 9 18 25 8 6 2 2N5265-70 n-chan complement
2N5460- 40 1 5 0.75 6 7 2 general purpose;
2N5462 40 4 16 18 9 7 2 2N5457-9 n-chan complement
28J72 25 5 30 0.3 2 188t 5% ultra low noise: 0.7nV/Hz
0 typical

Generalized replacement for bipolar tran-
sistors. You can use FETs in oscillators,
amplifiers, voltage regulators, and radio-

3.06 JFET current sources

JFETSs are used as current sources within

frequency circuits (to name a few), where
bipolar transistors are also normally used.
FETs aren't guaranteed to make a better
circuit - sometimes they will, sometimes
they won't. You should keep them in mind
as an aternative.

Now let's look at these subjects. Well
adopt a dightly different order, for clarity.

integrated circuits (particularly op-amps),
and also sometimes in discrete designs.
Thesimplest JFET current source isshown
in Figure 3.16; we chose a JFET, rather
than a MOSFET, because it needs no gate
bias (it's depletion mode). From agraph of
FET drain characteristics (Fig. 3.17) you
can see that the current will be reasonably
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TABLE 3.2. SELECTED MOSFETs

Q
D
s _V I
& RDS(on)@V _ GS(th)— (VDrS‘=1"6V) Cres
& max gs Min max min rmnax BVpg BVgg lg
Type Mig® & (M) M & M  may @R M G comments
n-channel
3SK38A TO . 500 3 - - 10 25 20 12 25
3N170 L - 200 10 1.0 2 10 1.3 25 35 0.01
SD210 Sl - 45 10 05 2 - 0.5 30 40 01 low Roy
SD211 Sl . 45 10 05 2 - 0.5 30 15 10 low Roy
VN1310 ST - 8 10 0.8 2.4 500 5 100 20 01 small VMOS; D-S diode
IT1750 L - 50 20 05 3 10 1.6 25 25 001
VN2222L SI - 8 5 06 25 750 5 60 40 0.1 small VMOS; D-S diode
CD3600 RC ° 500 10 1.5t - 1.3 04 15 15 0.01 equivto 4007 array
2N3796 MO - - - -4 - 14 0.8 25 10 0.001 depletion; ipgg=1.5mA
2N4351 MO+ - 300 10 15 5 3 25 25 35 001 popular
p-channel
3N163 IL - 250 20 2 5 5 0.7 40 40 0.01
VP1310 ST - 25 10 15 35 250 5 100 20 0.1 small VMOS; D-S diode
IT1700 IL - 400 10 2 5 2 12 40 40 0.01
CD3600 RC 500 10 180 - 13 08 15 15 0.02 equiv to 4007 array
2N4352 MO+ - 600 10 15 6 2 25 25 35 0.01 popular
3N172 L . 250 20 2 5 5 1 40 40 02 popular
(@) see footnotesto Table 4.1. ¥ typical.

M7 o

—

Figure 3.16

constant for Vps larger than a couple of
volts. However, because of Ipss Spread,
the current is unpredictable. For example,
the 2N 5484 (atypical n-channel JFET) has
a specified Ipgs of ImA to SmA. Still,
the circuit is attractive because of the sim-
plicity of a two-terminal constant-current

device. If that appeals to you, you're in
luck. You can buy "current-regulator
diodes" that are nothing more than
JFETs with gate tied to source, sorted
according to current. They're the cur-
rent analog of a zener (voltage regulator)
diode. Here are the characteristics of the
IN5283-1N5314 series:

Currents available 0.22mA to 4.7mA

Tolerance 10%

Temperature coefficient 4-0.4%/°C

Voltage range 1V=-2.5V min, 100V max
Current regulation 590typical

Impedance 1M typical (for 1mA device)

We plotted | versusV for a 1N5294
(rated at 0.75mA); Figure 3.18A shows
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Figure 3.17. Measured JFET characteristic

curves. 2N5484 n-channd JFET: Ip versus
Vps for various vaues of Vs,

good constancy of current up to the break-
down voltage (140V for this particular
specimen), whereas Figure 3.18B shows
that the device.reaches full current with
somewhat less than 1.5 volts across it.
Well show how to use these devices to
make a cute triangle-wave generator in Sec-
tion 5.13. Table 3.4 is a partial listing of
the IN5283 series.

Source self-biasing

A variation of the previous circuit (Fig.
3.19) gives you an adjustable current

T
Er
r
O 1 —1
0 100 200
V V)
A
2
£t
0 1 1 1 1 i
] 1 2 3 4 5
Viv)

B

Figure3.18. 1N5294 "current regulator diode.”

Figure 3.19

source. The self-biasing resistor R back-
biases the gate by IpR, reducing Ip and
bringing the JFET closer to pinch-off. You
can calculate R from the drain curves for
the particular JFET. Thiscircuit allowsyou
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TABLE3.3. DUAL MATCHED n-CHANNEL JFETs

lass Vas(orr), Ve €n Crss
Vos Drift  (Vpg=20V) CMRR ———— (10Hz) (Vpg=10V)
max max max min min max max max
Type (mV) (uV/C) (PA) (dB) V) (V)  (n"VANHz)  (pF) Comments
U421 10 10 0.2 90 0.4 2 50 1.5 Siliconix
2N3954A 5 5 100 - 1 3 1502 1.2 gen purp, low drift
2N3955 5 25 100 - 1 45 1502 1.2 popular
2N3958 25 - 100 1 45 1502 1.2
2N5196 5 5 15 0.7 4 200 2
2N5520 5 5 100 100 0.7 4 15 5
2N5906 5 5 2 90! 0.6 4.5 70t 1.5 low gate leakage
2N5911 10 20 100 - 1 5 20° 1.2 low noise at high freq
2N6483 5 5 100 100 0.7 4 10 3.5 low noise at low freq
NDF9406 5 5 5 120 0.5 4 30 0.1 cascode: low C, g
2N5452 5 5 100¢ - 1 4.5 20P 1.2¢
25K146 20 - 1000¢ 0.3 1.2 1.3 15t ultra low noise

@ at 100Hz. © at 1kHz. ©@ at 10kHz. @ at30v. © at20v. O typical.

to set the current (which must be lessthan
Ipss), as wdl as to make it more pre-
dictable. Furthermore, the circuit is a bet-
ter current source (higher impedance) be-
causethe source resistor provides " current-
sensing feedback™ (which well learn about
in Section 4.07), and also because FETs
tend to be better current sources anyway
when the gate is back-biased (as can per-
haps be seen from the flatness of the lower
drain-current curvesin Figs. 3.2 and 3.17).
Remember, though, that actual curves of
Ip for some value of Vs obtained with
areal FET may differ markedly from the
valuesread from aset of published curves,
owing to manufacturing spread. You may
therefore want to use an adjustable source
resistor, if it isimportant to have a specific
current.

EXERCISE 3.1

Usethe2N5484 measured curvesin Fgure3.17
todesign aJFET current sourceto ddiver 1mA.
Now ponder thefact that the specified Ipgg d
a2N5484 iIS1mA (min), 5MA (max).

A JFET current source, even if built
with source resistor, shows some variation
of output current with output voltage; i.e.,
it hasfinite output impedance, rather than
the desirable infinite Z,,;. The measured
curves of Figure 3.17, for example, suggest
that over a drain voltage range of 5 to
20 volts, a 2N 5484 shows a drain current
variation of 5% when operated with gate
tied tosource(i.e., Ipss). Thismight drop
to 2% or so if you use a source resistor.
The same trick used in Figure 2.24 can
be used with JFET current sources and
is shown in Figure 3.20. The idea (as
with BJTs) is to use a second JFET to
hold constant the drain-source voltage of
the current source. @, is an ordinary
JFET current source, shown in this case
with a source resistor. @, is a JFET of
larger Ipss, connected "'in series” with the
current source. It passes @1’s (constant)
drain current through to the load, while
holding @Q1’s drain at a fixed voltage -
namely the gate-source voltage that makes
Q2 operate at the same current as Q.
Thus Q2 shields Q; from voltage swings
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TABLE 3.4. CURRENT-REGULATORDIODES?

Impedance
(25V) Viin
lp min  (I>081p)

Type  (mA) (MQ) V)
1N5283 0.22 25 1.0
1N5285 0.27 14 1.0
1N5287 0.33 6.6 1.0
1N5288 0.39 4.1 1.1
1N5290 0.47 2.7 1.1
1N5291 0.56 1.9 1.1
1N5293 0.68 1.4 1.2
1N5294 0.75 1.2 1.2
1N5295 0.82 1.0 1.3
1N5296 0.91 0.9 1.3
1N5297 1.0 0.8 1.4
1N5299 1.2 0.6 1.5
1N5302 1.5 0.5 1.6
1N5304 1.8 04 1.8
1N5305 2.0 04 1.9
1N5306 2.2 04 2.0
1N5308 27 0.3 2.2
1N5309 3.0 0.3 2.3
1N5310 3.3 0.3 24
1N5312 3.9 0.3 2.6
1N5314 4.7 0.2 2.9

(@) all operate to 100V and 600mW, and look like
diodes in the reverse direction

a its output; since @ doesn't see drain
voltage variations, it just sits there and
provides constant current. If you look
back at the Wilson mirror (Fig. 2.48),
you'll see that it uses this same voltage
clamping idea.

You may recognize this JFET circuit
as the " cascode,” which is normally used
to circumvent Miller effect (Section 2.19).
A JFET cascode is simpler than a BJT
cascode, however, because you don't need
a bias voltage for the gate of the upper
FET: Becauseit's depletion-mode, you can
smply ground the upper gate (compare
with Fig. 2.74).

EXERCISE 3.2
Explain why the upper JFET in a cascode must
have higher Ipgg than the lower JFET. It may

l Lok

o8

Q,

-+

Ipss! Q) > Ipss( Q1)

Figure 3.20. Cascode JFET current sink.

helpto consider a JFET cascode with no source
resistor.

It is important to realize that a good
bipolar transistor current source will give
far better predictability and stability than a
JFET current source. Furthermore, the op-
amp-assisted current sources well see in
the next chapter are better till. For exam-
ple, a FET current source might vary 5%
over atypical temperature range and load
voltage variation, even after being set to
the desired current by trimming the source
resistor, whereas an op-amp/transistor (Or
op-amp/FET) current source is predictable
and stable to better than 0.5% without
great effort.

3.07 FET amplifiers

Source followers and common-source FET
amplifiersare analogous to the emitter fol-
lowers and common-emitter amplifiers
made with bipolar transistors that we
talked about in the last chapter. How-
ever, the absence of dc gate current makes
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it possible to realize very high input im-
pedances. Such amplifiers are essential
when dealing with the high-impedance sig-
nal sources encountered in measurement
and instrumentation. For some specialized
applications you may want to build follow-
ersor amplifierswith discrete FETS; most
of the time, however, you can take advan-
tage of FET-input op-amps. In either case
it's worth knowing how they work.

With JFETs it is convenient to use the
same self-biasing scheme as with JFET
current sources (Section 3.06), with a
single gate-biasing resistor to ground (Fig.
3.21); MOSFETs require a divider from
the drain supply, or split supplies, just
as we used with BJTs. The gate-biasing
resistors can be quite large (a megohm or
more), because the gate leakage current is
measured in nanoamps.

+Voo

+Vop

Figure 3.21

Transconductance

The absence of gate current makes trans-
conductance (the ratio of output current
to input voltage: g, = f%out/vin) the
natural gain parameter for FETs. This
isin contrast to bipolar transistorsin the
last chapter, where we at first flirted with
the idea of current gain (iout/%in), then
introduced the transconductance-oriented
Ebers-Moll model: It's useful to think
of BJTs either way, depending on the
application.

FET transconductance can be estimated
from the characteristic curves, either by
looking at the increase in Ip from one
gate-voltage curve to the next on the family
of curves (Fig. 32 or 3.17), or, more
smply, from the dope of the Ip-Vgs
"transfer characteristics™ curve (Fig. 3.14).
The transconductance depends on drain
current (well see how, shortly) and is, of
course,

gm(ID) = id/'Ugs

(Remember that lower-caselettersindicate
quantities that are small-signal variations.)
From this we get the voltage gain

Gvoltage = vd/”gs = —RD'I:d/'Ugs

= —gmBRp

just the same as the bipolar transistor re-
sult in Section 2.09, with load resistor R¢
replaced by Rp. Typicdly, FETs have
transconductances of a few thousand mi-
crosiemens (micromhos) at a few milli-
amps. Because g, depends on drain cur-
rent, there will be some variation of gain
(nonlinearity) over the waveform as the
drain current varies, just as we have with
grounded emitter amplifiers (where g, =
1/re, proportional to I¢). Furthermore,
FETs in general have considerably lower
transconductance than bipolar transistors,
which makes them less suitable as ampli-

fiersand followers. Let's look at thisalittle
further.

Transconductance of FETs versus BJTs

To make our last remark quantitative, con-
sider a JFET and a BJT, each operating
at 1mA. Imagine they are connected as
common source (emitter) amplifiers, with
a drain (collector) resistor of 5k to a +10
volt supply (Fig. 3.22). Let's ignoredetails
of biasing and concentrate on the gain.
The BJT has an r, of 25 ohms, hence a
gm Of 40 mS, for a voltage gain of —200
(which you could have calculated direct-
ly as —Rg/re). A typical JFET (e.g., a
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Foure 3.22

2N4220) has a g, of 2mS at a drain cur-
rent of 1mA, giving a voltage gain of —10.
This seems discouraging by comparison.
Thelow g,,, also producesarelatively large
Zout iN afollower configuration (Fig. 3.23):
The JFET has

Zout = 1/gm

which in this case equals 500 ohms (inde-
pendent of signal source impedance), to be
compared with the BJT, which has

Zout = Rs/hfe +7e = Rs/hfe + l/gm

equal to Rs/hfe+ 25 ohms (at 1mA). For
typical transistor betas, say hfe = 100,
and reasonable signal sources, say with
R, < 5k, the BJT follower is an order
of magnitude stiffer (Zouwt = 250 to 750).
Note, however, that for R, > 50k the
JFET follower will be better.

To seewhat is happening, let's look back
at the expressions for FET drain current
versus gate-source voltage and compare
with the equivalent expression (Ebers-
Moll) for BJT collector current versusbase-
emitter voltage.

BJT: The Ebers-Moll equation,

IC = Is{exp(VBE/VT) - 1},
with Vp = kT /q = 25mV

predicts g, = dIc/dVBE = Ic/VT
for collector currents large compared with
"leskage" current Is. Thisis our familiar
result r.(ohms) = 25/Ic(mA), since gm =
1/7e.

FET: In the "subthreshold™ region of
very low drain current,

Ip x exp(Vgs)

which, being exponential like Ebers-Moll,
also givesa transconductance proportional

+ Vee

_|_: Figure 3.23. Follower output
- im
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to current. However, for real-world val-
ues of k (whichis determined by FET ge-
ometry, carrier mobility, etc.) the FET’s
transconductance is somewhat lower than
the BJT’s, about I/40mV for p-channel
MOSFETs and I/60mV for n-channel
MOSFETS, as compared with I/25mV for
BJTs. As the current is increased, the
FET enters the normal "saturation” re-
gion, where

Ip = k(Vgs - Vr)?

which gives g,, = 2(kIp)Y/2. That is,
the transconductance increases only as the
square root of Ip and is well below the
transconductance of a bipolar transistor
at the same operating current; see Fig-
ure 3.24. Increasing the constant k in
our preceding equations (by raising the
width/length ratio of the channel) increases
the transconductance (and the drain cur-
rent, for agiven Vgs) in the region above
threshold, but the transconductance still
remains less than that of a bipolar tran-
sistor at the same current.

g, (mmho)
subthreshold |
region 10 k=100
k=10
bipolar Ry,
transistor

i

| Il | | | |
01 twA 10 100 1mA 10 100

Fgure 3.24. Compaison o g., for bipolar
tra%s'storsand FI:_I'F_J&:ar g PO

EXERCISE 3.3
Derive the foregoing expressions for gm by
differentiating Iyt with respect to Viy,.

The problem of low voltage gain in
FET amplifiers can be circumvented by
resorting to a current-source (active) load,

but once again the bipolar transistor will
be better in the same circuit. For this
reason you seldom see FETs used assimple
amplifiers, unless it's important to take
advantage of their unique input properties
(extremely high input resistance and low
input current).

Note that FET transconductance in the
saturation region is proportional to Vgs —
Vr; thus, for example, a JFET with gate
operated hafway to pinch-off has a trans-
conductance approximately half that
shown on the data sheet (whereit isalways
given for Ip = Ipgs, 1.e., Vgs = 0).

Differential amplifiers

Matched FETs can be used to construct
high-input-impedance front-end stages for
bipolar differential amplifiers, as well as
the important op-amps and comparators
well meet in the next chapter. Aswe men-
tioned earlier, the substantial Vs offsets
of FETswill generally result in larger input
voltage offsetsand offset drifts than with a
comparable amplifier constructed entirely
with bipolar transistors, but of course the
input impedance will beraised enormoudly.

Oscillators

In general, FETSs have characteristics that
make them useful substitutes for bipolar
transistors in aimost any circuit that can
benefit from their uniquely high input im-
pedance and low biascurrent. A particular
instance is their use in high-stability LC
and crystal oscillators; well show examples
in Sections 5.18, 5.19, and 13.11.

Active load
Just as with BJT amplifiers, it is possible

to replace the drain-load resistor in a FET
amplifier with an active load, i.e., a current
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source. The voltage gain you get that way
can be very large:

Gy = —gmBRp

(with a drain resistor as load)
Gy = —gm Ry

(with a current source as load)

where R istheimpedance looking into the
drain (caled “g,ss”), typicaly in the range
of 100k to 1M.

One possibility for an active load is
a current mirror as the drain load for a
differential FET pair (see Section 2.18); the
circuit is not bias-stable, however, without
overall feedback. The current mirror can
be constructed with either FETs or BJTs.
Thisconfiguration isoften used in FET op-
amps, aswell seein the next chapter. You
will see another nice example of the active
load technique in Section 3.14 when we
discuss the CMOS linear amplifier.

3.08 Source followers

Because of the relatively low transconduc-
tance of FETSs, it's often better to use a
FET "source follower” (analogous to an
emitter follower) as an input buffer to a
conventional BJT amplifier, rather than
trying to make a common-source FET am-
plifier directly. You still get the high in-
put impedance and zero dc input current
of the FET, and the BJT’s large transcon-
ductance lets you achieve high single-stage
gain. Furthermore, discrete FETS (i.e.,
those that are not part of an integrated
circuit) tend to have higher interelectrode
capacitance than BJTs, leading to greater
Miller effect (Section 2.19) in common-
source amplifiers; the source follower con-
figuration, like the emitter follower, has no
Miller effect.

FET followers, with their high input im-
pedance, are commonly used as input
stagesin oscilloscopes aswell asother mea-
suring instruments. There are many ap-
plications in which the signal source

impedance is intrinsically high, e.g., ca
pacitor microphones, pH probes, charged-
particle detectors, or microelectrode sig-
nals in biology and medicine. In these
cases a FET input stage (whether discrete
or part of an integrated circuit) is a good
solution. Within circuits there are situa-
tions where the following stage must draw
little or no current. Common examples
are analog "sample-and-hold” and " peak
detector” circuits, in which the level is
stored on a capacitor and will *droop™
if the next amplifier draws significant
input current. In al these applications
the negligible input current of a FET
is more important than its low transcon-
ductance, making source followers (or
even common-source amplifiers) attrac-
tive alternatives to the bipolar emitter
follower.

+Voo

_ﬁs
S
in

Figure 3.25

Figure 3.25 shows the simplest source
follower. We can figure out the output
amplitude, as we did for the emitter fol-
lower in Section 2.11, using the transcon-
ductance. We have

vy = Rpiq4

since 44 is negligible; but
id = gmVgs = gm (Vg — Vs)
SO

O TS
’ (1+RLgm) I
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For R, = 1/gm, it is a good follower
(v, = wg), with gain approaching, but
alwaysless than, unity.

Output impedance

The preceding equation for v, is precisely
what you would predict if the source
follower's output impedance were equal
to 1/gm (try the calculation, assuming
a source voltage of v, in series with
1/gm driving a load of Rp). This is
exactly analogous to the emitter follower
situation, wherethe output impedance was
re = 25/Ic, or 1/gm. It can be easily
shown explicitly that a source follower has
output impedance 1/gm, by figuring the
source current for a signal applied to the
output with grounded gate (Fig. 3.26). The
drain current is

Ig = ImUgs = Gm?
SO
Tout = v/id = 1/gm

typicaly a few hundred ohms at currents
of afew milliamps. Asyou can see, FET
source followers aren't nearly as iff as
emitter followers.

+Vpp
htan |
= L
(’v 3
\r/
[}
__l._.
Figure 3.26

There are two drawbacksto this circuit:
1. The relatively high output impedance
means that the output swing may be signif-
icantly lessthan the input swing, even with
high load impedance, because R; aone
forms a divider with the source's output
impedance.  Furthermore, because the

drain current is changing over the signal
waveform, g¢,, and therefore the output
impedance will vary, producing some non-
linearity (distortion) at the output. Thesit-
uation is improved if FETs of high
transconductance are used, of course, but a
combination FET -bipolar follower isoften
a better solution.

2. Because the Vgs needed to produce
a certain operating current is a poorly
controlled parameter in FET manufacture,
a source follower has an unpredictable dc
offset, a serious drawback for dc-coupled
circuits.

Active load
The addition of a few components im-

proves the source follower enormously.
Let's take it in stages:

+Vpp

| Q,
or (better)
F——
R,,%__j

Lo ()
—Vss -

A B

Figure 3.27

First, replace Rt with a (pull-down)
current source (Fig. 3.27). The constant
source current makes Vgs approximately
constant, thus reducing nonlinearities.
You can think of this as the previous case
with infinite Ry, which is what a current
source is. The circuit on the right has
the advantage of providing low output imp-
edance, whilestill providing a(roughly)con-
stant source current of Vgg/Rp. We still
have the problem of unpredictable (and
therefore nonzero) offset voltage (from in-
put to output) of Vgs (Vas + Veg for
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the circuit on the right). Of course, we
could simply adjust Isnk to the particu-
lar value of Ipss for the given FET (in
the first circuit) or adjust R (in the sec-
ond). This is a poor solution, for two
reasons. (@) It requires individual adjust-
ment for each FET. (b) Even so, ID may
vary by a factor of two over the normal
operating temperature range for a given
VGS.

A better circuit usesa matched FET pair
to achieve zero offset (Fig. 3.28). @1
and @, are a matched pair, on a single
chip of silicon. @9 sinks a current exactly
appropriate to the condition Vgs = O.
So, for both FETs, Vgg = 0O, and @
is therefore a follower with zero offset.
Because @, tracks @1 in temperature, the
offset remains near zero independent of
temperature.

—
input _\

- VSS

Figure 3.28

Yau usually see the preceding circuit
with source resistors added (Fig. 3.29). A
little thought should convince you that R,
is necessary and that Ry = Ry guarantees
that Voot = Vin if @1 and Q2 are matched.
This circuit modification gives better 1D
predictability, alows you to set the drain
current to some value less than Ipss,
and gives improved linearity, since FETs
are better current sources when operated
bdow Ipgs. This follower circuit is
popular as the input stage for oscilloscope
vertical amplifiers.

For the utmost in performance you
can add circuitry to bootstrap the drain
(eliminating input capacitance) and use
a bipolar output stage for low output
impedance. That same output signal can
then be used to drive an inner "guard"
shield in order to effectively eliminate
the effects of shielded-cable capacitance,
which would otherwise be devastating for
the high source impedances that you might
see with this sort of high-impedance input
buffer amplifier.

+Vo

b
input

output

- VSS

Figure 3.29

3.09 FET gate current

We said at the outset that FETs in general,
and MOSFETs in particular, have essen-
tiadly zero gate current. This is perhaps
the most important property of FETs, and
it wasexploited in the high-impedanceam-
plifiers and followers in the previous sec-
tions. It will prove essential, too, in ap-
plications to follow - most notably analog
switchesand digital logic.

Of course, at some level of scrutiny we
might expect to see some gate current.
It's important to know about gate current,
because a naive zero-current model is
guaranteed to get you in trouble sooner or
later. Infact, finitegatecurrent arisesfrom
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severa mechanisms: Even in MOSFETSs
the silicon dioxide gate insulation is not
perfect, leading to leakage currents in the
picoampere range. In JFETSs the gate "in-
sulation™ isreally a back-biased diodejunc-
tion, with the same impurity and junction
leakage current mechanisms as ordinary
diodes. Furthermore, JFETs (n-channel in
particular) suffer from an additional effect
known as" impact-ionization™ gate current,
which can reach astounding levels. Finally,
both JFETs and MOSFETSs have dynani ¢
gate current, caused by ac signals driving
the gate capacitance; this can cause Miller
effect, just as with bipolar transistors.

In most cases gate input currents are
negligible in comparison with BJT base
currents. However, there are situations
in which a FET may actually have higher
input current! Let's look at the numbers.

Gate leakage

The low-frequency input impedance of a
FET amplifier (or follower) is limited by
gate leakage. JFET data sheets usually
specify a breakdown voltage, BVgss, de-
fined as the voltage from gate to channel

(source and drain connected together) at
which the gate current reaches 1uA. For
smaller applied gate-channel voltages, the
gate leakage current, Igss, again measured
with the source and drain connected to-
gether, is considerably smaller, dropping
quickly to the picoampere range for gate-
drain voltages well below breakdown.
With MOSFETSs you must never alow the
gate insulation to break down; instead,
gate leakage is specified as some maximum
leakage current at a specified gate-channel
voltage. Integrated circuit amplifiers with
FETs (e.g., FET op-amps) use the mislead-
ing term "input bias current,” Ig, to spec-
ify input leakage current; it's usually in the
picoampere range.

Thegood newsisthat these leakage cur-
rents are in the picoampere range at room
temperature. The bad newsisthat they in-
crease rapidly (in fact, exponentially) with
temperature, roughly doublingevery 10°C.
By contrast, BJT base currents aren't leak-
age, and in fact tend to decrease dlightly
with increasing temperature. The compar-
ison is shown graphically in Figure 3.30,
a plot of input current versus tempera-
ture for several 1C amplifiers (op-amps).
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The FET-input op-amps have the lowest
input currents at room temperature (and
below), but their input current rises rapidly
with temperature, crossing over the curves
for amplifiers with carefully designed BJT
input stages like the LM11 and LT1012.
These BJT op-amps, aong with " premi-
um™ low-input-current JFET op-amps like
the OPA111 and AD549, are fairly expen-
sive. However, we aso included everyday
"jellybean™ op-amps like the bipolar 358
and JFET LF411 in the figure to give an
idea of input currentsyou can expect with
inexpensive (less than a dollar) op-amps.

O JFET impact-ionization current

In addition to conventional gateleakage ef-
fects, n-channel JFETs suffer from rather
large gate leakage currents when operated
with substantial Vpg and Ip (the gate leak-
age specified on data sheets is measured
under the unredlistic conditions Vpgs =
Ip = 0)). Figure 3.31 showswhat happens.
The gate leakage current remains near the
I¢ss value until you reach acritical drain-
gate voltage, at which point it rises pre-
cipitoudly. This extra "impact-ionization™
current is proportional to drain current,
and it rises exponentially with voltage and
temperature. The onset of this current oc-
curs at drain-gate voltages of about 25% of
BVgss, and it can reach gate currents of
a microamp or more. Obviously a “high-
impedance buffer* with a microamp of in-
put current is worthless. That's what you
would get if you used a 2N4868A as a fol-
lower, running 1mA of drain current from
a 40 volt supply.

This extra gate leakage current afflicts
primarily n-channel JFETS, and it occurs
at higher values of drain-gate voltage.
Some cures are to (a) operate at low drain-
gate voltage, either with a low-voltage
drain supply or with a cascode, (b) use a
p-channel JFET, where the effect is much
smaller, or (c) use a MOSFET. The most

important thing isto be aware of the effect
so that it doesn't catch you by surprise.

2N4868A
TuA — gate leakage
100nA —
10nA —
Ig 1nA —
100pA —
10pA —
1pA = lgss
BVGSS
otpal L L1 11 ]y
10 20 30 40 50 60
Ve (V)
Figure 331. JFET gate leskage increases

disastroudy at higher drain-gate voltages and
is proportional to drain current.

O Dynamic gate current

Gate leaskage is a dc effect. Whatever is
driving the gate must also supply an ac
current, because of gate capacitance. Con-
sider a common-source amplifier.  Just
as with bipolar transistors, you can have
the simple effect of input capacitance to
ground (called C;ss), and you can have
the capacitance-multiplying Miller effect
(which acts on the feedback capacitance
Crss). There are two reasons why capaci-
tive effects are more serious in FETs than
in bipolar transistors: First, you use FETs
(rather than BJTs) because you want very
low input current; thus the capacitive cur-
rents loom relatively larger for the same
capacitance. Second, FETs often have
considerably larger capacitance than equiv-
alent bipolar transistors.

To appreciate the effect of capacitance,
consider a FET amplifier intended for a
signal source of 100k source impedance.
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At dc there's no problem, because the pi-
coampere currents produce only microvolt
drops across the signal source's interna
impedance. But at 1MHz, sy, an input
capacitance of 5pF presentsashunt imped-
ance of about 30k, seriously attenuating
the signal. Infact, any amplifier isin trou-
ble with a high-impedance signal at high
frequencies, and the usua solution is to
operate at low impedance (5052 is typical)
or use tuned L C circuits to resonate away
the parasitic capacitance. The point to un-
derstand isthat the FET amplifier doesn't
look likea 10'? ohm load at signal frequen-
cies.

+ 50V

CMOS digital logic

A

oad R, = 5009

Figure 3.32

As another example, imagine switching
a 10 amp load with a power MOSFET
(therearen't any power JFETs), in the style
of Figure 3.32. One might naively as-
sume that the gate could be driven from
a digital logic output with low current-
sourcing capability, for example the so-
caled CMOS logic, which can supply out-
put current on the order of 1mA with a
swing from ground to +10 volts. In fact,
such a circuit would be a disaster, since
with ImA of gatedrivethe 350pF feedback
capacitance of the 2N6763 would stretch
the output switching speed to a leisurely
20ps. Even worse, the dynamic gate cur-
rents (Jgate = C'dVp/dt) would force cur-
rents back into the logic device's output,

possibly destroying it via a perverse effect
known as "SCR latchup” (more of which
in Chapters 8 and 9). Bipolar power tran-
sistors turn out to have comparable ca
pacitances, and therefore comparable dy-
namic input currents; but when you
design a circuit to drive a 10-amp power
BJT, you're expecting to provide 500mA or
so of base drive (viaa Darlington or what-
ever), whereas with a FET you tend
to take low input current for granted. In
this example, once again, the ultra-high-
impedance FET haslost some of itsluster.

EXERCISE 3.4
Show that the circuit of Figure 3.32 switches
in about 20us, assuming 1mA of available gate
drive.

3.10 FETs as variable resistors

Figure 3.17 showed the region of JFET
characteristic curves (drain current versus
Vps for a small family of Vg voltages),
both in the normal (*saturated™) regime
and in the "linear" region of small Vpg.
We showed the equivalent pair of graphs
for a MOSFET at the beginning of the
chapter (Fig. 3.2). The Ip-versus-Vpg
curves are approximately straight lines for
Vps smaller than Vgs — Vg, and they
extend in both directions through zero,
i.e., the device can be used as a voltage-
controlled resistor for small signas of
either polarity. From our equation for Ip
versus Vgs in the linear region (Section
3.04) we easily find the ratio (Ip/Vps) to
be

1 Vbs
Ros =2k |(Vas = V1) - —

The last term represents a nonlinearity,
i.e., a departure from resistive behavior
(resistance shouldn't depend on voltage).
However, for drain voltages substantially
less than the amount by which the gate
is above threshold (Vps — 0), the last
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term becomes unimportant, and the FET
behaves approximately like a resistance:

Rps = 1/{2k(Vgs — V)]

Becausethe device-dependent parameter &
isn't a quantity you are likely to know, it's
more useful to write Rps as

Rps =~ Ro(Veo — Vr)/ (Ve — Vr)

where the resistance Rps at any gate
voltage Vi is written in terms of the
(known) resistance Ry at some gate voltage
Veo-

EXERCISE 3.5
Derive the preceding "scaling" law.

From either formula you can see that
the conductance (= 1/Rps) is propor-
tional to the amount by which the gate
voltage exceeds threshold. Another useful
fact isthat Rps = 1/gm, i.e., the channel
resistancein the linear region istheinverse
of the transconductance in the saturated
region. This is a handy thing to know,
because g,, is a parameter nearly always
specified on FET data sheets.

EXERCISE 3.6
Show that Rpg = 1/gm by finding the trans-
conductance from the saturation drain-current
formulain Section 3.04.

Typicdly, the values of resistance you
can produce with FETs vary from a few
tens of ohms (as low as 0.192 for power
MOSFETs) al the way up to an open
circuit. A typical application might be
an automatic-gain-control (AGC) circuit in
which the gain of an amplifier is adjusted
(via feedback) to keep the output within
the linear range. In such an AGC circuit
you must be careful to put the variable-
resistance FET at a place in the circuit
where the signal swing is small, preferably
less than 200mV or so.

The range of Vpg over which the FET
behaves like a good resistor depends on

the particular FET and is roughly propor-
tional to the amount by which the gate
voltage exceeds Vp (or V). Typicaly, you
might have nonlinearities of about 2% for
Vbs < 0.1(Vgs — Vp), and perhaps 10%
nonlinearity for Vps = 0.25(Vgs — Vp).
Matched FETs make it easy to design a
ganged variable resistor to control several
signals at once. JFETs intended for use
asvariable resistorsare available (Siliconix
VCR series) with resistance tolerances of
30%, specified at some Vg s.

It is possible to improve the linearity,
and simultaneously the range of Vpgs over
which a FET behaves like a resistor, by
a simple compensation scheme. Well
illustrate with an application.

O Linearizing trick: electronic gain control

By looking at the preceding equation for
1/Rps, you can see that the linearity will
be nearly perfect if you can add to the
gate voltage a voltage equal to one-half the
drain-source voltage. Figure 3.33 shows
two circuits that do exactly that. In the
first, the JFET forms the lower half of a
resistive voltage divider, thus forming a
voltage-controlled attenuator (or **volume
control™). Ry and Ry improvethelinearity
by adding a voltage of 0.5Vps to Vgs, as
just discussed. The JFET shown has an
ON resistance (gate grounded) of 60 ohms
(max), giving the circuit an attenuation
range of 0 to 40dB.

The second circuit usesa MOSFET asa
variable emitter resistance in an emitter-
degenerated ac amplifier. Note the use
of a constant-dc-current emitter pulldown
(Wilson mirror or FET current-regulator
diode); this (a) looks like a very high im-
pedance at signal frequencies, thus letting
the variable-resistance FET set the gain
over a wide range (including Gy < 1),
and (b) provides simple biasing. By us
ing a blocking capacitor, weve arranged
the circuit so that the FET affectsonly the



FIELD-EFFECT TRANSISTORS

140 Chapter 3

11
TM 6k

sig in AAN

VCR2N

Veontrol
{negative)

0.14F

sig in—-'

—out

TAQ1durrent
(4:1 o
mirror)

Veontrol = v ve s
{positive)

Figure 3.33. Variable-gain circuits.

ac (signa) gain. Without the capacitor,
the transistor biasing would vary with FET
resistance.

EXERCISE 3.7

The VN13 has an ON resistance (Vgg = +5V)
of 15 ohms (max). What is the range of amplifier
gain in the second circuit (assume that the
current sink looks like IMR)? What is the low-
frequency 3dB point when the FET is biased so
that the amplifier gain is (a) 40dB or (b) 20dB?

The linearization of Rpg with a resis-
tive gate divider circuit, as above, is re-
markably effective. In Figure 3.34 weve
compared actual measured curves of Ip
versus Vpg in the linear (low-Vpgs) region

for FETs with and without the linearizing
circuit. The linearizing circuit is essential
for low-distortion applications with signa
swingsof more than a few millivolts.

When considering FETs for an appli-
cation requiring a gain control, e.g., an
AGC or "modulator" (in which the am-
plitude of a high-frequency signd is var-
ied at an audio rate, say), it is worth-
while to look also at "anaog-multiplier*
ICs. These are high-accuracy devices with
good dynamic rangethat are normally used
to form the product of two voltages. One
of the voltages can be a dc control sSg-
nal, setting the multiplication factor of the
device for the other input signd, i.e., the
gain. Anaog multipliers exploit the g,-
versus-I¢ characteristic of bipolar transis-
tors (g, = Ic(mA)/25 siemens], using
matched arrays to circumvent problems
of offsets and bias shifts. At very high
frequencies (100MHz and above), passive
""balanced mixers" (Section 13.12) are of-
ten the best devicesto accomplish the same
task.

It is important to remember that a
FET in conduction at low Vpg behaves
like a good resistance all the way down
to zero volts from drain to source (there
are no diode drops or the like to worry
about). We will see op-amps and digita
logic families (CMOS) that take advantage
of this nice property, giving outputs that
saturate cleanly to the power supplies.

FET SWITCHES

The two examples of FET circuits that
we gave at the beginning of the chapter
were both switches: a logic-switching ap-
plication and a linear signal-switchingcir-
cuit. These are among the most important
FET applications and take advantage of
the FET’s unique characteristics. high gate
impedance and bipolarity resistive conduc-
tion clear down to zero volts. In practice
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Fgure 3.34. Megsured curves o Ip versus Vips for bare and linearized FETS.

A.2N5484 JFET
B. VNO106 MOSET

you usualy use MOSFET integrated cir-
cuits (rather than discrete transistors) in
al digital logic and linear switch appli-
cations, and it is only in power switch-
ing applications that you resort to discrete
FETs. Even so, it is essential (and fun!)
to understand the workings of these chips,
otherwise youre amost guaranteed to
fdl prey to some mysterious circuit

pathology.

3.11 FET analog switches

A common useof FETS, particularly MOS-
FETSs, isas analog switches. Their combi-
nation of low ON resistance (al the way to
zero volts), extremely high OFF resistance,
low leakage currents, and low capacitance
makes them ideal as voltage-controlled
switch elements for analog signals. An
ideal analog, or linear, switch behaves like
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a perfect mechanical switch: In the ON
state it passes a signal through to a load
without attenuation or nonlinearity; in the
OFF state it is an open circuit. It should
have negligible capacitance to ground and
negligible coupling to the signal of the
switching level applied to the control in-
put.

signal signal

= A d
O\
47k
+15V on
ov noff 4

control

Fgure 3.35

Let's look at an example (Fig. 3.35). Q;
is an n-channel enhancement-mode MOS-
FET, and it isnonconducting when the gate
is grounded or negative. In that state the
drain-source resistance (Rorr) istypicaly
more than 10,000M, and no signa gets
through (though at high frequencies there
will be some coupling via drain-source ca
pacitance; more on this later). Bringing
the gate to +15 volts puts the drain-source
channel into conduction, typicaly 25 to
100 ohms (Ron) in FETs intended for use
as analog switches. The gate signal level
is not at dl critical, as long as it is suffi-
ciently more positive than the largest sig-
nal (to maintain Ron low), and it could be
provided from digital logic circuitry (per-
haps usinga FET or BJT to generate afull-
supply swing) or even from an op-
amp (whose £+ 13V output swing would do
nicely, since gate breakdown voltages in
MOSFETs are typicaly 20V or more).
Swinging the gate negative (as from an
op-amp output) doesn't hurt, and in fact
has the added advantage of alowing the
switching of analog signalsof either polar-
ity, as will be described later. Note that
the FET switch is a bidirectional device;

signals can go either way through it. Or-
dinary mechanical switcheswork that way,
too, so it should be easy to understand.

The circuit as shown will work for
positive signals up to about 10 volts; for
larger signals the gate drive is insufficient
to hold the FET in conduction (Ron
begins to rise), and negative signalswould
cause the FET to turn on with the gate
grounded (it would also forward bias the
channel-body junction; see Section 3.02).
If you want to switch signals that are of
both polarities (e.g., signals in the range
—10V to T10V), you can use the same
circuit, but with the gate driven from —15
volts (OFF) to +15 volts (ON); the body
should then betied to —15 volts.

With any FET switch it is important to
provide a load resistance in the range of
Ik to 100k in order to reduce capacitive
feedthrough of the input signal that would
otherwise occur during the OFF state. The
value of the load resistance is a compro-
mise: Low values reduce feedthrough, but
they begin to attenuate the input signal
because of the voltage divider formed by
Ron and the load. Because Ron Varies
over the input signal swing (from changing
Vas), this attenuation also produces some
undesirable nonlinearity. Excessively low
load resistance appears at the switch input,
of course, loading the signal source aswell.
Several possible solutions to this problem
(multiple-stage switches, Ron cancella
tion) are shown in Sections 3.12 and 4.30.
An attractive alternative isto use a second
FET switch section to connect the output
to ground when the series FET is off, thus
effectively forming an SPDT switch (more
on this in the next section).

CMOS linear switches

Frequently it is necessary to switch 9g-
nals that may go nearly to the supply volt-
ages. In that case the simple n-channel
switch circuit just described won't work,
since the gate is not forward-biased at the
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peak of the signal swing. The solution is
to use paralleled complementary MOSFET
("CMOS") switches (Fig. 3.36). The tri-
angular symbol isadigital inverter, which
well discuss shortly; it inverts a HIGH
input to a LOW output, and vice versa
When the control input is high, @, is held
ON for signalsfrom ground to within afew
volts of Vpp (where Ron starts increas-
ing dramatically). Q- is likewise held ON
(by itsgrounded gate) for signalsfrom Vpp
to within a few volts of ground (where its
Ron increases dramatically). Thus, sig-
nals anywhere between Vpp and ground
are passed through with low series resis-
tance (Fig. 3.37). Bringing the control sig-
nal to ground turns off both FETs, pro-
viding an open circuit. The result is an
analog switch for signals between ground
and Vpp. This is the basic construction
of the 4066 CMOS “transmission gate.”" It
isbidirectional, like the switches described
earlier; either terminal can be the input.

signal in
{out)

—J— closed
open Q, +Vop Q,
control ——q;.___l E H

>

Figure 3.36. CMOS analog switch.

signal out
| (in)

There is a variety of integrated circuit
CMOS analog switches avail able, with var-
ious switch configurations (e.g., several in-
dependent sections with several poles
each). The 4066 is the classic 4000-series
CMOS" analog transmission gate," just an-
other name for an analog switch for sig-
nals between ground and a single positive
supply. The IH5040 and TH5140 series
from Intersil and Harris and the DG305

and DG400 series from Siliconix are very
convenient to use; they accept logic-level
OV = LOW, > 2.4V = HIGH) control
signals, they will handle analog signals to
+15 volts (compared with only £7.5V for
the 4000 series), they come in a variety
of configurations, and they have relatively
low ON resistance (252 for some mem-
bers of these families). Anaog Devices,
Maxim, and PMI| aso manufacture nice
analog switches.

p-channel n channel

|

parallel |
resistance

VSS

signal
voltage

Figure 3.37

Multiplexers

A niceapplication of FET analog switches
is the "multiplexer” (or MUX), a circuit
that allows you to select any of several in-
puts, asspecified by adigital control signal.
The analog signal present on the selected
input will be passed through to the (sin-
gle) output. Figure 3.38 shows the basic
scheme. Each of the switches SNO through
SW3 isa CMOS analog switch. The ""se-
lect logic” decodes the address and en-
ables(jargon for "'turnson™) the addressed
switch only, disabling the remaining
switches. Such a multiplexer is usually
used in conjunction with digital circuitry
that generates the appropriate addresses.
A typical situation might involve a data-
acquisition instrument in which a number
of analog input voltages must be sampled
inturn, converted to digital quantities, and
used as input to some computation.
Because analog switches are bidirec-
tional, an analog multiplexer such asthisis
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also a "demultiplexer’™: A signal can be
fed into the "output™ and will appear on
the selected "input.” When we discuss
digital circuitry in Chapters 8 and 9, you
will see that an analog multiplexer such
as this can also be used as a "digita
multiplexer/demultiplexer,” because logic
levels are, after al, nothing but voltages
that happen to beinterpreted as binary 1’s
and 0’s.

Typicd of analog multiplexers are the
DG506-509 series and the TH6108 and
6116 types, 8- or 16-input MUX circuits
that accept logic-level address inputs and
operate with analog voltages up to
+15 volts. The 4051-4053 devices in the
CMOS digital family are analog multi-
plexers/demultiplexers with up to 8 inputs,
but with 15 volt pp maximum signal lev-
s, they haveaVgg pin (and internal level
shifting) so that you can use them with
bipolarity analog signals and unipolarity
(logic-level) control signals.

Other analog switch applications

Voltage-controlled analog switches form
essential building blocks for op-amp cir-
cuits well see in the next chapter -

integrators, sample-and-hold circuits, and
peak detectors. For example, with op-
amps we will be able to build a*'true™ in-
tegrator (unlike the approximation to an
integrator we saw in Section 1.15): A con-
stant input generates a linear ramp output
(not an exponential), etc. With such anin-
tegrator you must have a method to reset
the output; a FET switch across the inte-
grating capacitor does the trick. We won't
try to describe these applications here; be-
cause op-amps form essentia parts of the
circuits, they fit naturally into the next
chapter. Great things to look forward to!

3.12 Limitations of FET switches

Speed

FET switches have ON resistances Ron
of 25 to 200 ohms. In combination with
substrate and stray capacitances, thisresis-
tance formsa low-passfilter that limits op-
erating speeds to frequencies of the order
of 10MHz or less (Fig. 3.39). FETs with
lower Ron tend to have larger capacitance
(up to 50pF with some MUX switches),
SO no gain in speed results. Much of the
rolloff is due to protection components -
current-limiting series resistance, and ca
pacitance of shunt diodes. There are a
few “RF/video” analog switches that ob-
tain higher speeds, probably by eliminat-
ing some protection. For example, the

Aon = 300R

nput output

Cou = 22pF

1
= = 24MHZ
fad = G RonCom

H(-508 analog multiplexer — ON values

Fgure 3.39
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[H5341 and TH5352 switches handle ana-
log signals over the usual £15 volt range
and have a bandwidth of 100MHz; the
74HC4051-53 series of "high-speed”
CMOS multiplexers also provide a 3dB
analog bandwidth of 100MHz, but handle
signasonly to +£5 volts. The MAX453-5
from Maxim combine a video multiplexer
with an output video amplifier, so you can
drive low-impedance cables or loads (usu-
dly 75Q0) directly; they have SOMHz typ-
ica bandwidth and are intended for +1
volt low-impedance video signals.

ON resistance

CMOS switchesoperated from a relatively
high supply voltage (15V, say) will have
low Ron over the entire signal swing, be-
cause one or the other of the transmis-
sion FETs will have a forward gate bias
at least haf the supply voltage. However,
when operated with lower supply voltages,
the switch's Ron value will rise, the max-
imum occurring when the signal is about
hafway between the supply and ground
(or halfway between the supplies, for dual-
supply voltages). Figure 3.40 shows why.
As Vpp is reduced, the FETs begin to
havesignificantly higher ON resistance (es-
pecidly near Vgs = Vpp/2), since for
enhancement-mode FETs Vr is at least a
few volts, and a gate-source voltage of as

1K

Voo = 10V

éi soon

much as 5to 10 voltsis required to achieve
low Ron. Not only will the paralle re-
sistances of the two FETS rise for signa
voltages between the supply voltage and
ground, but also the peak resistance (at
half Vpp) will riseas Vpp isreduced, and
for sufficiently low Vpp the switch will
become an open circuit for signals near
Vbp/2.

(3)
(2)

TVppl3) Vppl2) Vppll)

signal voltage ———»

Fgure 3.40

There are various tricks used by the de-
signers of analog switch ICs to keep Ron
low, and approximately constant (for low
distortion), over the signal swing. For ex-
ample, the original 4016 analog switch
used the simple circuit of Figure 3.36, pro-
ducing Ron curves that look like those in
Figure 3.41. In the improved 4066 switch
the designers added a few extra FETs so
that the n-channel body voltagefollowsthe
signal voltage, producing the Ron curves
of Figure 3.42. The"volcano" shape, with

4016 analog switch

0 5 10
signal voltage

-

s Figure 3.41. ON resstancefor 4016
CMOS switch.
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Figure 3.42. ON resistance for the
, improved 4066 CM OS switch; note

signal voltage

Ron (©)

1100 IH5140 series

\-—/\/DD = *5V
\-50

Vpp = + 10V
\ ———

Vpp = £15V
L L i J
-10 5 0 +5 +10

signal voltage

its depressed central Ron, replaces the
"Everest" shape of the 4016. Sophisti-
cated switches like the TH5140 series (or
AD7510 series), intended for serious ana-
log applications, succeed even better,
with gentle Ron curves like those shown
in Figure 3.43. The recent DG400
series from Siliconix achieves an ex-
cellent Ron of 20 ohms, at the expense
of increased "charge transfer” (see the
later section on glitches); this switch
family (like the TH5140 series) has the
additional advantage of zero quiescent
current.

15 change of scale from previous
figure.

Figure 3.43. ON resistance for the
IH5140-series bipolarity analog
switches; note vertical scale,

Capacitance

FET switches exhibit capacitance from
input to output (Cps), from channel to
ground (Cp, Cs), from gate to channel,
and from one FET to another within one
1C package (Cpp, Css); see Figure 3.44.
Let's look at the effects:

Cps: Capacitance from input to output.
Capacitance from input to output causes
signal coupling in an OFF switch, rising
at high frequencies. Figure 3.45 showsthe
effect for the IH5140 series. Note the use
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of atiff 50 ohm load, common in radiofre-
guency circuits, but much lower than nor-
mal for low-frequency signals, whereatyp-
ical load impedance is 10k or more. Even
with a 50 ohm load, the feedthrough be-
comes dignificant at  high frequencies
(at 30MHz 1pF has a reactance of 5k,
giving —40dB of feedthrough). And,
of course, there is dignificant attenua-
tion (and nonlinearity) driving a 50
ohm load, since Rox is typically 30 ohms
(75Q worst-case). With a 10k load the
feedthrough situation is much worse, of
course.

in /C out

|
| |
| |
{ 10k ! 10k
| |
| |
| |
| |
[ - I
! !
4

control m= e e -

Figure 3.46

in /O @ out

close(ﬂ
open

Figure 3.47

PERCE 38
Calculate the feedthrough into 10k at 1MHz,
assuming Cpg = 1pF.

In most low-frequency applications ca-
pacitive feedthrough is not a problem. If
it is, the best solution is to use a pair
of cascaded switches (Fig. 3.46) or, bet-
ter still, a combination of series and shunt
switches, enabled aternately (Fig. 3.47).
The series cascade doubles the attenuation
(in decibels), at the expense of additional
Ron, Whereas the series-shunt circuit (ef-
fectively an SPDT configuration) reduces
feedthrough by dropping the effectiveload
resistance to Ron When the series switch
is off.

EXERCISE 3.9
Recalculate switch feedthrough into 10k at
1MHz, assuming Cpg = 1pF and Ron = 50
ohms, for the configuration of Fig. 3.47.

CMOS SPDT switches with controlled
break-before-make are available commer-
cidly in single packages; in fact, you can
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get a par of SPDT switches in a single
package. Examples are the DG188 and
IH5142, as wdl as the DG191, TH5143,
and AD7512 (dual SPDT units). Because
of the availability of such convenient
CMOSswitches, it iseasy to usethisSPDT
configuration to achieve excellent perfor-
mance. The RF/video switches mentioned
earlier use a series-shunt circuit internally.

Cp, Cs: Capacitance to ground. Shunt
capacitance to ground leads to the high
frequency rolloff mentioned earlier. The
situation is worst with a high-impedance
signa source, but even with a stiff source
the switch's Ron combineswith the shunt
capacitance at the output to make a low-
pass filter. The following problem shows
how it goes.

EXERCISE 3.10

An AD7510 (here chosen for its complete ca-
pacitance specifications, shown in Fig. 3.44) is
driven by a signal source of 10k, with aload im-
pedance of 100k at the switch's output. Where
is the high-frequency —3dB point? Now repeat
the calculation, assuming a perfectly stiff signal
source, and a switch Ry of 75 ohms.

Capacitance from gate to channel. Ca
pacitance from the controlling gate to the
channel causes a different effect, namely
the coupling of nasty little transients into
your signa when the switch is turned on
or off. This subject is worth some serious
discussion, so well defer it to the next
section on glitches.

Cpp, Css: Capacitance between
switches. If you package several switches
on a single piece of silicon the size of a
kernel of corn, it shouldn't surprise you if
there is some coupling between channels
(“cross-talk”). The culprit, of course, is
cross-channel capacitance. The effect in-
creases with frequency and with signal im-
pedance in the channel to which the signal
is coupled. Here's a chance to work it out
for yoursdlf:

BERE 3.1

Calculate the coupling, in decibels, between a
pair of channelswith Cpp = C'sg =0.5pF (Fig.
3.44) for the source and load impedancesof the
last exercise. Assume that theinterfering signal
is IMHz. In each case calculate the coupling for
(a) OFF switch to OFF switch, (b) OFF switch to
ON switch, (c) ON switch to OFF switch, and (d)
ON switch to ON switch.

It should be obvious from this example
why most. broadband radiofrequency cir-
cuits use low signal impedances, usualy
50 ohms. If cross-talk is a serious prob-
lem, don't put more than one signal on one
chip.

Glitches

During turn-on and turn-off transients,
FET analog switches can do nasty things.
The control signal being applied to the
gate(s) can couple capacitively to the chan-
nel (~)putting ugly transients on your Sg-
nal. The situation is most serious if the
signa is at high impedance levels. Multi-
plexers can show similar behavior during
transitions of the input address, as well as
momentary connection between inputs if
turn-off delay exceedsturn-on delay. A re-
lated bad habit is the propensity of some
switches (e.g., the 4066) to short the input
to ground momentarily during changes of
state. )

Let's look at this problem in a bit more
detail. Figure 3.48 shows a typical wave-
form you might see at the output of an
n-channel MOSFET analog switch circuit
similar to Figure 3.35, with an input

oo 1

output A

Figure 3.48
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signd level of zero voltsand an output load
consisting of 10k in parallel with 20pF, re-
alistic valuesfor an analog switch circuit.
The handsome transients are caused by
charge transferred to the channel, through
the gate-channel capacitance, at the tran-
sitions of the gate. The gate makes a sud-
den step from one supply voltage to the
other, in this case between +15 volt sup-
plies, transferring a dug of charge

Q = CeclVe(finish) — Vi (start))

Cgc is the gate-channel capacitance,
typically around 5pF. Notethat the amount
of charge transferred to the channel de-
pends only on the total voltage change at
the gate, not on its rise time. Slowing
down the gatesignal givesrise to a smaller-
amplitude glitch of longer duration, with
the same total area under its graph. Low-
pass filtering of the switch's output signal
has the same effect. Such measures may
help if the peak amplitude of the glitch
must be kept small, but in general they are
ineffectivein eliminating gate feedthrough.
In some casesthe gate-channel capacitance
may be predictable enough for you to

cancel the spikes by coupling an inverted
version of the gate signal through a small
adjustable capacitor.

The gate-channel capacitance is distri-
buted over the length of the channel, which
means that some of the charge is coupled
back to the switch's input. Asa result, the
size of the output glitch depends on the
signal source impedance and is smallest
when the switch is driven by a voltage
source. Of course, reducing the size of
the load impedance will reduce the size of
the glitch, but this also loads the source
and introduces error and nonlinearity due
to finite Ron. Findly, al other things
being equal, a switch with smaller gate-
channel capacitance will introduce smaller
switching transients, although you pay a
price in the form of increased Ron.

Figure 3.49 shows an interesting com-
parison of gate-induced charge transfers
for three kinds of analog switches, includ-
ing JFETs. In al cases the gate signd
is making a full swing, i.e., either 30
volts or the indicated supply voltage for
MOSFETs, and a swing from —15 volts
to the signal leve for the n-channel JFET
switch. The JFET switch shows a strong

Fgure 3.49. Char
tra%sfer for Va‘iOL?Se

L, FET]i ijches
+15 asatJLIJR%taer%M sgnd
voltage.
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Figure 3.50. CMOS
input/output protection
networks. The series
resistor at the output is

dependence of glitch size on signal, be-
cause the gate swing is proportional to the
level of the signal above —15 volts. Well-
balanced CMOS switches have relatively
low feedthrough because the charge contri-
butions of the complementary MOSFETSs
tend to cancel out (one gate is rising while
the other is falling). Just to give scale to
these figures, it should be pointed out that
30pC corresponds to a 3mV step across a
0.01uF capacitor. That's a rather large fil-
ter capacitor, and you can see that thisisa
real problem, since a 3mV dglitch is pretty
large when dealing with low-level analog
signals.

Latchup and input current

All CMOS integrated circuits have some
form of input protection circuit, because
otherwise the gate insulation is easily de-
stroyed (see the later section on handling
precautions). The usua protection net-
work is shown in Figure 3.50: Although it
may use distributed diodes, the network is
equivalent to clamping diodesto Vss and
to Vpp, combined with resistive current
limiting. If you drive the inputs (or out-
puts) more than a diode drop beyond the
supply voltages, the diode clamps go into
conduction, making theinputs (or outputs)
look like a low impedance to the respec-
tive supplies. Worse till, the chip can
be driven into " SCR latchup, a terrifying
(and destructive) condition well describe
in more detail in Section 14.16. For now,
al you need to know about it is that you
don't want it! SCR latchup is triggered

&— —Vss often omitted.

by input currents (through the protection
network) of roughly 20mA or more. Thus,
you must be careful not to drive the analog
inputs beyond the rails. This means, for
instance, that you must be sure the power
supply voltages are applied before any sg-
nals that have significant drive current ca-
pability. Incidentally, this prohibition goes
fordgtd CMOSICs aswedl asthe analog
switches we have been discussing.

The trouble with diode-resistor protec-
tion networks is that they compromise
switch performance, by increasing Ron,
shunt capacitance, and leskage. With
clever chip design (making use of "dielec-
tric isolation™) it is possible to eliminate
SCR latchup without the serious perfor-
mance compromises inherent in traditional
protection networks. Many of the newer
analog switch designsare "' fault protected™;
for example, Intersil's IH5108 and IH5116
analog multiplexers claim you can drive
the analog inputs to £25 volts, even with
the supply at zero (you pay for this robust-
nesswith an Ron that isfour times higher
than that of the conventional IH6108/16).
Watch out, though, because there are plen-
ty of analog switch ICs around that are
not forgiving!

You can get analog switches and multi-
plexers built with n-channel JFETs rather
than complementary MOSFETs. They
perform quite well, improving on CMOS
switches in several characteristics. In par-
ticular, the series of JFET switches from
PMI has superior constancy of Ron ver-
sus analog voltage, complete absence of
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latchup, and low susceptibility to electro-
static damage.

Other switch limitations

Some additional characteristics of analog
switches that may or may not be impor-
tant in any given application are switch-
ing time, settling time, break-before-
make delay, channel leakage current
(both ON and OFF; see Section 4.15),
Ron matching, temperature coefficient
of Ron, and signad and power supply
ranges. Well show unusual restraint
by ending the discussion at this point,
leaving the reader to look into these de-
tails if the circuit application demands
it.

3.13 Some FET analog switch examples

As we indicated earlier, many of the nat-
ural applications of FET analog switches
are in op-amp circuits, which we will treat
in the next chapter. In this section we
will show a few switch applications that
do not require op-amps, to give a feeling
for the sorts of circuits you can use them
in.

Switchable RC low-pass filter

Figure 3.51 shows how you could make a
simple RC low-pass filter with selectable
3dB points. Weve used a multiplexer to
select one of four preset resistors, via a
2-bit (digital) address. We chose to put
the switch at the input, rather than after
the resistors, because there is less charge
injection at a point of lower signal imped-
ance. Another possibility, of course, is to
use FET switches to select the capacitor.
To generate a very wide range of time con-
stants you might have to do that, but the
switch's finite Ron would limit attenua-
tion at high frequencies, to a maximum
of RoN/Rseries: Weve aso indicated a
unity-gain buffer, following thefilter, since

the output impedance is high. Youll see
how to make " perfect™ followers (precise
gain, high Zi,, low Z,y, and no Vg off-
sets, etc.) in the next chapter. Of course,
if the amplifier that follows the filter has
high input impedance, you don't need the
buffer.

4-input MUX

input

bi | 1 Lo
idt(]jrtess<—-’ g
Figure 351

Figure 3.52 shows a simple variation in
which weve wused four independent
switches, rather than a 4-input multiplexer.
With the resistors scaled as shown, you can
generate 16 equally spaced 3dB frequen-
cies by turning on binary combinations of
the switches.

10k

input

o
B

A; A, A

80k

output
0.014F

rolloff frequency
select

Figure 352. RC low-pass filter with choice of
15 equaly spaced time constants.

EXERCISE 312
What are the 3dB pointsfor this circuit?
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Switchable gain amplifier

Figure 3.53 shows how you can apply the
same idea of switching resistors to pro-
duce an amplifier of selectable gain. Al-
though this idea is a natural for op-amps,
we can use it with the emitter-degenerated
amplifier. We used a constant-current sink
as emitter load, as in an earlier exam-
ple, to permit gains much less than unity.
We then used the multiplexer to sd-
ect one of four emitter resistors. Note
the blocking capacitor, needed to keep
the quiescent current independent of
gain.

C

0.01uF

Figure 3.54. Sample-and-hold.

Sample-and-hold

Figure 3.54 showshow to make a “sample-
and-hold" circuit, which comes in handy
when you want to convert an analog signal
to a stream of digital quantities (*"anaog-
to-digital conversion™) - you've got to
hold each analog level steady while you
figure out how big it is. The circuit is
simple: A unity-gaininput buffer generates
a low-impedance copy of the input signal,
forcing it across a small capacitor. To
hold the analog level at any moment, you
simply open the switch. The high input
impedance of the second buffer (which
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should have FET input transistors, to keep
input current near zero) prevents loading
of the capacitor, so it holdsits voltage until
the FET switch is again closed.

EXERCISE 3.13
The input buffer must supply current to keep the
capacitor following a varying signal. Calculate

the buffer's peak output current when the circuit
is driven by an input sine wave of 1 volt

amplitude at 10kHz.

Flying-capacitor voltage converter

Here's a nice way (Fig. 3.55) to generate a
needed negative power-supply voltagein a
circuit that is powered by a single positive
supply. The pair of FET switches on the
left connects Cy acrossthe positive supply,
charging it to Vj,, while the switches on
the right are kept open. Then the input
switches are opened, and the switches on
the right are closed, connecting charged
C, across the output, transferring some
of its charge onto C5. The switches
are diabolically arranged so that C; gets
turned upside down, generating a negative
output! This particular circuit is available
as the 7662 voltage converter chip, which
well tak about in Sections 6.22 and
14.07. The device labeled "inverter turns
a HIGH voltage into a LOW voltage, and
vice versa. Well show you how to make
one in the next section (and well redly

+V, / O—

G

get you up to speed on them in Chapters
8-11).

3.14 MOSFET logic and power switches

Theother kindsof FET switch applications
are logic and power switching circuits. The
distinction is simple: In analog signa
switching you usea FET as a series switch,
passing or blocking a signal that has some
range of analog voltage. The analog signd
isusualy alow-leve signal, at insignificant
power levels. In logic switching, on the
other hand, MOSFET switches open and
close to generate full swings between the
power supply voltages. The "signas” here
arereally digital, rather than analog—they
swing between the power supply voltages,
representing the two states HIGH and
LOW. In-between voltages are not useful
or desirable; in fact, they're not even
lega! Finally, "power switching™ refersto
turning on or off the power to a load such
as a lamp, relay coil, or motor winding;
in these applications, both voltages and
currents tend to be large. Well take logic
switching first.

Logic switching

Figure 3.56 shows the simplest kind of
logic switching with MOSFETs: Both
circuits use a resistor as load and perform
the logical function of inversion - a HIGH

I
e

JuL

inverter

— Fgure 3.55. Hying-cgpecitor voltage

inverter.
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Fi gure 3.56. NMOSand PMOS logic inverters.

input generates a LOW output, and vice
versa. Then-channel version pullsthe out-
put to ground when the gate goes HIGH,
whereas the p-channel version pulls the
resistor HIGH for grounded (LOW) in-
put. Note that the MOSFETs in these cir-
Ccuits are used as common-source invert-
ers, rather than as source followers. In
digital logic circuits like these we are usu-
aly interested in the output voltage ("logic
level™) produced by a certain input volt-
age, the resistor serves merely as a passive
drain load, to make the output swing to the
drain supply when the FET is off. If, on
the other hand, we replace the resistor by
a light bulb, relay, printhead hammer, or
some other hefty load, we've got a power-
switching application (Fig. 3.3). Although
were using the same "inverter” circuit, in
the power switching application we're in-
terested instead in turning the load on and
off.

CMOS inverter

The NMOS and PMOS inverters of the
preceding circuits have the disadvantage
of drawing current in the ON state and
having relatively high output impedance in
the OFF state. You can reduce the output
impedance (by reducing R), but only at
the expense of increased dissipation, and
vice versa. Except for current sources,
of course, it's never a good idea to have
high output impedance. Even if the in-
tended load is high impedance (another

MOSFET gate, for example), you areinvit-
ing capacitive noise pickup problems, and
you will suffer reduced switching speeds
for the ON-to-OFF (“trailing™) edge (be-
cause of stray loading capacitance). In this
case, for example, the NMOSinverter with
a compromise value of drain resistor, say
10k, would produce the waveform shown
in Figure 3.57.

+ 10V

il
Vin

+10

+10

T
L

L
tiy ~ 200ns noise pickup
t ~ 205 (RpCotray) (Ryur = 10k)
{Ron Cotray) stiff
(Ryy = 1000}
Figure 357

The situation is reminiscent of the
single-ended emitter follower in Section
2.15, in which quiescent power dissipation
and power delivered to the load were in-
volved in a similar compromise. The so-
lution there - the push-pull configuration
- is particularly wel suited to MOSFET
switching. Look at Figure 3.58, which you
might think of as a push-pull switch: In-
put grounded cuts off the bottom transis-
tor and turns on the top transistor, pulling
the output HIGH. A HIGH input (+Vpp)
does the reverse, pulling the output to
ground. It's an inverter with low output
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+Vop

input output

Figure 3.58. CMOS logic inverter.

impedance in both states, and no quiescent
current whatsoever. It's called a CMOS
(complementary MOS) inverter, and it is
the basic structure of al digital CMOS
logic, the logic family that has become
dominant in large-scale integrated circuits
(LS!), and seems destined to replace ear-
lier logic families (with nameslike"TTL")
based on bipolar transistors. Note that
the CMOS inverter is two complementary
MOSFET switches in series, alternately
enabled, while the CMOS analog switch
(treated earlier in the chapter) istwo com-
plementary MOSFET switches in parallel,
enabled simultaneousdly.

EXERCISE 3.14
The complementary MOS transistors in the
CMOS inverter are both operating as common-

N + Voo
Q4 Q, ’
output
Q=4-B
[
A

source inverters, whereas the complementary
bipolar transistors in the push-pull circuits of
Section 2.15 are (non-inverting) emitter follow-
ers. Try drawing a "complementary BJT in-
verter," analogous to the CMOS inverter. Why
won't it work?

WEell be seeing much more of digital
CMOS in the chapters on digital logic and
microprocessors (Chapters 8-11). For now,
it should be evident that CMOS is a low
power logic family (with zero quiescent
power) with high-impedance inputs, and
with stiff outputs that swing the full supply
range. Beforeleaving the subject, however,
we can't resist the temptation to show you
one additional CMOS circuit (Fig. 3.59).
This is a logic NAND gate, whose output
goesLOW only if input A AND input Bare
both HIGH. The operation is surprisingly
easy to understand: If A and B are both
HIGH, series NMOS switches (J; and ¢J,
are both ON, pulling the output iffly
to ground; PMOS switches Q3 and Q4
cooperate by being OFF; thus, no current
flows. However, if either A or B (or both) is
LOW, the corresponding PMOS transistor
iSON, pulling the output HIGH; since one
(or both) of the series chain 1@ is OFF,
no current flows.

Thisis caled a "NAND" gate because
it performs the logical AND function, but

+ Vpp

Qg

Figure 3.59. CMOS
NAND gate, AND gate.
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with inverted ("NOT") output - it's a
NOT-AND, abbreviated NAND. Although
gates and their variants are properly a
subject for Chapter 8, you will enjoy trying
your hand at the following problems.

EXERCISE 3.15

Draw a CMOS AND gate. Hint: AND = NOT-
NAND.

EXERCISE 3.16

Now draw a NOR gate: The output is LOW if
either A OR B (or both) is HIGH.

EXERCISE 3.17
You guessedit -draw a CMOS OR gate.

EXERCISE 318
Draw a 3-input CMOS NAND gate.

The CMOS digital logic well be see-
ing later is constructed from combinations
of these basic gates. The combination of
very low power dissipation and stiff rail-
to-rail output swing makes CMOS logic
the family of choice for most digital cir-
cuits, accounting for its popularity. Fur-
thermore, for micropower circuits (such
aswristwatchesand small battery-powered
instruments) it's the only game in town.

Lest we leave the wrong impression,
however, it's worth noting that CMOS
logic is not zero-power. There are two
mechanisms of current drain: During tran-
sitions, a CMOS output must supply a
transient current | = CdV/dt to charge
any capacitance it sees(Fig. 3.60). You get
load capacitance both from wiring (** stray"*
capacitance) and from the input capaci-
tance of additional logic that you are driv-
ing. In fact, because a complicated CMOS
chip contains many internal gates, each
driving some on-chip internal capacitance,
there is some current drain in any CMOS
circuit that is making transitions, even if
the chip is not driving any external load.
Not surprisingly, this "dynamic” current
drain is proportional to the rate at which

transitions take place. The second mecha-
nism of CMOS current drain is shown in
Figure 3.61: As the input jumps between
the supply voltage and ground, thereis a
region where both MOSFETSs are conduct-
ing, resulting in large current spikes from
Vpp to ground. This is sometimes called
"class-A current™ or "power supply crow-
barring." You will see some consequences
of this in Chapters 8, 9, and 14. Aslong
as were dumping on CMOS, we should
mention that an additional disadvantage
of CMOS (and, in fact, of al MOSFETS)
is its vulnerability to damage from static
electricity. Well have more to say about
thisin Section 3.15.

Figure 3.60. Capecitive charging current.

+ Voo

Q,

Q;

0 Vin Voo

Voo Vin

Q, conducting

Q, conducting

AL

Figure 3.61. ClassA CMOS conduction.

O CMOS linear amplifier

CMOS inverters - and indeed al CMOS
digital logic circuits - are intended to be
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used with digital signal levels. Except dur-
ing transitions between states, therefore,
the inputs and outputs are close to ground
or Vpp (usudly +5V). And except during
those transitions (with typical durations of
a few nanoseconds), there is no quiescent
current drain.

The CMOS inverter turns out to have
someinteresting propertieswhen used with
analog signals. Look again at Figure 3.61.
You can think of J; as an active (current-
source) load for inverting amplifier Q2,
and vice versa. When the input is near
Vpp or ground, the currents are grossly
mismatched, and the amplifier is in satu-
ration (or “clipping™) at ground or Vpp,
respectively. This is, of course, the nor-
mal situation with digital signals. How-
ever, when the input is near half the sup-
ply voltage, there is a small region where
the drain currents of @J; and @) are nearly
equal; in this region the circuit is an in-
verting linear amplifier with high gain. Its
transfer characteristic is shown in Figure
3.62. The variation of Rjeag and g,, with
drain current is such that the highest volt-
age gain occurs for relatively low drain
currents, i.e., at low supply voltages (say
S5V).

This circuit is not a good amplifier; it
has the disadvantage of very high output
impedance (particularly when operated at
low voltage), poor linearity, and unpre-
dictable gain. However, it is smple and
inexpensive(CMOS invertersare available
6 to a package for under haf a dollar),
and it is sometimes used to amplify small
input signals whose waveforms aren't im-
portant. Some examples are proximity
switches (which amplify 60Hz capacitive
pickup), crystal oscillators, and frequency-
sensing input devices whose output is a
frequency that goesto a frequency counter
(see Chapter 15).

To use a CMOS inverter as a linear
amplifier, it's necessary to bias the input
so that the amplifier is in its active re-
gion. The usual method is with a large-

very high gain
for small signals

A Vip (V)
V,=3v
50
vV, =5V
40
v, =10V \ \
30F
gain L
(dB) 20
10—
| | | 1 | |
10 100 Ik 10k 100k 1M 10M 100M
frequency
8
Figure 3.62

value resistor from output to input (which
well recognize as "dc feedback™ in the
next chapter), as shown in Figure 3.63.
That puts us at the point Vo = Vi, in
Figure 3.62. As wéll learn later, such a
connection (circuit A) also acts to lower
the input impedance, through " shunt feed-
back,™ making circuit B desirable if a high
input impedance at signal frequencies is
important. The third circuit is the clas-
sic CMOS crystal oscillator, discussed in
Section 5.13. Figure 3.64 shows a vari-
ant of circuit A, used to generate a clean
10MHz full-swing square wave (to drive
digital logic) from an input sine wave. The
circuit works well for input amplitudes
from 50mV rmsto 5 volts rms. Thisisa
good exampleof an"'l don't know thegain,
and | don't care" application. Note the
input-protection network, consisting of a
current-limiting series resistor and clamp-
ing diodes.
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10M

0.1uF
— H>——1>o~>——

A 8
Figure 3.63. CMOS linear amplifier circuits.

+5

AVAVA

10MHz in
s -5V

510 74HCO4

1Ng14

Figure 3.64

Power switching

MOSFETswork well assaturated switches,
as we suggested with our simple circuit in
Section 3.01. Power MOSFETS are now
available from many manufacturers, mak-
ing the advantages of MOSFETS (high in-
put impedance, easy paraleling, absence
of "second breakdown™) applicable to
power circuits. Generally speaking, power
MOSFETSs are easier to use than conven-
tional bipolar power transistors. However,
there are some subtle effects to consider,
and cavalier substitution of MOSFETs in
switching applications can lead to prompt
disaster. We've visited the scenes of such
disastersand hopeto avert their repetition.
Read on for our handy guided tour.

Power MOSFETs. FETs were feeble low-
current devices, barely able to run more

74HCO4

than a few tens of milliamps, until the
late 1970s, when the Japanese introduced
"vertical-groove” MOS transistors. Power
MOSFETs are now manufactured by all
the manufacturers of discrete semiconduc-
tors (e.g, GE, IR, Motorola, RCA, Sili-
conix, Supertex, Tl, along with European
companies like Amperex, Ferranti, Sie-
mens, and SGS, and many of the Japanese
companies), with names like VMOS,
TMOQOS, vertical DMOS, and HEXFET.
They can handle surprisingly high voltages
(up to 1000V), and peak currents to 280
amps (continuous currents to 70A), with
Ron as low as 0.02 ohm. Small power
MOSFETSs sdll for much less than a dollar,
and they're available in al the usual tran-
sistor packages, as well as multiple tran-
sistors packaged in the convenient DIP
(dua in-line package) that most integrated
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circuits come in. Ironicaly, it is now
discrete low-level MOSFETSs that are hard
to find, there being no shortage of power
MOSFETs. See Table 3.5 for a listing of
representative power MOSFETS.

High impedance, thermal stability. The
two important advantages of the power
MOSFET, compared with the bipolar
power transistor, are its high input imped-
ance (but watch out for high input capac-
itance, particularly with high-current de-
vices; see below) and its complete absence

of thermal runaway and second breakdown.

Thislatter effect isvery important in power
circuits and is worth understanding: The
large junction area of a power transistor
(whether BJT or FET) can be thought of
as a large number of small junctions in
paralel (Fig. 3.65), al with the same ap-
plied voltages. In the case of a bipolar
power transistor, the positive temperature
coefficient of collector current at fixed Vgg
(approximately +9%/°C, see Section 2.10)
means that a local hot spot in the junc-
tion will have a higher current density,
thus producing additional heating. At suf-
ficiently high Vog and I¢, this "current
hogging™ can cause local thermal runaway,
known as second breakdown. As a result,
bipolar power transistors are limited to a
""safeoperating area” (on a plot of collector
current versus collector voltage) smaller
than that allowed by transistor power dis-
sipation alone (well see more of thisin
Chapter 6). The important point here is
that the negative temperature coefficient
of MOSdrain current (Fig. 3.13) prevents

Figure 365. A large-

junction-area transistor

can be thought of as

many paralleled small-
E area transistors.

these junction hot spots entiredly. MOS-
FETSs have no second breakdown, and their
safe operating area (SOA) is limited only
by power dissipation (see Fig. 3.66, where
weve compared the SOAs of an npn and
an NMOS power transistor of the same
Tnax, Vimax, and Pyiss). For the same rea-
son, MOSFET power amplifiersdon't have
the nasty runaway tendencies that weve
all grown tolovein bipolar transistors (see
Section 2.15), and as an added bonus,
power MOSFETS can be paralleled with-
out the current-equalizing “emitter-
ballasting' resistorsthat are necessary with
bipolar transistors (see Section 6.07).

Power switching examples and cautions.
You often want to control a power MOS-
FET from the output of digital logic. Al-
though there are logic families that gen-
erate swings of 10 volts or more (*'4000-
series CMOS"), the most common logic
families uselevelsof +5 volts (** high-speed
CMOS") or +2.4 volts ("TTL"). Figure
3.67 shows how to switch loads from these
three logic families. In thefirst circuit, the
+10 volt gate drive will fully turn on any
MOSFET, so we chose the VN0106, an in-
expensivetransistor that specifiesRon <5
ohmsat Vgs = 5volts. Thediode protects
against inductive spike (Section 1.31); the
series gate resistor, though not essential, is
a good idea, because MOSFET drain-gate
capacitancecan couple theload's inductive
transients back to the delicate CMOS logic
(more on this soon). In the second circuit
we have 5 volts of gate drive, still fine for
the VNO1/VPOI1 series, for variety weve
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used a p-channel MOSFET, driving a load
returned to ground.

The last two circuits show two ways
to handle the +2.4 volt (worst-case; it's
usually around +3.5V) HIGH output from
TTL digital logic:. We can use a pullup
resistor to +5 volts to generate a full

160 Chapter 3
100 -
/nax limited
50
20 dissipation limited
,
10 VNEOO3A
(NMOS)
5
second breakdown
limited
2 —

<
2 1+ 2N6274
S {npn)

05 Vmax limited

0.2

01}

0.05 -

| N 1 . | Figure 3.66. Power MOSFETs
. 2 5 10 20 50 100 4o not suffer from second break-
Ve, Vps (V) down.

+5 volt -swing from the TTL output,
which then drives a normal MOSFET;
aternatively, we can use something like
the TNO106, a "low-threshold" MOSFET
designed for logic-level drive. Watch out,
though, for misleading specifications. For
example. the TNO1 specifies “Viroriny =
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Magnecraft W97CPX-2

ower rela
+24V dc P Y

v
Ao
(100 mA coil )
1N4002 25A contacts
+10v
0.3 V max
4011 ™ when on
VNO106
_L Ron = 3 (max)
— @ Vgs= 10V
10V CMOS

74HCO0O
VPO106
Ron =150 {max)
@ Vgs= —-5v

5V load
74LS08 i ; |

+ 20V

VNO106
Ron = 58 {max)
@ Vgs=5Y

74LS08

+20V

+5V

TNO104
Visum = 1.5V (max)
Ron = 58 (typ)
@ Vgs =3V

Figure 3.67. MOSFETs can switch power loads when driven from digital logic levels.

1.5 volts (max)," which sounds fine until
you read the fine print ("at Ip = ImA”™).
It takes considerably more gate voltage
than Vgs@ny to turn the MOSFET on
fully (Fig. 3.68). However, the circuit will
probably work OK, because (a) a HIGH
TTL output is rarely less than +3 volts,
and typicaly morelike +3.5 volts, and (b)
the TNO1 further specifies “Ron(typ) =
5 at Vg = 3V.”

This example illustrates a frequent de-
dgner's quandary, namely a choice be-
tween a complicated circuit that meets the

strict worst-case design criterion, and is
therefore guaranteed to work, and a sim-
ple circuit that doesn't meet worst-case
specifications, but isoverwhelmingly likely
to function without problems. There are
times when you will find yourself choosing
the latter, ignoring the little voice whisper-
ing into your ear.

O Capacitance. In the preceding examples

we put a resistor in series with the gate
when there was an inductive load. As we
mentioned earlier in the chapter (Section
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4 +
Vgs = 10V
3+ 9V
< 8v
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2+
6V
5V
g av
3v
o] I 1 1 1 ] 2v
0 10 20 30 40 50
Vs (V)
3.0~ transfer characteristics
Vps =25V
2.4+ T,= —50°C

b (A)

Vs (V)

Figure 3.68. Drain characteristics of an n-

channel low-threshold MOSFET (type TN0104).

3.09), MOSFETs have essentialy infinite
gate resistance, but finite impedance owing
to gate-channel capacitance. With high-
current MOSFETSs the capacitance can be
staggering: Compared with 45pF of input
capacitance for the 1 amp VNOI, the 10
amp IRF520 has Ci, = 450pF, and the
macho 70 amp SMM70N05 from Siliconix
has Cij, = 4300pF! A rapidly-changing
drain voltage can produce milliamps of
transient gate current, enough to overdrive
(and even damage, via' SCR crowbarring™)
delicate CMOS driver chips.

The series resistance is a compromise
between speed and protection, with values
of 100 ohms to 10k being typical. Even
without inductive loads there is dynam-
ic gate current, of course: The capaci-
tance to ground, Ciss, givesrise to | =
C;ssdVas/dt, while the (smaller) feedback
capacitance, Crss, produces an input cur-
rent | = Cr4,dVpg/dt. The latter may
dominate in a common-source switch, be-
cause AVpg is usualy much larger than
the AVgs gate drive (Miller effect).

BEROE 3.19

An IRF520 MOSFET controlling a 2 amp load
is switched off in 100ns (by bringing the gate
from +10V to ground), during which the drain
goes from 0 to 50 volts. What is the average
gate current during the 100ns, assuming Ca g
(alsocalledC;,)is 450pF, and Cp ¢ (alsocalled
Crss) is 50pF'7

15
Vps = 50V

Vps = 20V

Vps = 80V

VistV)

IRF520

1 1 ]

0 5 10 15
gate charge (nC)

Figure 3.69. Gate charge versus Vgs.

In a common-source switch, the Miller-
effect contribution to gate current oc-
curs entirely during the drain transitions,
whereas the gate-source capacitance causes
current whenever the gate voltage is chang-
ing. These effects are often plotted as a
graph of "gate charge versus gate-source
voltage,” as in Figure 3.69. The horizon-
tal portion occurs at the turn-on voltage,
where the rapidly falling drain forces the
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gate driver to supply additional charge to
Crss (Miller effect). If the feedback capaci-
tance were independent of voltage, the hor-
izontal portion would be proportional to
drain voltage, after which the curve would
continue at the previous slope. In fact,
feedback capacitance Crss rises rapidly at
low voltage (Fig. 3.70), which means that
most of the Miller effect occurs during the
low-voltage portion of the drain waveform.
This explains the change in slope of the
gate charge curve, as well as the fact that
the horizontal portion is amost indepen-
dent of drain voltage.

1000 IRF520
Ves=0
Ciss = Cy, T Cyq. Cys shorted
800 Crs= ng

CysC,
Coss = Cos + ~2-22

Cygs + Cyq

=Cys+ Cyq

600

C {pF}

400

200

) 10 20 30 40 50
Vps (V)

Figure 3.70. Power MOSFET capacitances.

EXERCISE 3.20
How does the voltage dependence of Crss
explain the change in slope of the gate charge
curves?

Other cautions. Power MOSFETSs have
some additional idiosyncrasies you should
know about. All manufacturers of power
MOSFETSs seem to connect the body in-
ternally to the source. Because the body
formsadiode with the channel, this means
that there is an effective diode from drain
to source (Fig. 3.71); some manufactur-
ers even draw the diode explicitly in their
MOSFET symbol so that you won't for-
get. This meansthat you cannot use power

MOSFETSs bidirectionally, or at least not
with more than a diode drop of reverse
drain-source voltage. For example, you
couldn't use a power MOSFET to zero an
integrator driven with a bipolarity signd,
and you couldn't use a power MOSFET
as an analog switch for bipolarity signals.
This problem does not occur with inte-
grated circuit MOSFETSs (analog switches,
for example), where the body is connected
to the most negative power-supply termi-
nal.

I/ =

Figure 3.71. Power MOSFETS connect body to
source, forming a drain-source diode.

Another trap for the unwary is the
fact that gate-source breakdown voltages
(£20V isa common figure) are lower than
drain-source breakdown voltages (which
range from 20V to 1000V). This doesn't
matter if you're driving the gate from the
small swings of digital logic, but you get
into trouble immediately if you think you
can use the drain swings of one MOSFET
to drive the gate of another.

Finally, the issue of gate protection: As
we discussin the final section of this chap-
ter, all MOSFET devicesare extremely sus-
ceptible to gate oxide breakdown, caused
by electrostatic discharge. Unlike JFETs
or other junction devices, in which junc-
tion avalanchecurrent can safely discharge
the overvoltage, MOSFETs are damaged
irreversibly by a single instance of gate
breakdown. For this reason it is a very
good idea to use gate series resistors of
1k-10k, particularly when the gate signal
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comes from another circuit board. This
greatly reduces the chances of damage; it
aso prevents circuit loading if the gate
is damaged, because the most common
symptom of a damaged MOSFET is sub-

stantial dc gate current. Another precau-
tion isto make sure you don't leave MOS-
FET gates unconnected, because they are
much more susceptible to damage when
floating (there is then no circuit path for

TABLE 3.5. POWER MOSFETs

Cont
drain Turn-on
curr Rpson) -Vas Vasin) Ciss Crss  charge
BVps® max  max @ max typ typ typ
) (A) (R v ) (PF) (PP (nC)  Caseb Type/Comments®
n-channel
30 08 1.8 5 25 110 35 - DIP-14 VQ3OO1J1; 2N, 2P in DIP
40 4 25 5 15 60 5 0.8 TO-92 TNO104N3; low threshold
60 0.2 6 5 25 60 5 - TO-92 VN08&10L3; gate protec; sim to VN2222
60 0.4 5 5 25 60 10 DIP-14 VQ1004J'; CL ad in DIP
60 15 014 5 2 900 180 TO-220 RFP15N06L<; low threshold
100 0.25 15 5 2.4 27 3 0.6 TO-92 VN1310N3, BSS100
100 0.8 25 5 2.4 70 12 2.6 TO0-92 VNO210N3
100 1.3 0.3 10 4 450 50 1 DIP-4 IRFD120
100 2 1 5 2 200 20 - TO-220 RFP2N1 0L2', low threshold
100 4 06 10 4 180 15 5 TO-220 IRF510, MTP4N10, VN1110N5, 25K295
100 8 0.25 10 4 350 24 10  TO-220 IRF520, BUZ72A, 2SK383, VN1210N5
100 25 0.08 10 4 1500 90 33 TO-220 1RF540, MTP25N10
100 40 0.06 10 4 2000 350 63 TO-3 IRF150, 2N6764
100 65 0.04 10 5 5200 640 - TO-3 VNEQO3A'
120 0.2 10 25 2 125 20 - TO-92 VN1206L1; low threshold
200 041 40 5 3.5 25 3 0.5 TO-92 VN1320N3
200 0.1 24 10 2 40 5 - TO-92 VN2020L', BS107
200 025 15 5 3 40 5 1.0 TO-92 VNO120N3, BSS101
200 04 8 5 3 75 7 2.5 TO0-92 VNO220N3, BSS89
200 3 1.5 10 4 140 9 6 TO-220 IRF610, VN1220N5
200 5§ 08 10 4 450 40 11 TO-220 1RF620, MTP5N20, BUZ30, 25K440
200 ¢ 04 10 4 600 80 19 T0-220 IRF630, MTP8N20, BUZ32
200 18 0.18 10 4 1300 a3 43 T0-220 |IRF640
200 30 0.09 10 4 2600 150 80 TO-3 IRF250, 2N6766, MTM40N20
500 0.05 85 5 4 45 2 - TO-92 VNOS50N3
500 0.2 20 5 4 75 10 - TO-92 VNO650N3
500 25 3 10 4 350 10 13 TO-220 IRF820, BUZ74, MTP3N50
500 4 15 10 4 610 18 21 TO-220 IRF830, BUZ41A, VN5001 D', MTP4N50
500 8 0.85 10 4 1300 45 42 TO-220 [IRF840, MTP8N50, 28K5554
500 12 04 10 4 2700 75 86 TO-3 IRF450, 2N6770, 28K560*
500 20 03 10 5 4500 100 - TO-3 VNPOOBA'
1000 1 10 10 45 1200™ 80™ 33 TO-220 MTP1N100, BUZ50B
1000 5 3 10 45 2600™ 200™ 110 TO-3 MTM5N100, BUZ54, IRFAG50
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Cont
drain Turn-on
curr R V \ C: C charge
Blps® max e @ °° REY HF WF “we
V) (A) (€2) V) V) (pF) (pF) (nC) Case® Type/Comments®
p-channel
30 0.6 2 12 4.5 150 60 DIP-14 V03001J1; 2N, 2P in DIP
60 04 5 10 4.5 150 20 DIP-14 VQ2004J1; quad in DIP
100 0.15 40 5 3.5 20 3 0.4 TO-92 VP1310N3
100 0.4 8 5 3.5 90 15 3 TO-92 VP0210N3, VP1008L'
100 1 06 10 4 300 50 16 DiP-4 IRFD9120
100 6 06 10 4 300 50 16 TO-220 IRF9520, VP1210N5, MTP8P10
100 19 02 10 4 1100 250 70 TO-220 |IRF9540, MTP12P10
200 0.06 100 5 3.5 35 2 0.5 TO-92 VP1320N3
200 0.1 40 5 35 50 5 1 TO-92 VP0120N3, BSS92
200 35 4 5 35 600 20 10 TO-220 VP1220N5, IRFg622
200 11 05 10 4 1100 150 70 TO-220 |IRF9640
500 0.07 150 5 5 35 3 - TO-92 VP0550N3
500 0.1 25 5 4 75 10 - TO-92 VP0650N3
500 1 9 5 4.5 550 20 - TO-220 VP0350N5
500 2 6 10 45 1000™ 80™ 20 TO-220 MTP2P50

@ BV g is +20V, except ) x40V, @) +10v, @ +15,-0.3v, and 4 +15v
®) @, ,: DIP-4=120"C/W; DIP-14=100"C/W; TO-92=200°'C/W; ©: TO-220=2.5'C/W; TO-3=0.8'C/W.

Peiss @ Tamp=75"C: DIP-4=0.6W; DIP-14=0.8W; TO-92=0.3W; Pyc @ T pe=75 C: TO-220=30W; TO-3=90W.

© expect variations in characteristics between manufacturers; those shown are typical. ™ maximum.

static discharge, which otherwise provides
a measure of safety). This can happen
unexpectedly if the gate is driven from
another circuit board. The best practice is
to connect a pulldown resistor (say 100k to
1M) from gate to source of any MOSFETSs
whose gates are driven from an off-card
signal source.

0 MOSFETs versus BJTs as high-current

switches. Power MOSFETS are attractive
alternatives to conventional power BJTs
most of the time. They currently cost
somewhat more, for the same capability;
but they're simpler to drive, and they
don't suffer from second breakdown and
consequently reduced safe-operating-area
(SOA) constraints (Fig. 3.66).

Keep in mind that an ON MOSFET
behaves like a small resistance, rather
than a saturated bipolar transistor, for
small values of drain voltage. This can
be an advantage, because the " saturation
voltage™ goes clear to zero for small drain
currents. Thereisageneral perception that
MOSFETs don't saturate as well at high
currents, but our research shows thisto be
largely false. In Table 3.6 weve chosen
comparable pairs (npn versus n-channel
MOSFET), for which we've looked up the
specified Veg(say) O BEpson)- The low-
current MOSIéE makes a poor showing
when compared with its* small-signa* npn
cousin, but in the range of 10-50 amps, 0~
100 volts, the MOSFET does better. Note
particularly the enormous base currents
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TABLE 3.6. BJT-MOSFET COMPARISON
Vgat{max)
cout
(25°C)  (125°C) (10V)  Price
Class Type Ic. I V) v lg Vgs max (100 pc)

60V, 0.5A NPN - 2N4400 0.5A 0.75 0.8 50mA 8pF  $0.09
NMOS - VN0610 0.5A 25 4.5 10V 25pF $0.43
60V, 10A  NPN - 2N3055 10A 3 - 3.3A 600pF $0.65
NMOS - MTP3055A 10A 15 2.3 10V 300pF $0.57
100V, 50A  NPN - 2N6274 20A 1 1.4 2A 600pF  $11.00
NMOS - VNEOO3A  20A 0.7 1.1 10V 3000pF $12.50
400V, 15A  NPN - 2N6547 15A 15 25 2A 500pF $4.00
NMOS - IRF350 15A 3 6 oV 900pF  $12.60

needed to bring the bipolar power transis-
tor into good saturation - 10% or more of
the collector current (!) - compared with
the (zero-current) 10 volt bias at which
MOSFETs are usually specified. Note also
that high-voltage MOSFETSs (say, BVps >
200V) tend to have larger Rpg(on), With
larger temperature coefficients, than the
lower-voltage units. Along with saturation
data, weve listed capacitances in the ta-
ble, because power MOSFETSs often have
more capacitance than BJTs of the same
rated current; in some applications (partic-
ularly if switching speed isimportant) you
might want to consider the product of ca-
pacitance and saturation voltage asafigure
of merit.

Remember that power MOSFETS can
be used as BJT substitutesfor linear power
circuits, for example audio amplifiers and
voltage regulators (well treat the latter in
Chapter 6). Power MOSFETs are also
available as p-channel devices, although
there tends to be agreater variety available
among the (better performing) n-channel
devices.

Some MOSFET power switching exam-
ples. Figure 3.72 shows three ways to use
a MOSFET to control the dc power to
some sub-circuit that you want to turn on
and off. If you have a battery-operated

instrument that needs to make some mea-
surements occasionally, you might use
circuit A to switch the power-hungry
microprocessor off except during those
intermittent measurements. Here weve
used a PMOS switch, turned on by a 5 volt
logic swing to ground. The “5V logic" is
micropower CMOS digital circuitry, kept
running even when the microprocessor is
shut off (remember, CMOS logic has zero
static dissipation). WEell have much more
to say about this sort of " power-switching™
scheme in Chapter 14.

In the second circuit (B), were switch-
ing dc power to a load that needs +12
volts, at considerable current; maybe it's
a radio transmitter, or whatever. Because
we have only a 5 volt logic swing avail-
able, we've used a small n-channel switch
to generate a full 12 volt swing, which then
drivesthe PMOSgate. Notethe high-value
NMOS drain resistor, perfectly adequate
here because the PMOS gate draws no dc
current (even a beefy 10A brute), and we
don't need high switching speed in an ap-
plication like this.

The third circuit (C) is an elaboration
of circuit B, with short-circuit current lim-
iting via the pnp transistor. That's aways
a good idea in power supply design, be-
cause it's easy to slip with the oscilloscope
probe. In this case, the current limiting
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+5 +5V

5y —

logic Voo

1

+12V

microprocessor +5 ON |
circuit O—I—O_F-F

+12V

nr

VP12 (6A, 0.89)
IRFS533 (10A, 0.49)

to 12V load
100k

VNO1

12V load

= Fgure 3.72. dc power switchingwith MOSFETs.

also prevents momentary short-circuiting
of the +12 volt supply by the initially
uncharged bypass capacitor. Seeif you can
figure out how the current limiting circuit
works.

EXERCISE 3.21
How does the currentlimiting circuitwork? How
much load current does it allow? Why is the
NMOS drain resistor splitin two?

The limited gate breakdown voltages of
MOSFETSs (usualy +20V) would create
a real problem here if you attempted to
operate the circuit from higher supply
voltage. In that case you could replace the
100k resistor with 10k (allowing operation
to 40V), or other appropriate ratio, always
keeping the VP12 gate drive less than 20
volts.

Figure 3.73A shows a simple MOSFET
switching example, one that takes advan-
tage of the high gateimpedance. You might
want to turn on exterior lighting automat-
icaly at sunset. The photoresistor has low
resistance in sunlight, high resistance in
darkness. You make it part of a resis-
tive divider, driving the gate directly (no
dc loading!). The light goes on when the
gate voltage reaches the value that pro-
duces enough drain current to closethere-
lay. Sharp-eyed readers may have noticed
that this circuit is not particularly precise
or stable; that's OK, because the photore-
sistor undergoes an enormous change in
resistance (from 10k to 10M, say) when it
gets dark. The circuit's lack of a precise
and stable threshold just means that the
light may turn on a few minutes early or
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+ 10V

v—— to 120V ac
A lighting circuit

threshold
-

o~

photoresistor

A B

photoresistor

- r- {cMP
A r relay)
-

Figure 3.73. Ambient-light-controlled power switch.

+12V
10~20A

|

SMPEBONOS
(60A, 0.02Q)
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Zn ) )

piezo electric
crystal

1|

JLrr

200kHz

late. Note that the MOSFET may have to
dissipate some power during the time the
gate bias isinching up, since we're operat-
ing in the linear region. That problem is
remedied in Figure 3.73B, where a pair of
cascaded MOSFETSs delivers much higher
gain, augmented by some positive feed-
back viathe 10M resistor; the |atter causes
the circuit to snap on regeneratively as it
reaches threshold.

Figure 3.74 shows a real power MOS-
FET job: A 200 watt amplifier to drive
a piezoelectric underwater transducer at

200kHz 200W driver

Figure 3.74. MOSFET piezo power driver.

200kHz. Weve used a pair of hefty NMOS
transistors, driven alternately to create ac
drive in the (high-frequency) transformer
primary. The bipolar push-pull gate dri-
vers, with small gate resistors, are needed
to overcome capacitive loading, since the
FETs must beturned on fully in something
less than a microsecond.

Finally, in Figure 3.75 we show a linear
circuit example with power MOSFETS.
Ceramic piezoelectric transducers are of-
ten used in optical systems to produce
controlled small motions; for example,
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+1kV

input 180
0to +10V

| 3300
| 3kV

piezo

‘use five resistors
In series

protection
circuit

Figure 3.75. [kV low-power piezo driver.

in adaptive optics you might use a piezo-
electricaly controlled *rubber mirror to
compensate for local variations in the in-
dex of refraction of the atmosphere. Piezo
transducersare niceto use, becausethey're
very stiff. Unfortunately, they require a
kilovolt or more of voltage to produce sig-
nificant motions.  Furthermore, they're
highly capacitive - typically 0.01uF or
more - and have mechanical resonances
in the kilohertz range, thus presenting a
nasty load. We needed dozens of such
driver amplifiers, which for some reason
cost a few thousand dollars apiece if you
buy them commercially. We solved our
problem with the circuit shown. TheBUZ-
50B isan inexpensive ($4) MOSFET, good
for 1kV and 2 amps. Thefirst transistor is
acommon-source inverting amplifier, driv-
ing a source follower. The npn transis-
tor is a current-limiter and can be a low-
voltage unit, since it floats on the output.
One subtle feature of the circuit isthe fact
that it's actually push-pull, even though it

470 I

0-1kV piezo driver
1000V pp to 1kHz

lookssingle-ended: You need plenty of cur-
rent to push 10,000pF around at 2 volts
per microsecond (how much?); the output
transistor can source current, but the pull-
down resistor can't sink enough (look back
to Section 2.15, where we motivated push-
pull with the same problem). In thiscircuit
the driver transistor is the pulldown, via
the gate-source diode! The rest of the cir-
cuit involves feedback (with an op-amp),
a forbidden subject until the next chapter;
in this case the magic of feedback makes
the overall circuit linear (100V of output
per volt of input), whereas without it the
output voltage would depend on the (non-
linear) Ip-versus-Vgs characteristic of the
input transistor.

3.15 MOSFET handling precautions

The MOSFET gate isinsulated by a layer
of glass (SiO2) a few thousand angstroms
(1A = 0.Ilnm) thick. As a result it has
very high resistance, and no resistive or

/A ¢, < 10,0000F
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junction-like path that can discharge static
electricity asit is building up. In aclassic
situation you have a MOSFET (or MOS-
FET integrated circuit) in your hand. You
walk over to your circuit, stick the device
into itssocket, and turn on the power, only
to discover that the FET is dead. You
killedit! You should havegrabbed ontothe
circuit board with your other hand before
inserting the device. This would have dis-
charged your static voltage, which in win-
ter can reach thousands of volts. MOS de-
vices don't take kindly to " carpet shock,"
which is officidly caled electrostatic dis-
charge (ESD). For purposes of static elec-
tricity, you are equivalent to 100pF in se-
ries with 1.5k; in winter your capacitor
may charge to 10kV or more with a bit of
shuffling about on a fluffy rug, and even
a simple arm motion with shirt or sweater
can generate a few kilovolts(see Table 3.7).

TABLE3.7.
TYPICAL ELECTROSTATIC VOLTAGES?

Electrostatic voltage

10%-20% 65'0-90%
humidity humidity
Action v) v

walk on carpet 35,000 1,500
walk on vinyl floor 12,000 250
work at bench 6,000 100
handle vinyl envelope 7,000 600
pick up poly bag 20,000 1,200
shift position on foam chair 18,000 1,500

@) adapted from Motorola Power MOSFET Data Book.

Although any semiconductor device can
be clobbered by a healthy spark, MOS de-
vices are particularly susceptible because
the energy stored in the gate-channel ca-
pacitance, when it has been brought up to
breakdown voltage, is sufficient to blow a
hole through the delicate gate oxide insula-

tion. (If the spark comes from your finger,
your additional 100pF only addstothein-
jury.) Figure 3.76 (from a series of ESD
testson a power MOSFET) showsthe sort
of mess this can make. Calling this " gate
breakdown" gives the wrong idea; the col-
orful term "gate rupture” is closer to the
mark!

high power {X1200)

Figure 3.76. Scanning electron micrograph of
a 6 amp MOSFET destroyed by 1kV charge on
"human body equivalent” (1.5k in series With
100pF) applied toits gate. (Courtesy ofMotor-
ola, Inc.)

Theelectronics industry takes ESD very
serioudly. It is probably the leading cause
of nonfunctional semiconductorsin instru-
ments fresh off the assembly line. Books
are published on the subject, and you can
takes courseson it. MOS devices, as well
asother susceptible semiconductors(which
includes just about everything; e.g., it takes
about 10 times as much voltage to zap
a BJT), should be shipped in conductive
foam or bags, and you have to be careful
about voltageson soldering irons, etc., dur-
ing fabrication. It is best to ground solder-
ing irons, table tops, etc., and use conduc-
tive wrist straps. In addition, you can get
"antistatic” carpets, upholstery, and even
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clothing (e.g., antistatic smocks containing
2% stainless steel fiber). A good antistatic
workstation includes humidity control, air
ionizers (to make the air dightly conduc-
tive, which keeps things from charging up),
and educated workers. In spite of all this,
failure rates increase dramatically in win-
ter.

Once a semiconductor device is safely
soldered into its circuit, the chances for
damage are greatly reduced. In addition,
most small-geometry MOS devices (e.g.,
CMOS logic devices, but not power MOS-
FETs) have protection diodes in the input
gate circuits. Although the internal pro-
tection networks of resistors and clamping
diodes (or sometimes zeners) compromise
performance somewhat, it is often worth-
while to choose those devices because of
thegreatly reduced risk of damage by static
electricity. In the case of unprotected
devices, for example power MOSFETS,
small-geometry (low current) devices tend
to be the most troublesome, because their
low input capacitance is easily brought to
high voltage when it comesin contact with
a charged 100pF human. Our persona

experience with the small-geometry VN13
MOSFET has been so dismal in thisregard
that we no longer use it in production in-
struments.

It is hard to overstate the problem
of gate damage due to breakdown in
MOSFETs. Luckily, MOSFET designers
realize the seriousness of the problem
and are responding with new designs with
higher BVgs; for example, Motorolas
new " TMOS IV” series features £50 volt
gate-source breakdown.

SELF-EXPLANATORY CIRCUITS

3.16 Circuit ideas

Figure 3.77 presents a sampling of FET
circuit ideas.

3.17 Bad circuits

Figure 3.78 presents a collection of bad
ideas, some of which involve a bit of
subtlety. Youll learn alot by figuring out
why these circuits won't work.
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Ch4: Feedback and Operational Amplifiers

INTRODUCTION

Feedback has become such a well-known
concept that the word has entered the gen-
era vocabulary. In control systems, feed-
back consists in comparing the output of
the system with the desired output and
making a correction accordingly. The"sys-
tem" can be almost anything: for instance,
the process of driving a car down the road,
in which the output (the position and ve-
locity of the car) is sensed by the driver,
who compares it with expectations and
makes corrections to the input (steering
whedl, throttle, brake). In amplifier cir-
cuits the output should bea multiple of the
input, so in afeedback amplifier the input
iscompared with an attenuated version of
the output.

4.01 Introduction to feedback

Negative feedback is the process of cou-
pling the output back in such a way as
to cancel some of the input. You might
think that this would only have the effect
of reducing the amplifier's gain and would

be a pretty stupid thing to do. Harold
S. Black, who attempted to patent nega-
tive feedback in 1928, was greeted with
the same response. In his words, "Our
patent application was treated in the same
manner as one for a perpetual-motion ma-
chine." (Seethefascinating articlein IEEE
Spectrum, December 1977.) True, it does
lower the gain, but in exchange it aso im-
proves other characteristics, most notably
freedom from distortion and nonlinearity,
flatness of response (or conformity to some
desired frequency response), and predict-
ability. In fact, as more negative feedback
is used, the resultant,amplifier character-
istics become less dependent on the char-
acteristics of the open-loop (no-feedback)
amplifier and finaly depend only on the
properties of the feedback network itself.
Operational amplifiers are typically used
in this high-loop-gain limit, with open-loop
voltage gain (no feedback) of a million or
SO.

A feedback network can be frequency-
dependent, to produce an equalization
amplifier  (with specific gain-versus-
frequency characteristics, an example
being the famous RIAA phono amplifier

175
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characteristic), or it can be amplitude-
dependent, producing a nonlinear ampli-
fier (a popular example is a logarithmic
amplifier, built with feedback that exploits
the logarithmic Vg versus I of a diode
or transistor). It can be arranged to pro-
duce a current source (near-infinite out-
put impedance) or a voltage source (near-
zero output impedance), and it can be con-
nected to generate very high or very low in-
put impedance. Speakingin general terms,
the property that is sampled to produce
feedback is the property that is improved.
Thus, if you feed back a signal propor-
tiona to the output current, you will gen-
erate agood current source.

Feedback can aso be positive; that's
how you make an oscillator, for instance.
As much fun as that may sound, it sim-
ply isnt as important as negative feed-
back. More often it's a nuisance, since a
negative-feedback circuit may have large
enough phase shiftsat some high frequency
to produce positive feedback and oscil-
lations. It is surprisingly easy to have
this happen, and the prevention of un-
wanted oscillations is the object of what
is called compensation, a subject we will
treat briefly at the end of the chapter.

Having made these general comments,
we will now look at a few feedback exam-
ples with operational amplifiers.

4.02 Operational amplifiers

Most of our work with feedback will in-
volve operational amplifiers, very high
gain dc-coupled differential amplifierswith
single-ended outputs. You can think of
the classic long-tailed pair (Section 2.18)
with its two inputs and single output as
a prototype, although real op-amps have
much higher gain (typically 10° to 10°)
and lower output impedance and allow the
output to swing through most of the sup-
ply range (you usualy use a split supply,
most often £15V). Operational amplifiers
are now available in literally hundreds of

types, with the universal symbol shown
in Figure 4.1, where the (+) and (-) in-
puts do as expected: The output goes posi-
tive when the noninverting input (+)goes
more positive than the inverting input (=),
and vice versa. The (+) and (-) sym-
bolsdon't mean that you have to keep one
positive with respect to the other, or any-
thing like that; they just tell you the rela
tive phase of the output (which is impor-
tant to keep negative feedback negative).
Using the words " noninverting™ and "in-
verting,” rather than "plus™ and "minus,"
will help avoid confusion. Power-supply
connections are frequently not displayed,
and there is no ground terminal. Oper-
ational amplifiers have enormous voltage
gain, and they are never (well, hardly ever)
used without feedback. Think of an op-
amp as fodder for feedback. The open-
loop gain is so high that for any reason-
able closed-loop gain, the characteristics
depend only on the feedback network. Of
course, at some level of scrutiny this gen-
eralization must fail. We will start with
a naive view of op-amp behavior and fill
in some of the finer points later, when we
need to.

Figure4.1

There are literaly hundreds of different
op-amps available, offering various perfor-
mance trade-offsthat we will explain later
(look ahead to Table 4.1 if you want to
be overwhelmed by what's available). A
very good al-around performer is the
popular LF411 (411~ for short), origi-
naly introduced by National Semi-
conductor. Like all op-amps, it is a wee
beastie packaged in the so-called mini-
DIP (dua in-line package), and it looks
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Figure 4.2. Mini-DIP integrated circuit.

as shown in Figure 4.2. It is inexpensive
(about 60 cents) and easy to use; it comes
in an improved grade (LF411A) and also
in a mini-DIP containing two independent
op-amps (LF412, called a™dua™ op-amp).
We will adopt the LF411 throughout this
chapter as our ' standard™ op-amp, and we
recommend it as a good starting point for
your circuit designs.

o«
411 no
offset null G top view @connection
. . v,
inverting (7 ™ @ (usually
input +15V)
noninverting
input 3 + @ output
Ve
(usually @ @ offset null
—-15V)
Figure 4.3

Inside the 411 is a piece of silicon con-
taining 24 transistors (21 BJTs, 3 FETs),
11 resistors, and 1 capacitor. The pin con-
nections are shown in Figure 4.3. The dot
in the corner, or notch at the end of the
package, identifies the end from which to
begin counting the pin numbers. As with
most electronic packages, you count pins
counterclockwise, viewing from the top.
The "offset null” terminals (also known as
"balance” or "'trim™) have to do with cor-
recting (externally) the small asymmetries

that are unavoidable when making the op-
amp. You will learn about this later in the
chapter.

4.03 The golden rules

Here are the simple rules for working out
op-amp behavior with external feedback.
They're good enough for amost everything
you'll ever do.

First, the op-amp voltage gain is so
high that a fraction of a millivolt between
the input terminals will swing the output
over its full range, so we ignore that small
voltage and state golden rule I:

I. The output attempts to do whatever is
necessary to make the voltage difference
between the inputs zero.

Second, op-amps draw very little input
current (0.2nA for the LF411; picoamps
for low-input-current types); we round
this off, stating golden rule II:

I1. The inputs draw no current.

One important note of explanation:
Golden rule | doesn't mean that the op-
amp actually changes the voltageat its in-
puts. It can't do that. (How could it, and
be consistent with golden rule 11?) What it
does is “look” at its input terminals and
swing its output terminal around so that
the external feedback network brings the
input differential to zero (if possible).

These two rules get you quite far. We
will illustrate with some basic and impor-
tant op-amp circuits, and these will prompt
a few cautions listed in Section 4.08.

BASIC OP-AMP CIRCUITS

4.04 Inverting amplifier

Let's begin with the circuit shown in
Figure 44. The analysisis simple, if you
remember your golden rules:

1, Point B isat ground, so rule | implies
that point A isalso.



178

FEEDBACK AND OPERATIONAL AMPLIFIERS

Chapter 4

2 This means that (a) the voltage across
R, is V4 and (b) the voltageacross R, is
Vin.

RZ
AAA-

p— Oout

FHaure 4.4. Inverting amplifier.

3 So, using rule I1, we have
Vout/R2 = =Vin/ R,

In other words,

voltage gain = Voyuy/Vin = —R2/R:

Later you will see that it's often better
not to ground B directly, but through a
resistor. However, don't worry about that
NOW.

Our analysis seems amost too easy! In
some ways it obscures what is actualy
happening. To understand how feedback
works, just imagine some input level, say
+1 volt. For concreteness, imagine that
R, is 10k and Ry is 100k. Now, suppose
the output decides to be uncooperative,
and sits at zero volts. What happens? R,
and R, form a voltage divider, holding the
inverting input at +0.91 volt. The op-
amp sees an enormous input unbalance,
forcing the output to go negative. This
action continues until the output is at the
required —10.0 volts, at which point both
op-amp inputs are at the same voltage,
namely ground. Similarly, any tendency
for the output to go more negative than
—10.0 volts will pull the inverting isput
below ground, forcing the output voltage
to rise.

What is the input impedance? Simple.
Point A is awaysat zero volts (it's caled
a virtual ground). So Z;, = R;. At this
point you don't yet know how to figure the

output impedance; for this circuit, it's a
fraction of an ohm.

Note that this analysis is true even
for dc - it's a dc amplifier, So if you
have a signa source offset from ground
(collector of aprevious stage, for instance),
you may want to use a coupling capacitor
(sometimes called a blocking capacitor,
since it blocks dc but couples the signd).
For reasons you will seelater (having to do
with departures of op-amp behavior from
theidedl), it is usually agood ideato use a
blocking capacitor if you're only interested
in ac signalsanyway.

This circuit is known as an inverting
amplifier. Its one undesirable feature is
the low input impedance, particularly for
amplifiers with large (closed-1oop) voltage
gain, where R; tends to be rather small.
That is remedied in the next circuit (Fig.
45).

r—— out

Figure 4.5. Noninverting amplifier.

4.05 Noninverting amplifier

Consider Figure 4.5. Again, the analysisis
simplicity itself:

Va= Vi

But V4 comes from a voltage divider:

Va = VouR1/(Ry + Ry)

Set V4 = Vi, and you get

gain = Vous/Via = 1T R2/Ry

This is a noninverting amplifier. In the
approximation we are using, the input

impedance is infinite (with the 411 it
would be 10122 or more; a bipolar op-amp
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will typically exceed 10%§2). The output
impedance is gtill a fraction of an ohm.
As with the inverting amplifier, a detailed
look at the voltages at the inputs will
persuade you that it works as advertised.

Once again we have a dc amplifier. If
the signal source is ac-coupled, you must
provide a return to ground for the (very
small) input current, asin Figure 4.6. The
component values shown give a voltage
gain of 10 and a low-frequency 3dB point
of 16Hz.

0.1uF
in—l

100k p—— Oout

18k

Fgure 4.6

4.7uF

o' T

Figure 4.7

An ac amplifier

Again, if only ac signas are being ampli-
fied, it is often a good idea to "roll off’
the gain to unity at dc, especialy if the
amplifier has large voltage gain, in order
to reduce the effects of finite "input off-
st voltage.™ The circuit in Figure 4.7 has
a low-frequency 3dB point of 17Hz, the
frequency at which the impedance of the

capacitor equals 2.0k. Note the large ca
pacitor value required. For noninverting
amplifiers with high gain, the capacitor in
this ac amplifier configuration may be un-
desirably large. In that case it may be
preferable to omit the capacitor and trim
the offset voltage to zero, as we will dis-
cuss later (Section 4.12). An alternative
isto raise R, and Ry, perhapsusinga T
network for the latter (Section 4.18).

In spite of its desirable high input im-
pedance, the noninverting amplifier con-
figuration is not necessarily to be preferred
over the inverting amplifier configuration
in al circumstances. As we will see later,
the inverting amplifier puts less demand
on the op-amp and therefore gives some-
what better performance. In addition, its
virtual ground provides a handy way to
combine several signals without interac-
tion. Findly, if the circuit in question is
driven from the (stiff) output of another
op-amp, it makes no difference whether
theinput impedance is 10k (say) or infinity,
because the previous stage has no trouble
driving it in either case.

r— out

Figure 4.8. Fdlower.

4.06 Follower

Figure 4.8 showsthe op-amp version of an
emitter follower. It issimply a noninvert-
ing amplifier with R, infinite and Ry zero
(gain = 1). There are specia op-amps, us-
ableonly asfollowers, with improved char-
acteristics (mainly higher speed), e.g., the
LM310 and the OPA633, or with simpli-
fied connections, e.g., the TLO68 (which
comesin a 3-pin transistor package).

An amplifier of unity gain is sometimes
caled a buffer because of its isolating
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properties (high input impedance, low

output impedance).

v

n
(from a voltage divider
or perhaps a signal)

Figure 4.9
- - = ™
| 7Y |
| |
| R
| 1 |
I * v, |
| -
L — _ vl
! t R, |
] power |
1] supply R |
| com 1
el T
| L1
| |
- |
L 2

Figure4.10. Current sourcewith grounded load
and floating power supply.

4.07 Current sources

The circuit in Figure 4.9 approximates an
ideal current source, without the Vg g off-
set of a transistor current source. Nega
tive feedback results in V;, at the invert-
ing input, producing a current | = Vi, /R
through the load. The major disadvan-
tage of this circuit is the "floating™ load
(neither side grounded). You couldn't gen-
erate a usable sawtooth wave with respect
to ground with this current source, for in-
stance. One solution is to float the whole
circuit (power supplies and al) so that you
can ground one side of theload (Fig. 4.10).

The circuit in the box is the previous cur-
rent source, with its power supplies shown
explicitly. R, and R form a voltage di-
vider to set the current. If this circuit
seems confusing, it may help to remind
yourself that “ground” is a relative con-
cept. Any one point in a circuit could be
called ground. This circuit is useful for
generating currents into a load that is re-
turned to ground, but it has the disadvan-
tage that the control input is now floating,
S0 you cannot program the output current
with an input voltage referenced to ground.
Some solutions to this problem are pre-
sented in Chapter 6 in the discussion of
constant-current power supplies.

Current sources for loads
returned to ground

With an op-amp and externa transistor it
is possible to make a simple high-quality
current source for a load returned to
ground; a little additional circuitry makes
it possibleto use a programming input ref-
erenced to ground (Fig. 411). In the first
circuit, feedback forcesa voltageVec — Vin
across R, giving an emitter current (and
therefore an output current) Ig = (Voo —
Vin)/R. There are no Vgg offsets, or their
variationswith temperature, I¢, Vog, €tc.,
to worry about. The current source isim-
perfect (ignoring op-amp errors:. Ip, Vos)
only insofar asthe small base current may
vary somewhat with Vg (assuming the
op-amp draws no input current), not too
high a priceto pay for the convenience of a
grounded load; a Darlington for ¢ would
reduce this error considerably. This error
comes about, of course, because the op-
amp stabilizes the emitter current, whereas
theload seesthe collector current. A varia-
tion of thiscircuit, using a FET instead of
abipolar transistor, avoidsthis problem al-
together, since FETs draw no gate current.
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With this circuit the output current is
proportional to the voltage drop below
Vee applied to the op-amp's noninverting
input; in other words, the programming
voltage is referenced to Ve, which isfine
if Vin isafixed voltagegenerated by a volt-
age divider, but an awkward situation if
an external input isto be used. This is
remedied in the second circuit, in which a
similar current source with npn transistor
is used to convert an input voltage (refer-
enced to ground) to a Vg ¢-referenced in-
put to the final current source. Op-amps
and transistorsare inexpensive. Don't hes-
itate to use a few extra componentsto im-
prove performance or convenience in cir-
cuit design.

One important note about the last cir-
cuit: The op-amp must be able to operate
with itsinputs near or at the positive sup-
ply voltage. An op-amp like the 307, 355,
or OP-41 is good here. Alternatively, the
op-amp could be powered from a separate
V. voltage higher than Vec.

EXERCISE 4.1
What is the output current in the last circuit for
agiven input voltage &?

Figure 4.12 shows an interesting vari-
ation on the op-amp/transistor current

Figure 4.11. Current sources
for grounded loads that don’t
= require a floating power sup-
ply.

source. It has the advantage of zero
base current error, which you get with
FETs, without being restricted to output
currents lessthan Ipg(ony. In this circuit
(actually a current sink), Q2 begins to

+ Vpp

fioad = Vin/ 100 | Ioaa

+16V

Q;
2N5192

Figure 4.12. FET/bipolar current Source suit-
e for high currents.

conduct when @) isdrawing about 0.6mA
drain current. With @1’s minimum Ipgss
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of 4mA and a reasonable value for Q2’s
beta, load currents of 100mA or more
can be generated (@2 can be replaced by
a Darlington for much higher currents,
and in that case R, should be reduced
accordingly). Weve used a JFET in this
particular circuit, although a MOSFET
would be fing; in fact, it would be better,
since with a JFET (which is a depletion-
mode device) the op-amp must be run
from split supplies to ensure a gate voltage
range sufficient for pinch-off. It's worth
noting that you can get plenty of current
with asimple power MOSFET (*VMOS");
but the high interelectrode capacitances of
power FETs may cause problems that you
avoid with the hybrid circuit here.

Howland current source

Figure 4.13 shows a nice “textbook” cur-
rent source. If the resistors are chosen

so that R3/Ry; = R4/R;, then it can be
shown that fjg.q =

—‘/in/RZ-

Figure 4.13. Howland current source.

EXERCISE 4.2
Show that the preceding result is correct.

This sounds great, but there's a hitch:
The resistors must be matched exactly;
otherwise it isn't a perfect current source.

Even so, its performance is limited by the
CMRR of the op-amp. For large output
currents, the resistors must be small, and
the compliance is limited. Also, at high
frequencies (where the loop gain is low, as
well learn shortly) the output impedance
can drop from the desired value of infinity
to aslittle asa few hundred ohms (the op-
amp's open-loop output impedance). As
clever as it looks, the Howland current
source is not widely used.

4.08 Basic cautions for op-amp circuits

1. In al op-amp circuits, golden rules |
and II (Section 4.03) will be obeyed only
if the op-amp is in the active region, i.e.,
inputs and outputs not saturated at one of
the supply voltages.

For instance, overdriving one of the

amplifier configurations will cause output

clipping at output swings near Voo or
VEEP gDurlng cllppmg,gthe mpufs will

no longer be maintained at the same
voltage. The op-amp output cannot swing
beyond the supply voltages (typicaly it can
swing only to within 2V of the supplies,
though certain op-amps are designed to
swing al the way to one supply or the
other). Likewise, the output compliance
of an op-amp current source is set by
the same limitation. The current source
with floating load, for instance, can put
a maximum of Vee — Vin across the
load in the "normal™ direction (current
in the same direction as applied voltage)
and Vi, — Vgg in the reverse direction
(the load could be rather strange, e.g.,
it might contain batteries, requiring the
reverse sense of voltage to get a forward
current; the same thing might happen
with an inductive load driven by changing
currents).

2. The feedback must be arranged so
that it is negative. This means (among
other things) that you must not mix up the
inverting and noninverting inputs.
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3. There must aways be feedback at dc in
an op-amp circuit. Otherwise the op-amp
is guaranteed to go into saturation.

For instance, we were able to put a

capacitor from the feedback network to
ground in the noninverting amplifier (to
reduce gain at dc to 1, Fig. 4.7), but
we could not similarly put a capacitor in
series between the output and the inverting
input.
4. Many op-amps have a relatively small
maximum differential input voltage limit.
The maximum voltage difference between
the inverting and noninverting inputs
might be limited to aslittleas 5 voltsin ei-
ther polarity. Breaking this rule will cause
large input currents to flow, with degrada-
tion or destruction of the op-amp.

We will take up some more issues of this
type in Section 4.11 and again in Section
7.06 in connection with precision circuit
design.

AN OP-AMP SMORGASBORD

In the following examples we will skip the
detailed analysis, leaving that fun for you,
the reader.

4.09 Linear circuits

Optional inverter

The circuits in Figure 4.14 let you invert,
or amplify without inversion, by flipping
aswitch. The voltage gain is either +1 or
-1, depending on the switch position.

EXERCISE 4.3
Show that the circuits in Figure 4.14 work as
advertised.

Follower with bootstrap

Aswith transistor amplifiers, the bias path
can compromise the high input impedance
you would otherwise get with an op-amp,

_ 10k 10k
in v AAA
follower — out
inverti
A
10k
AN
10k
in L—out
+
5.1k
B
Figure4.14

Figure4.15

particularly with ac-coupled inputs, where
a resistor to ground is mandatory. If that
is a problem, the bootstrap circuit shown
in Figure 4.15 is a possible solution. As
in the transistor bootstrap circuit (Section
2.17), the 0.1uF capacitor makesthe upper
IM resistor look like a high-impedance
current source to input signas. The low-
frequency rolloff for this circuit will begin
at about 10Hz, dropping at 12dB per
octave for frequencies somewhat below
this. Note: You might be tempted to
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reduce the input coupling capacitor, since
its load has been bootstrapped to high
impedance. However, this can generate
a peak in the frequency response, in the
manner of an active filter (see Section
5.06).

Ideal current-to-voltage converter

Remember that the humble resistor isthe
simplest I-to-V converter. However, it has
the disadvantage of presenting a nonzero
impedance to the source of input current;
this can be fatal if the device providing
the input current has very little compliance
or does not produce a constant current
as the output voltage changes. A good
example is a photovoltaic cel, a fancy
name for a sun battery. Even the garden-
variety signal diodes you use in circuits
have a small photovoltaic effect (there are
amusing stories of bizarre circuit behavior
finaly traced to this effect). Figure 4.16
shows the good way to convert current

M2
AV

'//

b
output (+}
L.
photovoltaic
diode
i_
Foure 4.16

to voltage while holding the input strictly
at ground. The inverting input is a vir-
tual ground; this isfortunate, since a pho-
tovoltaic diode can generate only a few
tenths of a volt. This particular circuit
has an output of 1 volt per microamp of
input current. (With BJT-input op-amps
you sometimes see a resistor connected be-
tween the noninverting input and ground,

its function will be explained shortly in
connection with op-amp shortcomings.)

Of course, this transresistance configu-
ration can be used equally well for devices
that source their current via some positive
excitation voltage, such as V. Photo-
multiplier tubesand phototransistors (both
devicesthat source current from a positive
supply when exposed to light) are often
used thisway (Fig. 4.17).

+15

A 10k
e
light in

LPT 100

(nobase
connection)

Fgure 4.17

EXERCISE 4.4

Use a 411 and a 1mA (full scale) meter to
construct a "perfect" current meter (i.e., one
with zero inputimpedance) with 5mA full scale.
Design the circuit so that the meter will never
be driven more than £150% full scale. Assume
thatthe 411 outputcan swingto £13 volts {15V
supplies) and that the meter has 500 ohms
internal resistance.

Differential amplifier

The circuit in Figure 4.18 is a differential
amplifier with gain R./R;. As with the
current source that used matched resistor
ratios, this circuit requires precise resistor
matching to achieve high common-mode
rejection ratios. The best procedure is
to stock up on a bunch of 100k 0.01%
resistors next time you have a chance.
All your differential amplifiers will have
unity gain, but that's easily remedied with
further (single-ended) stages of gain. We
will treat differential amplifiers in more
detail in Chapter 7.
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bV,

out

Figure 4.18. Classic differential amplifier.

Summing amplifier

The circuit shown in Figure 4.19 isjust a
variation of the inverting amplifier. Point
X isavirtua ground, so the input current
isVi/R + Vo/R + V3/R. That gives
Vouw = —(Vi T Vot V3). Note that
the inputs can be positive or negative.
Also, the input resistors need not be equal;
if they're unegual, you get a weighted
sum. For instance, you could have four
inputs, each of which is +1 volt or zero,
representing binary vaues 1, 2, 4, and
8. By using input resistors of 10k, Sk,
2.5k, and 1.25k you will get an output
in volts equal to the binary count input.
This scheme can be easily expanded to
severa digits. It is the basis of digital-
to-analog conversion, athough a different
input circuit (an R — 2R ladder) is usually
used.

EXERCISE 4.5

Show how to make a two-digit digital-to-analog
converter by appropriately scaling the input
resistors in a summing amplifier. The digital
input represents two digits, each consisting of
four lines that represent the values 1, 2, 4, and
8 for the respectivedigits. Aninputline is either
at +1 voltor at ground, i.e., the eightinputlines
represent1, 2, 4, 8,10, 20, 40, and 80. Because
op-amp outputs generally cannot swing beyond
+13 volts, you will have to settle for an output
in volts equal to one-tenththe value of the input
number.

10k

10k
V1
10k
v, X
bV
10k out
Vs
Figure 4.19
1uF
910k
0.0033uF
47[.1F I
A =
{1
+20dB
+10dB F - 6dB/octave

gain

0dB k’ £ N
500Hz (318us) S

710d8%>

- - - -
frequency (logscale) ——

6dB/octave

B

Figure 4.20. Op-amp RIAA phono playback
amplifier.

RIAA preamp

TheRIAA preamp isan exampleof an am-
plifier with a specifically tailored frequency
response. Phonograph records are cut with
approximately flat amplitude characteris-
tics; magnetic pickups, on the other hand,
respond to velocity, so a playback ampli-
fier with rising bass response is required.
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The circuit shown in Figure 4.20 produces
the required response. The RIAA play-
back amplifier frequency response (relative
to 0dB at 1kHz) is shown in the graph,
with the breakpointsgiven in termsof time
constants. The 47uF capacitor to ground
rolls off the gain to unity at dc, where it
would otherwise be about 1000; aswe have
hinted earlier, the reason isto avoid ampli-
fication of dc input "offsets” The LM833
is a low-noise dual op-amp intended for
audio applications (a "gold-plated” op-
amp for this application is the ultra-low-
noise LT1028, which is 13dB quieter, and
10dB more expensive, than the 833!).

Ve

10k
]

¢—— output

1.0k -% .0k

Figure 421

Power booster

For high output current, a power transis-
tor follower can be hung on an op-amp
output (Fig. 4.21). In this case a nonin-
verting amplifier has been drawn; the fol-
lower can beadded to any op-amp configu-
ration. Notice that feedback istaken from
the emitter; thus, feedback enforcesthe de-
sired output voltage in spite of the Vg
drop. This circuit has the usual problem
that the follower output can only source
current. As with transistor circuits, the
remedy is a push-pull booster (Fig. 4.22).
You will see later that the limited speed
with which the op-amp can move its out-
put (dew rate) seriously limits the speed

AN
+Vee
— AN
— & ____ output
—Vee
Figure 4.22
2N3055 + heat sink
N
Input 430 ~ output
+12V to +30V—e- - 10V
(unregulated) — N OIMHegulated)
TR
/1N

2N3725

Figure 4.23

of this booster in the crossover region,
creating distortion. For slow-speed appli-
cations you don’t need to bias the push-
pull pair into quiescent conduction, be-
cause feedback will take care of most of
the crossover distortion. Commercial op-
amp power boosters are available, e.g., the
IT1010, OPA633, and 3553. These are
unity-gain push-pull amplifiers capable of
200mA of output current and operation to
100MHz and above. You can includethem
inside the feedback loop without any wor-
ries (See Table 7.4).
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Power supply

An op-amp can provide the gain for a
feedback voltage regulator (Fig. 4.23). The
op-amp compares a sample of the output
with the zener reference, changing the
drive to the Darlington " pass transistor"
as needed. This circuit supplies 10 volts
regulated, at up to 1 amp load current.
Some notes about this circuit:

1. The voltage divider that samples the
output could be a potentiometer, for ad-
justable output voltage.

2 For reduced ripple at the zener, the 10k
resistor should be replaced by a current
source. Another approach is to bias the
zener from the output; that way you take
advantage of the regulator you have built.
Caution: When using this trick, you must
analyze the circuit carefully to be sure it
will start up when power isfirst applied.
3 Thecircuit as drawn could be damaged
by atemporary short circuit acrossthe out-
put, because the op-amp would attempt to
drive the Darlington pair into heavy con-
duction. Regulated power supplies should
aways have circuitry to limit "fault™ cur-
rent (see Section 6.05 for more details).

4. Integrated circuit voltage regulators are
available in tremendous variety, from
the time-honored 723 to the convenient 3-
terminal adjustable regulators with inter-
na current limit and thermal shutdown
(see Tables 6.8-6.10). These devices,
complete with temperature-compensated

+Vee

2N3055

1.0k

Figure 4.24

internal zener reference and pass transis-
tor, are so easy to use that you will almost
never use a general-purpose op-amp as a
regulator. The exception might be to gen-
erate a stable voltage within a circuit that
already has a stable power-supply voltage
available.

In Chapter 6 we will discuss voltage
regulators and power supplies in detail,
including special ICs intended for use as
voltage regulators.

4,10 Nonlinear circuits

Power-switching driver

For loads that areeither on or off, a switch-
ing transistor can be driven from an op-
amp. Figure 4.24 shows how. Note the
diode to prevent reverse base-emitter
breakdown (op-amps easily swing more
than —5V). The 2N3055 is everyone's
power transistor for noncritical high-
current applications. A Darlington (or
power MOSFET) can be used if currents
greater than about 1 amp need to be
driven,

Active rectifier

Rectification of signals smaller than a
diode drop cannot be done with a sim-
ple diode-resistor combination. As usual,
op-amps come to the rescue, in this case
by putting a diode in the feedback loop
(Fig. 4.25). For Vi, positive, the diode pro-
vides negativefeedback; the output follows
the input, coupled by the diode, but with-
out a Vgg drop. For Vi, negative, the op-
amp goesinto negativesaturation and Vo
isat ground. R could bechosen smaller for
lower output impedance, with the tradeoff
of higher op-amp output current. A better
solution is to use an op-amp follower at
the output, as shown, to produce very low
output impedance regardlessof the resistor
value.
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Figure 4.25. Simple active rectifier.
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Figure 4.26. Effect of finite dew rate on the
smple active rectifier.

Thereisa problem with thiscircuit that
becomes serious with high-speed signals.
Because an op-amp cannot swing itsoutput
infinitely fast, the recovery from negative
saturation (as the input waveform passes
through zero from below) takes some time,
during which the output is incorrect. It
looks something like the curve shown in
Figure 4.26. The output (heavy line) isan
accurate rectified version of theinput (light
line), except for a short time interval after
the input rises through zero volts. During
that interval the op-amp output is racing
up from saturation near —Vgg, so thecir-
cuit's output is still at ground. A general-
purpose op-amp likethe 411 hasadew rate
(maximum rate at which the output can
change) of 15 volts per microsecond; re-
covery from negative saturation therefore
takes about 1us, which may introduce sig-
nificant output error for fast signas. A
circuit modification improvesthesituation
considerably (Fig. 4.27).

Figure 4.27. Improved active rectifier.

D; makes the circuit a unity-gain
inverter for negative input signals. D,
clamps the op-amp's output at one diode
drop below ground for positiveinputs, and
since D4 is then back-biased, V¢ Sits at
ground. The improvement comes because
the op-amp's output swings only two diode
drops as the input signal passes through
zero. Since the op-amp output hasto slew
only about 1.2 volts instead of Vgg volts,
the "glitch" at zero crossings is reduced
more than tenfold. This rectifier isinvert-
ing, incidentally. If you reguire a nonin-
verted output, attach a unity-gain inverter
to the output.

The performance of thesecircuitsisim-
proved if you choose an op-amp with a
high dew rate. Slew rate also influences
the performance of the other op-amp ap-
plications we've discussed, for instance the
simple voltage amplifier circuits. At this
point it isworth pausing for a while to see
in what ways real op-amps depart from the
ideal, since that influences circuit design,
as we have hinted on several occasions. A
good understanding of op-amp limitations
and their influence on circuit design and
performance will help you choose your op-
amps wisely and design with them effec-
tively.

A DETAILED LOOK AT
OP-AMP BEHAVIOR

Figure 4.28 shows the schematic of the
741, a very popular op-amp. Its circuit is
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relatively straightforward, in terms of the  ideal, what the consequences arefor circuit
kinds of transistor circuits we discussed  design, and what to do about it.
in the last chapter. It has a differential
input stage with current mirror load, , )
followed by a common-emitter npn 4;10?&:2?2?6 from ideal op-amp
stage (again with active load) that pro- P
vides most of the voltage gain. A pnp  Theidea op-amp has these characteristics:
emitter follower drives the push-pull emit- 1. Input impedance (differential or com-
ter follower output stage, which includes  mon mode) = infinity
current-limiting circuitry.  This circuit 2. Output impedance (open loop) = 0
is typical of many op-amps now avail- 3. Voltage gain = infinity
able. For many applications the prop- 4 Common-mode voltage gain = 0
erties of these amplifiers approach ideal 5 Viu = 0 when both inputs are at the
op-amp performance characteristics. We  same voltage (zero "offset voltage™)
will now take a look at the extent 6  Output can change instantaneously
to which real op-amps depart from the (infinite slew rate)
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Figure 4.28. Schematic of the 741 op-amp. (Courtesy of Fairchild Camera and Instrument Corp.)
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All of these characteristics are indepen-
dent of temperature and supply voltage
changes.

Rea op-amps depart from these char-
acteristics in the following ways (see Table
4.1 for some typical values).

Input current

The input terminals sink (or source, de-
pending on the op-amp type) a small
current called the input bias current, Ip,
which is defined as half the sum of the in-
put currents with the inputs tied together
(the two input currents are approximately
equal and are simply the base or gate cur-
rents of the input transistors). For the
JFET-input 411 the bias current is typi-
caly 50pA at room temperature (but as
much as 2nA at 70°C), whileatypica BJT-
input op-amp like the OP-27 has a typical
bias current of 15nA, varying little with

temperature. As a rough guide, BJT-input
op-amps have bias currents in the tens of

nanoamps, while FET-input op-amps have
input currents in the tens of picoamps (i.e.,
1000 times lower). Generally speaking,
you c¢an ignore input current with FET op-
amps, but not with bipolar-input op-amps.

The significance of input bias current
is that it causes a voltage drop across
the resistors of the feedback network, bias
network, or source impedance. How small
a resistor this restricts you to depends on
the dc gain of your circuit and how much
output variation you can tolerate. You will
see how thisworks|later.

Op-amps are available with input bias
currents down to a nanoamp or less for
(bipolar) transistor-input circuit types or
down to a few picoamps (10~6uA) for
FET-input circuit types. The very lowest
bias currents are typified by the superbeta
Darlington LM11, with a maximum input
current of 50pA, the ADS549, with an
input current of 0.06pA, and the MOSFET
ICH8500, with an input current of 0.01pA.
In genera, transistor op-amps intended

for high-speed operation have higher bias
currents.

Input offset ., rent

Input offset current is a fancy name for
the difference in input currents between
the two inputs. Unlike input bias current,
the offset current, |,,, isa result of man-
ufacturing variations, since an op-amp's
symmetrical input circuit would otherwise
result in identical bias currents at the two
inputs. The significanceis that even when
it isdriven by identical source impedances,
the op-amp will see unequal voltage drops
and hence a difference voltage between its
inputs. You will see shortly how this influ-
ences design.

Typicdly, the offset current is one-half
to one-tenth the bias current. For the 411,
Iosiset = 25pA, typical.

O Input impedance

Input impedance refers to the differential
input resistance (impedance looking into
one input, with the other input grounded),
which is usually much less than the com-
mon-mode resistance (a typical input stage
looks like a long-tailed pair with current
source). For the FET-input 411 it is about
102 ohms, while for BJT-input op-amps
like the 741 it is about 2M{). Because of
the input bootstrapping effect of negative
feedback (it attempts to keep both inputs
at the same Vvoltage, thus eliminating most
of the differential input signal), Z;, in
practice is raised to very high valuesand
usually is not as important a parameter as

input bias current.

O Common-mode input range

The inputs to an op-amp must stay within
a certain voltage range, typically less than
thefull supply range, for proper operation.
If the inputs go beyond this range, the
gain of the op-amp may changedrastically,
even reversing sign! For a 411 operating
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from +£15 volt supplies, the guaranteed
common-mode input range is £11 volts
minimum. However, the manufacturer
clams that the 411 will operate with
common-mode inputs al the way to the
positive supply, though performance may
be degraded. Bringing either input down
to the negative supply voltage causes the
amplifier to go berserk, with symptomslike
phase reversal and output saturation to the
positive supply.

There are op-amps available with com-
mon-mode input ranges down to the neg-
ative supply, e.g., the LM358 (agood dual
op-amp) or the LM 10, CA3440, or OP-22,
and up to the positive supply, e.g., the 301,
OP-41, or the 355 series. In additiontothe
operating common-mode range, there are
maximum allowableinput voltages beyond
which damage will result. For the 411 they
are £15 volts (but not to exceed the nega
tive supply voltage, if it isless).

Differential input range

Some bipolar op-amps alow only a lim-
ited voltage between the inputs, sometimes
as small as £0.5 volt, athough most are
more forgiving, permitting differential in-
puts nearly as large as the supply voltages.
Exceeding the specified maximum can de-
grade or destroy the op-amp.

O Output impedance; output swing

versus load resistance

Output impedance Ry means the op-amp's
intrinsic output impedance without feed-
back. For the 411 it is about 40 ohms,
but with some low-power op-amps it can
be as high as several thousand ohms (see
Fig. 7.16). Feedback lowers the output im-
pedanceinto insignificance(or raisesit, for
a current source); so what usualy matters
more isthe maximum output current, with
typical values of 20mA or so. This s fre-
guently given as a graph of output voltage
swing V,,, asafunction of load resistance,

or sometimes just a few values for typi-
cal load resistances. Many op-amps have
asymmetrical output drive capability, with
the ability to sink more current than they
can source (or vice versa). For the 411,
output swings to within about 2 volts of
Vee and Vig are possible into load resis-
tances greater than about |k. Load resis-
tances significantly less than that will per-
mit only asmall swing. Some op-amps can
produce output swings all the way down
to the negative supply (e.g., the LM358), a
particularly useful feature for circuits op-
erated from a single positive supply, since
output swings all the way to ground are
then possible. Finaly, op-amps with MOS
transistor outputs (e.g., the CA3130, 3160,
ALDI1701, and ICL761x) can swing all the
way to both rails. The remarkable bipo-
lar LM 10 shares this property, without the
limited supply voltage range of the MOS
op-amps (usualy £8V max).

O Voltage gain and phase shift

Typicdly the voltage gain A,, at dc is
100,000 to 1,000,000 (often specified in
decibels), dropping to unity gain at a fre-
quency (caled fr) of iMHz to 10MHz.
This is usually given as a graph of open-
loop voltagegain as a function of frequen-
¢y. For internally compensated op-amps
this graph is simply a 6dB/octave rolloff
beginningat somefairly low frequency (for
the 411 it beginsat about 10Hz), an inten-
tional characteristic necessary for stability,
as you will seein Section 4.32. Thisrolloff
(the same as a simple RC low-pass filter)
resultsin a constant 90" lagging phase shift
from input to output (open-loop) at al fre-
quencies above the beginning of the rolloff,
increasing to 120° to 160° asthe open-loop
gain approaches unity. Since a 180° phase
shift at a frequency where the voltage gain
equals 1 will result in positive feedback
(oscillations), the term " phase margin®™ is
used to specify the difference between the
phase shift at fr and 180°.
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Input offset voltage

Op-amps don't have perfectly balanced in-
put stages, owing to manufacturing vari-
ations. If you connect the two inputs to-
gether for zero input signal, the output will
usually saturate at either Voo or Veg (you
can't predict which). The difference in in-
put voltages necessary to bring the output
to zero is caled the input offset voltage
V,s (it's asif there were a battery of that
voltage in series with one of the inputs).
Usually op-amps make provision for trim-
ming the input offset voltage to zero. For a
411 you use a 10k pot between pins 1 and
5, with the wiper connected to VgEg.

Of greater importance for precision ap-
plications is the drift of the input offset
voltage with temperature and time, since
any initial offset can be trimmed to zero.
A 411 hasatypical offset voltage of 0.8mV
(2mV maximum), with temperature coeffi-
cient (“"tempco™) of 7uV/°C and unspec-
ified coefficient of offset drift with time.
The OP-77, a precision op-amp, is laser-
trimmed for a typical offset of 10 micro-
volts, with temperature coefficient TCV,,
of 0.2uV/°C and long-term drift of
0.2,:V/month.

Slew rate

The op-amp "compensation™ capacit-
ance (discussed further in Section 4.32)
and small internal drive currents act to-
gether to limit the rate at which the output
can change, even when alarge input unbal-
ance occurs. Thislimiting speed is usualy
specified as slew rate or slewing rate (SR).
For the 411 it is 15V/us; low-power op-
amps typically have sew rates less than
1V/us, while a high-speed op-amp might
slew at 100V/us, and the LHO063C “damn
fast buffer" dews at 6000V/us. The dew
rate limits the amplitude of an undistorted
sine-wave output swing above some criti-
cal frequency (the frequency at which the
full supply swing requires the maximum
dew rate of the op-amp, Fig. 4.29), thus

explaining the "output voltage swing as
a function of frequency" graph. A sine
wave of frequency f hertz and amplitude
A volts requires a minimum slew rate of
27 AT volts per second.

+14V

3V/us
(frnax = 34KkHz)

1V s
g - 11kH7)

maximum
slew rate

at zero crossing
14v

Figure 4.29. Sew-rate-induced distortion.

For externally compensated op-amps
the slew rate depends on the compensation
network used. In general, it will be lowest
for “unity gain compensation,” increasing
to perhaps 30 times faster for X100 gain
compensation. Thisisdiscussed further in
Section 4.32.

Temperature dependence

All these parameters have some temper-
ature dependence. However, this usualy
doesn't make any difference, since small
variations in gain, for example, are almost
entirely compensated by feedback. Fur-
thermore, the variations of these param-
eters with temperature are typically small
compared with the variations from unit to
unit.

The exceptions are input offset voltage
and input offset current. This will mat-
ter, particularly if you've trimmed the off-
sets approximately to zero, and will ap-
pear as drifts in the output. When high
precision isimportant, a low-drift "*instru-
mentation™ op-amp should be used, with
external loads kept above 10k to minimize
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the horrendous effects on input-stage per-
formance caused by temperature gradients.
We will have much more to say about this
subject in Chapter 7.

For completeness, we should mention
here that op-amps are also limited in com-
mon-mode rejection ratio (CMRR), power-
supply rejection ratio (PSRR), input noise
voltage and current (e, %,), and output
crossover distortion. These becomesignif-
icant limitations only in connection with
precision circuits and low-noiseamplifiers,
and they will be treated in Chapter 7.

4.12 Effects of op-amp limitationson
circuit behavior

Let's go back and look at the inverting
amplifier with these limitations in mind.
You will see how they affect performance,
and you will learn how to design effectively
in spite of them. With the understanding
you will get from this example, you should
be able to handle other op-amp circuits.
Figure 4.30 showsthe circuit again.

RQ
AAA—

Fgure 4.30

Open-loop gain

Because of finite open-loop gain, the volt-
age gain of the amplifier with feedback
(closed-loop gain) will begin dropping at
a frequency where the open-loop gain ap-
proaches Ra/R; (Fig. 4.31). For garden-
variety op-amps like the 411, this means
that you're dealing with a relatively low
frequency amplifier; the open-loop gain is
down to 100 at 50kHz, and fr is 4MHz.
Note that the closed-loop gain is aways

less than the open-loop gain; this means,
for instance, that a X100 amplifier built
with a 411 will show a noticeable faloff of
gain for frequencies approaching 50kHz.
Later in the chapter (Section 4.25), when
we deal with transistor feedback circuits
with finite open-loop gains, we will have a
more accurate statement of this behavior.
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104 w ;1 fr
£ — /**® =G (closed loop)
s 10°
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Fgure 4.32. Output sving versus frequency
(LF411).

Slew rate

Becauseof limited dew rate, the maximum
undistorted sine-wave output swing drops
above a certain frequency. Figure 4.32
showsthe curve for a 411, with its 15V/us
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dew rate. For dew rate S, the output
amplitude is limited to A(pp) < S/= f for
asinewaveof frequency f , thusexplaining
the IIf dropoff of the curve. The flat
portion of the curve reflects the power-
supply limits of output voltage swing.

As an aside, the dew-rate limitation of
op-amps can be usefully exploited to filter
sharp noise spikes from a desired signal,
with a technique known as nonlinear low-
pass filtering: By deliberately limiting the
dew rate, the fast spikes can be dramati-
caly reduced without any distortion of the
underlying signal.

Output current

Because of limited output current capabil-
ity, an op-amp's output swing is reduced
for small load resistances. Figure 4.33
shows the graph for a 411. For precision
applications it isagood idea to avoid large
output currentsin order to prevent on-chip
thermal gradients produced by excessive
power dissipation in the output stage.

28
26
24
22
20
18

16

peak-to-peak output swing (V)

gL L .} 1
0.1 0.2 0.5

S R S
1.0 2.0 50 10

load resistance {k)

Figure 4.33. Output swing versus load (LF411).

Offset voltage

Because of input offset voltage, a zero
input produces an output of Viu =
Gg.V,s. For an inverting amplifier with
voltage gain of 100 built with a 411, the

output could be aslarge as £0.2 volt when
the input is grounded (V,s = 2mV max).
Solutions. (@) If you don't need gain at dc,
use a capacitor to drop the gain to unity at
dc, asin Figure 4.7, as wel as the RIAA
amplifier circuit (Fig. 4.20). In this case
you could do that by capacitively coupling
the input signal. (b) Trim the voltage
offset to zero using the manufacturer's
recommended trimming network. (c) Use
an op-amp with smaller V,,. (d) Trim
the voltage offset to zero using an external
trimming network as described in Section
7.06 (Fig. 7.5).

Input bias current

Even with a perfectly trimmed op-amp
(i.e., Vs = 0), our inverting amplifier cir-
cuit will produce a non-zero output volt-
age when its input terminal is connected
to ground. That is because the finite input
bias current, I, produces a voltage drop
across the resistors, which is then ampli-
fied by the circuit's voltage gain. In this
circuit the inverting input sees a driving
impedance of R; || Rz, so the bias current
produces a voltage Vin = Ig(R1 || R2),
which is then amplified by the gain at dc,
—Ry/R;.

With FET-input op-amps the effect is
usually negligible, but the substantial input
current of bipolar op-amps can cause resl
problems. For example, consider an in-
verting amplifier with R; = 10k and Ry =
I1M; these are reasonable vaues
for an inverting stage, where we might
like to keep Zi, at least 10k. If we
chose the low-noise bipolar LM833, the
output (for grounded input) could be as
large as 100x 1000nA x 9.9k, or 0.99 volt
(GacIBRynbalance), Which is unacceptable.
By comparison, for our jellybean LF411
(JFET-input) op-amp the corresponding
worst-case output (for grounded input) is
0.2mV; for most applications this is neg-
ligible, and in any case is dwarfed by the
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Vos-produced output error (200mV, worst-
case untrimmed, for the LF411).

There are several solutions to the prob-
lem of bias-current errors. If you must use
an op-amp with large bias current, it isa
good idea to ensure that both inputs see
the same dc driving resistance, as in Fig-
ure 4.34. In this case, 9.1k is chosen as
the parallel resistance of 10k and 100k. In
addition, it isbest to keep the resistance of
the feedback network small enough so that
bias current doesn't produce large offsets;
typical valuesfor the resistance seen from
the op-amp inputs are |k to 100k or so.
A third cure involves reducing the gain to
unity at dc, as in the RIAA amplifier ear-
lier.

100k

9.1k bipolar op-amp

Figure 4.34. With bipolar op-amps, use a
compensation resistor to reduce errors caused
by input bias current.

In most cases, though, the ssimplest so-
lution isto use op-amps with negligiblein-
put current. Op-ampswith JFET or MOS-
FET input stagesgenerally have input cur-
rents in the picoamp range (watch out for
its rapid rise versus temperature, though,
roughly doubling every 10°C), and many
modern bipolar designsuse superbeta tran-
sistors or bias-cancellation schemes to
achieve bias currents nearly as low, de-
creasing dightly with temperature. With
these op-amps, you can have the advan-
tages of bipolar op-amps (precision,
low noise) without the annoying problems

caused by input current. For example,
the precision low-noise bipolar OP-27 has
Ig =10nA (typ), the inexpensive bipolar
LM312 has Ip =1.5nA (typ), and itsim-
proved bipolar cousins (the LT1012 and
LM 11) have Iy = 30pA (typ). Amongin-
expensive FET op-amps, the JFET LF411
has Ig = 50pA (typ), and the MOSFET
TLC270 series, priced under adollar, have
Ip = 1pA (typ).

Input offset current

As we just described, it is usualy best to
design circuits so that circuit impedances,
combined with op-amp bias current, pro-
duce negligibleerrors. However, occasion-
aly it may be necessary to use an op-amp
with high bias current, or to deal with sig-
nals of extraordinarily high Thévenin im-
pedances. In that case the best you can
do is to balance the dc driving resistances
seen by the op-amp at its input termi-
nals. There will still be some error at the
output (Ggclosset Rsource), dueto unavoid-
able asymmetry in the op-amp input cur-
rents. In genera, Iogset IS SMaler than
Iias by a factor of 2 to 20 (with bipolar
op-amps generally showing better match-
ing than FET op-amps).

In the preceding paragraphs we have
discussed the effectsof op-amp limitations,
taking the example of the simple invert-
ing voltage amplifier circuit. Thus, for
example, op-amp input current caused a
voltage error at the output, In a different
op-amp application you may get adifferent
effect; for example, in an op-amp
integrator circuit, finite input current
produces an output ramp (rather than
a constant) with zero applied input.
As you become familiar with op-amp cir-
cuits you will be able to predict the ef-
fects of op-amp limitations in a given
circuit and therefore choose which op-
amp to use in a given application. In
general, there is no "best™ op-amp (even
when price is no object): For example,
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sLOta\I Voltage
%o PRIy Current
# per € £ voltage Supp Offset DriA en
pkg® 8 5 curr Bias  Offset @1kHz
E % £ min max max typ max typ max max max ty|
Type Mig? 124 W E (V) (V) (mA) (mV) (mV)  (uV/ C) (uvrrC) (nA) (nA) nV/\er

BIPOLAR, PRECISION
OP-07TA PM+ *A_- * -1 6 44 4 0.01 0.025 0.2 06 2 2 9.6
OP-07E PM+ «A- - 1 6 44 4 0.03 0.08 0.3 1.3 4 3.8 9.6
OP-2IA PM *AA +<-1 5 36 03 004 01 0.5 1 100 4 21
OP-27TE  PM+ *AA -1 8 44 5 0.01 0.025 0.2 0.6 40 35 3.0
OP-27G  PM+ *AA + -1 8 44 6 0.03 0.1 04 1.8 80 75 3.2
OP-37E PM+ «A- -5 8 44 5 0.01 0.025 0.2 0.6 40 35 3.0
OP-50E PM e—-—- ¢« 5 10 36 4 0.01 0.025 0.15 0.3 5 1 45
OP-77E PM *AA - 1 6 44 2 0.01 0.025 0.1 0.3 2 1.5 9.6
OP-90E PM *AA - 1 16 36 0.02 005 0.15 0.3 2 15 3 60
OP-97E PM e -=- -1 45 40 06 001 0.025 0.2 0.6 0.1 0.1 14
MAX400M MA ¢ -- <+ - 1 6 44 4 0.004 0.01 0.2 0.3 2 2 9.6
LM607A NS ¢-- 1 6 44 15 0.015 0.025 0.2 0.3 2 2 6.5
AD707C AD *cA- -1 6 36 3 0.005 0.015 0.03 0.1 1 1 9.6
ADB46B AD +-—-- — ¢ 2 10 36 65 0.025 0.075 0.8 35 250 (k) 2
LT1001A LT *A- e - 1 6 44 33 001 0.025 0.2 0.6 4 4 9.6
LT1007A LT *——- -1 5 44 4 0.01 0.025 0.2 0.6 35 30 25
LT1012C LT+ <*<A- <+ *» 1 4 40 06 001 0.05 0.2 1.5 0.15 0.15 14
LT1028A LT e _ - o s 1 8 44 95 0.0t 0.04 0.2 0.8 90 50 0.9
LT1037A LT e-- -5 5 44 45 001 0.025 0.2 0.6 35 30 25
RC4077A RA *-- * -1 6 44 1.7 0.004 0.01 0.1 0.3 2 1.5 9.6
HA5134A HA —-—-°* --1 10 40 8 0.05 0.1 0.3 1.2 25 25 7
HA5135 HA *- - ¢ -1 8 40 1.7 001 0.08 0.4 1.3 4 4 9
HA5147A HA e—-——- *—-10 8 44 4 0.01 0.025 0.2 0.6 40 35 3.0
BIPOLAR, LOW-BIAS (see also "bipolar, precision”)
OP-08E PM e-- -+ U 10 40 05 0.07 015 0.5 25 2 0.2 20
LM10 NSt s—— -1 1 45 04 03 2 2 - 20 0.7 47
LM11 NS+ ¢ —-—- ¢ ¢ 1] 5 4 06 01 0.3 1 3 50pA 10pA 150
OP-12E PM+ ¢ -- - -1 10 40 05 0.07 0.15 0.5 25 2 0.2 20
LM308 NS+ *A- -+ U 10 36 08 2 75 6 30 7 1 35
LM312 NS+ ¢ -- e« 1 10 40 08 2 7.5 6 30 7 1 35
LP324 NS --* - -1 4 32 025 2 4 10 - 10 2 -
BIPOLAR, SINGLE-SUPPLY
324A NS+ AA* --1 3 3 2 3 2 3 7 30 100 30 -
LP324 NS -- - _ 1 4 32 025 2 4 10 - 10 2 -
LT1013C LT —*A --1 4 4 1 0.06 03 0.4 25 50 2 22
HA5141A HA *AA - -1 2 40 0.07 05 2 3 - 75 10 20
BIPOLAR, SINGLE-SUPPLY PRECISION
LT1006A LT —_ e -1 27 4 05 0.02 0.05 0.2 13 15 0.5 22
LT1013A LT —*A --1 4 4 1 0.04 0.15 0.4 2 35 1.3 22
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Slew Max  Max

rate® fy CMRR PSRR Gain output diffl  In Out

typ typ min min  min  curr input ———

Type (V/ius) (MHz) (dB) (dB) (dB) (mA) (V) + -+ Comments

OP-07A 047 06 110 100 110 10 3" ----
OP-07E 017 06 106 94 106 10 30" --—--
OP-21A 025 06 100 104 120 - 30 - ——— low power
OP-27E 2.8 8 114 100 120 20 05 -—---- lownoise
OP-27G 2.8 8 100 94 117 20 05 —-—--—--— cheapgrade
OP-37E 17 63 114 100 120 20 05 —---  lownoise, decomp OP-27
OP-50E 3 25 126 126 140 70 10" ~ —— = high current, low noise
OP-77E 03 06 120 110 134 12 30" ----  improved OP-07
OP-90E 0.01 0.02 100 104 117 6 36 —e— micropower
OP-97E 0.2 0.9 114 114 110 10 05 -—---- lowpower OP-77
MAX400M 0.3 06 t14 100 114 12 30 - ———  lowest non-chopper V
LM607A 0.7 1.8 124 100 134 10 0.5 -—=-
AD707C 0.3 0.9 130 120 138 12 44 - ———  improvedOP-07; dual = 708
AD846B 450 310 110 110 - 50 18 - — — —  current feedback; fast
LT1001A 025 08 114 110 113 30 30 -— ==
LT1007A 2.5 8 117 110 137 20 0.5 -——=- low noise, ~OP-27
LT1012C 0.2 0.8 110 110 106 12 1 -———— improved 312; dual = 1024
LT1028A 15 75 114 117 137 20 1 - — —— ultralow noise
LT1037A 15 60 117 110 137 20 05 —----  decomp 1007, ~OP-37
RC4077A 025 08 120 110 128 15 30 - ———  lowestnon-chopper V¢
HA5134A 1 4 94 100 108 20 40 - ———  quad, low noise
HA5135 0.8 25 106 94 120 20 15" -—=-
HA5147A 35 140 114 80 120 15 05 - --- lownoise, high speed, uncomp
OP-08E 012 08 104 104 98 5 05 - - - -  precision 308
LM10 0.12 0.1 93 90 102 20 40 — e oo 1V op-amp; precision; volt. ref.
LM11 0.3 05 110 100 100 2 0.5 - — — = precision; lowest bias bipolar
OP-12E 0.12 08 104 104 98 5 0.5 -==- precision 312
LM308 015 03 80 80 88 5 0.5 - — — — original low-bias (superbeta)
LM312 015 03 80 96 88 5 05 ----  compensated 308
LP324 0.05 01 80 90! 94 5 32 -« -« low power, single supply
324A 0.5 1 65 65 88 20 30 - o« — - aclassic;dual=358A
LP324 005 01 80 g0t 94 5 32 - e — o lowpower, low bias
LT1013C 04 08 97 100 122 25 30 — e e improved 358/324; quad = 1014
HA5141A 15 0.4 80 94 94 1 7 -t micropower
LT1006A 0.4 1 100 106 120 20 30 —~ ¢ — ¢ optional| =90uA
LT1013A 04 08 100 103 124 25 30 -~ * —+  improved 358/324; quad = 1014
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sEOta}I Voltage
% pPply Current
#per g £ voltage Supp Offset Drift €n
pkg® 88— cur Bias Offset @1kHz
g # £ min max rmax typ rnax typ rnax  rnax rnax ty|
Type Mig2 124 L E (V) (V) (MA) (mV) (mV) (uV/°C) (WV/C) (nA) (nA)  nVAHz

BIPOLAR, HIGH-SPEED
OP-62E PM ¢ - - 1 16 36 7 - 0.2 - - 300 100 25
OP63E PM - - 1 16 36 7 - 0.75 - - 300 100 7
OP-64E PM * - - 5 16 3 7 0.75 - - 300 100 7
OP65E PM ¢ - - -1 9 14 25 - 2 - - 3uA 1A
CLC400 CL - -- -1 - 7 15 2 5.5 20 40 25uA (k) 12
AD509K AD * - - - 3 10 40 6 4 8 - 40 200 25 19
SL541B PL - - - -10 - 24 21 - 5 15 - 254A 10 -
VA705L VT * AA -1 8 12 10 1 2 20 900 25 -
VA706K VT ¢ AA -1 8 12 10 4 10 20 - 1A 120 -
VA707K VT  * AA -12 8 12 10 3 6 20 1uA 120 -
LM837 NS -—-—- -1 8 36 15 03 5 2 - 1uA 200 45
ADBAOK AD * - — - 10 10 36 12 0.1 03 3 . S5uA 200 4
AD841K AD ° - - -1 10 36 12 05 1 35 20 5pA 200 13
AD847) AD *- - *+ -1 9 36 56 05 1 15 - 7uA 50! 15!
AD848J AD . - — -5 9 3 56 05 1 2 10 S5uA 15! 4
AD849J AD o _ - -25 9 3 56 05 1 1 10 5pA 15! 4
HA2539 HA ¢ — - - 10 10 35 25 8 15 20 - 20pA 6UA 6
SL2541B PL ¢ - - -1 14 30 25 10 20 - 20pA - -
HA2541 HA ¢ - - - 1 10 35 45 - 2 20 35pA 7uA 10
HA2542 HA ¢ - - * 2 10 35 40 - 10 20 - 35uA 7uA 10
HA2544 HA * — - + 1 10 33 10 6 15 10 - 15pA 2uA -
CA3450 RC * - - * 1 10 14 35 8 15 - - 350 150 -
HA5101 HA +*AA -1 4 40 6 05 3 3 - 200 75 3.3
HA5111 HA <« AA * 10 4 40 6 05 3 3 - 200 75 3.3
HA5147A HA = — - - 10 8 44 4 0.01 0025 02 0.6 40 35 3.0
HA5195 HA ¢ - - - 5 20 35 25 3 6 20 - 15pA 4uA 6
LM6361 NS - - -1 5 3 65 5 20 10 - 5uA 2uA 15
LM6364 NS ¢ - - -5 5 3 65 2 9 6 - SnA 2uA 8
LM6365 NS o — - -25 5 3 68 1 6 3 - 5uA 2UA 5
BIPOLAR, OTHER
OP-20B PM =*AA - 1 4 36 008 006 025 075 15 25 1.5 58
LM833 NS - - 110 36 8 03 5 2 1uA 200 45
CA3193A RC » - - -1 7 3 35 014 02 1 3 20 5 24
XR4560 XR - ¢ - -1 8 36 2 05 6 500 200 8
HA5151 HA s AA -1 2 40 025 2 3 3 150 30 15
NE5534 SN+ A - -3 6 44 8 05 4 2uA 300 4
MC33078 MO - ° A -1 10 3 5 015 2 2 750 150 45
MC33171 MO * AA - 1 3 44 025 2 45 10 100 20 32
MC34071A MO * AA -1 3 44 25 05 15 10 500 50 32

198
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Slew Max Max —

rate® f; CMRR PSRR Gain output diffl In Out

typ typ min min  min  curr inputt ———

Type (V/us) (MHz) (dB) (dB) (dB) (mA) (V) -+ - Comments

OP-62E 15 50 110 105 111 20 5 ————  precision
OP-63E 50 50 110 105 100 20 5 -— -
OP-64E 200 200 110 105 100 20 5 - ==
OP-65E 200 150 85 90 100 50 5 -—=-
CLC400 700 280 40 40 - 50 - — —— — transimpedance; decomp=401
AD509K 120 20 80 80 80 - 15 -——— fast
SL541B 175 100 60 46 46 65 9 - ——— fast, video
VA705L 35 25 60 60 80 50 9 — ———  video, drives 50Q; fast settle
VA706K 42 25 60 60 66 50 9 — — == video, drives 50Q; fast settle
VA707K 105 300 60 60 74 50 9 - = —— decornp, fast, 50Q
LM837 10 25 80 120 90 40 30 ————  low noise, low distortion
AD840K 400 400 100 94 104 50 6 ————  decornp 841; 842 has G>2
AD841K 300 40 90 90 88 50 6 ~-——— fastsettle; decomp versions
AD847J 300 50 78 75 70 20 6 - ——— fast settle; decomp versions
AD848J 300 250 104! 104! 82 25 6 - - —-  decomp 847
AD849J 300 725 110t 100! 90 25 6 -~ == uncornp 847
HA2539 600 600 60 85 80 10 6 — ——— low noise, sim to 2540
SL2541B 900 800 47 40t 45 10 10 — — — —  has uncommitted unity gain buf
HA2541 280 40 70 60 80 10 6 — — ——  fastsettle, low distortion
HA2542 375 120 70 70 80 100 6 - ———  fast settle, decomp
HA2544 150 33 75 70 70 35 6 - ——— video
CA3450 420 190 50 60 96 75 5 — — — = video amp/line driver
HA5101 10 10 100! 80 136! 30 7 - - ——  low noise
HA5111 50 100 100! 100t 136! 30 7 - —— - low noise, uncomp
HA5147A 35 140 114 80 120 15 0.7 — — = - low noise, precision, uncomp
HA5195 200 150 74 70 80 25 6 — ———  Elantec EL2195 = improved
LM6361 300 50 70 72 52 30 8 - — == vertical PNP
LM6364 300 160 102! 70 66! 30 8 - ———  vertical PNP
LM6365 300 725 80 104! 75 30 8 - ———  vertical PNP
OP-20B 0.05 0.1 96 100 114 0.5 30 — « —— accurate low power
LM833 7 15 80 80 a0 10 30 _ _ — _ lownoise, low distortion
CA3193A 025 12 110 100 110 7 5 -— ==
XR4560 4 10 70 76 86 100 30 ~ ~ =~ intended for audio
HA5151 4.5 1.3 80 80 94 3 7 ——— o lowpower
NE5534 6 10 70 80 88 20 0.5 - — — — low noise, intended for audio
MC33078 7 16 80 80 90 20 36 ~ T~~~ low noise, low distortion
MC33171 2.1 1.8 80 80 94 4 44 - ==
MC34071A 10 45 80 80 94 25 44 -+ —— drives 0.01uF



TABLE 4.1 (cont'd)

Total Voltage
%o supply Current
#pe{ £ .g voltage Supp Offset Drift - €n
pkg 8o — curr Bias Offset @1kHz
g % £ min rnax rnax typ rnax typ rnax  rnax rnax ty
Type Mig? 124 =W E (V) (V) (MA)Y (mV) (mV) (uv/C) (uv/°'C) (nA) (nA)  nV/NHz

BIPOLAR, OBSOLESCENT

OP-01IE PM +-- +- 110 44 3 1 2 3 10 50 5 -
OPO02E PM <*A- - 110 44 2 0.3 05 2 8 30 2 21
OP-O5E PM+ *A- -1 6 44 4 0.2 05 0.7 2 4 3.8 9.6
OP11E PM __—= —--110 4 6 0.3 05 2 10 300 20 12
307 NS+ ¢-- --110 44 25 2 7.5 6 30 250 50 16
LM318 NS+ e¢-- <+ 1 10 40 10 4 10 - - 500 200 14
39 NS » --5 10 3% 45 1 6 - - 200 50 60
AD517L AD +-- - 110 3% 3 . 0.025 - 05 1 025 20
AD518J AD +-- s+ 1t 10 40 10 4 10 10 - 500 200 -
NE530 SN eA- - 110 3» 3 2 5 6 150 40 30
NE531 SN e-- .U 12 44 10 2 6 - - 2uA 200 -
NE538 SN *A- -5 10 3» 28 2 5 6 - 150 40 18
1A725 FA+ «—-- e+ U 6 44 3 0.5 1 2 5 100 20 -
pAT39 FA -+- -+« U 8 3614 1 6 - 2uA  10pA
741C FA+ *AA + -1 10 ¥ 28 2 6 - 500 200

748C FA+ s—-- <+ U 10 3 33 2 6 - - 500 200

uA749 FA -+- -« U 8 3610 1 3 3 - 750 400

1435 TP e—-- + 10 24 32 30 2 5 5 25 20pA - -
1456 MO +-- «-110 33 3 5 10 - - 30 10 45
HA2505 HA e-- ¢ 1 20 40 6 4 8 20 - 250 50
HA2515 HA s-- 9+ 1 20 40 6 5 10 30 - 250 50
HA2525 HA e—-- *+ 3 20 40 6 5 10 30 - 250 50
HA2605 HA e —-— ¢« 1 10 45 4 3 5 10 - 25 25
HA2625 HA ¢—-=- e« 5 10 45 4 3 5 10 - 25 25
CA3100 RC +-- ++10 13 3» 11 1 5 - - 2uA 400 -
4558 RA+ —+—- --1 8 3 56 2 6 - - 500 200 43
NE5535 SN Ae- - 110 36 28 2 5 6 - 150 40 17
5539 S+ +—-— -7 6 24 15 25 5 5 10 20uA - 4

JFET, PRECISION

OP41E PM ¢-- -1 10 36 | 02 025 25 5 0.005 0.001 32
OP43E PM «-~- +-1 10 3% 1 02 025 25 5 0.005 0.001 32
OPA101IB BB «—-—- .- 110 40 8 005 0025 3 5 0.01 4pA 8
OPA111B BB 'A- ¢+ -1 10 36 35 005 025 0.5 1 1pA 0.7pA 7
ADS47L AD °*A- .-1 5 3FH 15 - 0.25 . 1 0.025 2pAl 30
AD548C AD °*A- .-1 9 3FH 02 01 025 ; 2 0.01 0.005 30
OPA627B BB ¢-—- -1 9 36 8 004 01 0.5 0.8 0.02 002 52
AD711C AD °*AA . -1 9 3FH 28 01 025 2 3 0.025 0.01 18
AD845K AD «-— =+ -1 953 12 01 025 15 5 1 0.1 25
LT1055A LT *-- .-110 40 4 0.05 0.15 12 4 0.05 0.01 14
HA5170 HA «-- «-1 9 4 25 Q01 0.3 2 5 0.1 0.06 10



Swing to

supplies?9

Slew Max  Max

rate® f; CMRR PSRR Gain output diffl  In Out

typ typ min min  min  curr input

Type (V/ns) (MHz) (dB) (dB) (dB) (mA) (V) + -+ - Comments

OP-01E 18 2.5 80 80 94 6 30 ———— fast, precision
OP-02E 0.5 1.3 90 90 100 6 30 — — — —  precision, low current
OP-05E 017 06 110 94 106 10 30" -—==
OP-11E 1 2 110 30 100 6 30 — ———  precision quad
307 0.5 1 70 70 84 10 30 ¢ ——— aclassic; uncomp=301
LM318 70 15 70 65 86 10 0.5 ————  was popular
349 2 4 70 77 88 15 36 ————  decomp 348 (quad 741)
AD517L 0.1 0.25 110 96 120 10 30 —-— ==
AD518J 70 12 70 65 88 15 - -
NES530 35 3 70 76 94 10 30 s — — — fast; dual=5530
NE531 35 1 70 76 86 - 15 ¢ -=-
NE538 60 5 70 76 94 10 30 s — — — fast; dual=5538
ULA725 0.005 0.08 110 100 108 15 5 — — — — original precision op-amp
pA739 1 6 70 85t 76 15 5 ——— low noise, intended for audio
741C 0.5 1.2 70 76 86 20 30 — — —— oldclassic; dual=1458, quad=348
748C 0.5 1.2 70 76 94 15 30 - =—=-= uncomp 741
HA749 2 6 70 74 86 15 5 -——-+¢ simto 739
1435 300 1GHz 80 75! 80 10 2 - —-—— fastsettle
1456 2.5 1 70 74 97 5 40 -—-=-
HA2505 30 12 74 74 84 10 15 ¢ —— -
HA2515 60 12 74 74 78 10 15 * - ——
HA2525 120 20 74 74 78 10 15 s ———
HA2605 7 12 74 74 98 10 12 -— =
HA2625 35 100 74 74 98 10 12 -—=-
CA3100 25 30 76 60 58 15 12 -—— ==
4558 1 25 70 74 86 15 30 - ——— fast1458
NE5535 15 1 70 76 94 10 30 e -~ - fast
5539 600 1200 70 66 46 40 10 - ——+ small output swing
OP-41E 1.3 0.5 100 92 120 15 20 e — —— low bias, low dist; OP-43 faster
OP-43E 6 24 100 92 120 15 20 ¢ — —— |ow bias, low dist; OP-41 stabler
OPA101B 7 20 80 86 96 45 20 - === low noise; decomp = OPA102
OPA111B 2 2 100 100 120 10 36 - ——— low noise, low bias
AD547L 3 1 80 80 108 20 20 ————  dual = AD642, 647
AD548C 1.8 1 86 86 110 20 20 -~ ———  improved LF441; dual = AD648
OPA627B 55 16 106 106 110 30 - - ———-fast
AD711C 20 4 86 86 106 20 20 ~~ =~ ~— improved LF411/2
ADB845K 100 16 94 a5 108 30 36 - —-—-—-fast
LT1055A 13 5 86 90 104 30 40 ———— LT1056 is 20% faster
HA5170 8 8 90 74 110 10 30 * ——— lownoise



TABLE 4.1 (cont’d)

Tota| Voltage
. supply Current
# per g€ £ voltage Supp Offset Drift - e,
pkg 9% — curr Bias  Offset @1kHz
g £ £ min max max typ max typ max max max ty\’.)
Type Mig? 124 =W = (V) (V) (mA) (mV) (mV) (uVW/C) (uv/C) (nA) (nA)  nVAHz

JFET, HIGH-SPEED
OP-42E PM *—-- -1 15 40 65 03 0.75 4 10 02 0.04 13
OP-44E PM *—-- -3 16 40 6 0.03 0.75 4 10 0.2 40pA 13
3578 NS+ *—-—- - 510 36 7 3 5 5 100pA 002 12
AD380K AD e—- ¢ U 12 40 15 - 1 10 0.1 5pAl 15
LF401A NS ¢—-- <+ 1 15 36 12 - 0.2 0.2 01 23
OPA404B BB ~-s» --1 10 36 10 026 0.75 3 0.004 4pA 15
LF4578B NS «e——- *—- 5 10 36 10 018 04 4 50pA 20pA 10
OPA602C BB +-- < -1 10 36 4 0.1 0.25 1 2 1pA ipA 13
OPAGO5K BB .-- =« ¢ 50 0 40 9 025 05 5 0.035 2pA' 20
OPA6O6L BB .-- - 1 10 36 95 0.1 0.5 3 5 0.01 5pA 13
AD744C AD CA_ o 2 9 36 4 0.1 0.25 2 3 0.05 0.02 18
AD843B AD e —= -1 9 36 12 0.5 1 15 1 0.1 13
AD845K AD +-- <+ -1 95 36 102 0.1 0.25 15 3 0.4 005 25
LT1022A LT - * -1 20 40 7 008 025 13 5 0.05 0.01 14
HA5160 HA *—-—- -« U 14 40 10 1 3 20 0.05 001 35
MC34080A MO °*AA - 2 6 44 34 03 0.5 10 0.2 0.1 30
MC34081AMO °*AA < -1 6 44 34 03 0.5 10 0.2 0.1 30
JFET, OTHER
TLO31C TI *AA .- 1 10 36 0.28 05 15 6 0.2 0.1 41
TLO51C TI *AA . -1 10 36 3.2 0.6 15 8 0.2 0.1 18
TLO61C T+ *AA . -1 4 36 025 3 15 10 0.4 0.2 42
TLO71C T+ *AA - -1 7 36 25 3 10 10 0.2 0.05 18
TLO81B T+ *AA -1 7 36 2.8 2 3 10 0.2 0.01 18
OPA121 BB *——-— +-110 36 4 0.5 2 3 10 0.005 4pA 8
OPA128L BB e——-— = -1 10 36 15 014 05 5 75fA 30fAl 27
LF351 NS+ A A * -1 10 36 34 5 10 10 0.2 0.1 25
355B NS+ *—- =~- 110 36 4 3 5 5 100pA 002 20
356B NS+ ¢—-- »«-110 36 7 3 5 5 100pA 0.02 12
LFa11 NS+ *A- =« -1 10 36 34 08 2 7 20 0.2 0.1 25
LFnnn NS —-¢- --1 6 36 25 1 100pA  50pA 3.5
LFas1 NS *AA .- 1 10 36 025 1 5 10 20 0.1 005 35
LF455B NS e—~- =«-110 36 4 018 04 3 4 50pA 20pA 12
LF456B NS +-- =« - 1 10 36 8 018 0.4 3 4 50pA  20pA 10
AD549L. AD *—-- = - 1 10 36 07 03 05 5 10 60fA 20fAt 35
AD611K AD +-- -1 10 36 25 025 05 5 10 0.05 0025 18
LT1057A LT -°-A -- 1 20 40 38 015 045 18 7 0.05 004 13
HA5180 HA *—-—— = - 1 10 40 1 0.1 05 5 0.001 200fA 70
MC34001AMO °*AA +* -1 8 36 25 1 2 10 0.1 0.05 25
MC34181 MO °*AA -1 3 36 02 05 2 10 0.1 0.05 38



Swing to
supplies?9
Slew Max Max ——
rate¢® fy CMRR PSRR Gain output diffl In Out
typ typ  min min  min  curr inputt ——

Type (V/us) (MHz) (dB) (dB) (dB) (mA) (V) -+ - Comments
OP-42E 58 10 88 86 114 25 40 - low Zout
OP-44E 120 16 88 90 114 15 40 -—=-
357B 50 20 85 85 94 20 30 ¢ ———  decornp 356
AD380K 330 300 60 60 92 60 20 —— == hybrid, fast, 50R
LF401A 30 16 90 80 100 50 32 - ———  accurate
OPA404B 35 6.4 92 86 92 10 36 - ———  accurate quad
LF457B 50 20 86 86 106 100 40 * ———  low noise; drives 0.01uF
OPAG02C 35 6.5 92 86 92 20 36 - —— = low hias, fast settle
OPA605K 94 20 80 74 104t 30 20 - ———  uncornp
OPABO6L 35 13 85 90 100 10 36 ————  improved LF356
AD744C 75 13 86 92 108 20 36 ——— = verylow dist (3ppm)}; fast settle
AD843B 250 35 100 95 88 50 - - - —— fastsettle
AD845K 100 16 94 98 106 25 20 - ——— fastsettle
LT1022A 26 85 86 88 104 10 40 -
HA5160 120 100 74 108 98 22 40 ———— lowbias
MC34080A 50 16 75 75 94 20 44 ———— V> V.+4V; decomp 34081
MC34081A 25 8 75 75 94 20 44 —— == Vg>V.+V

TLO31C 3 1 75 75 74 8 30 * — ——  low power; improved TLO61
TLO51C 24 3 75 75 94 30 30 e —— - low dist; improved TL0O71/081
TLO61C 35 1 70 70 70 5 30 -~ ——  low power

TLO71C 13 3 70 70 88 10 30 ——~——  lower noise

TLO81B 13 3 80 80 94 10 30 -——-

OPA121 2 2 86 86 110 10 36 - ———  lownoise

OPA128L 3 1 90 90 110 10 36 - — == verylow bias

LF351 13 4 70 70 88 10 30 ¢ — ——  353=dual, 347=quad

355B 5 25 85 85 94 20 30 e —— = popular

356B 12 5 85 85 94 20 30 ¢ — ——  faster 355

LF411 15 4 70 70 88 20 30 ¢ —— - jellybean

LFnnn 20 10 80 80 100 15 2 * ——— |owest noise JFET

LF441 1 1 70 70 88 4 30 * ——— low current jellybean
LF4558 5 3 86 86 106  100' 40 e — —— |ow noise; drives 0.01pF
LF456B 125 5 86 86 106 100 40 * — = — low noise; drives 0.01pF
AD549L 3 1 90 90 110 10 36 - — ——  electrometer; guard pin
ADB611K 13 2 80 80 94 20 20 ———— lowdist, gen purp JFET
LT1057A 13 5 86 88 104 10 40 - ———  accurate dual/quad JFET
HA5180 7 2 90 90 106 15 40 — — ——  very low bias over temp; noisy
MC34001A 13 4 80 80 94 20 30 ¢ - - -

MC34181 10 4 70 70 88 8 36 ———— low power, fast, low dist.



TABLE 4.1 (cont'd)

Total Voltage
“o supply ' Current
# per g £ voltage Supp Offset Drift - e,
pkgP® 8% —— cur Bias  Offset @1kHz
E % .S min max max typ max typ max  max max ty
Type Mig2 124 FRWE (V) (V) (MA) (mV) (mV) (uV/C) (uV/°C) (nA) (nA)  nV/VHz

JFET, OBSOLESCENT

OP-15E PM+ *A- +— 1 10 44 4 02 05 2 5 0.05 001 15
OP-16E PM+ ¢ ——- ¢ — 1 10 44 7 02 05 2 5 005 0.01 15
AD515L AD *-- -1 10 36 15 04 1 - 25 80fA  80fA 50
AD542L AD +-- -1 10 36 15 - 0.5 5 0.025 2pAl 30
AD544L AD +-- <+ -1 10 36 25 - 0.5 - 5 0.05 0.5pA! 18
AD545L. AD °*-- e+ -1 10 36 15 - 0.5 - 5 0.001 - 35
ICH8500A IL e - -1 16 36 25 - 50 - - 10fA  10fA 40
MOSFET

OP-80E PM *-- * -1 45 16 02 04 1 - - 60fA  10fAl 70
TLC27L2A Tl A*A —-—-1 3 18 004 5 0.7 - 1pAl  1pAl 70
TLC27M2A TI A*A --1 3 18 06 - 5 2 - 1pA! 1pAl 38
TLC272A TI A*A --1 3 18 4 - 5 5 - 1pAl 1pAl 25
TLC279C TI -—¢ - -1 3 18 8 04 12 2 - 0.7pAl  0.1pA! 25
LMC660A NS --. --1 5 16 22 1 2 1.3 5 20pA  20pA 22
TLC1078C TI - A - -1 14 16 005 018 06 1 - 0.7pAl  0.1pA! 68
ALD1701 AL °*-- —-—1 2 12 025 45 7 - 003 0025 -
ALD1702 AL °*—-- --1 2 12 2 - 45 7 - 0.03  0.025 100
CA3140A RC °*A- * -1 4 44 6 2 5 6 - 0.04 002 40
CA3160A RC °*A- =+ 1 5 16 15 2 5 10 - 0.03 002 72
CA3410A RC --°* —-—-t 4 36 10 3 8 10 - 0.03 001 40
CA3420A RC *- — < 1 2 22 A 2 5 4 - 0.005 0.004 62
CA5160A RC 'A- =** 1 5 15 04 15 4 - - 0.01 0.005 -
CA5420A RC *-- e+ 1 2 20 05 1 5 - - 0.001 05pA -
CA5422 RC *s-- -1 2 20 07 18 10 20 - 0.005 0.004 -
IcL7612B IL+ *- - - -1 3 18 25 - 5 5 - 005  0.03 100
ICL7641B IL+ AAe - -1 1 18 25 - 5 5 - 0.05  0.03 100
CHOPPER STABILIZED

MAX420E MA ¢ -- - — 6 33 2 0.001 0.005 0.02 0.05 0.03 0.06 1.1
MAX422E MA ¢ -- - — 6 33 05 0001 0005 002 0.05 003 006 1.1
LMC668A NS -~ - - 5 16 35 0001 0.005 0.05 - 0.06 - 2l
TSC900A TS o -- - — 45 16 02 - 0.005 002 0.05 0.05 0.5pAl 4
TSC901 TS *AA - - 5 32 06 0007 0015 005 0.15 0.05 0.1 5i
TSC911A TS °*AA - — 4 16 06 0.005 0015 005 0.15 0.07 002 11

7 32 15 0.01 0.01 0.1 0.1 01 0.8
16 08 - 0.05 0.4 0.8 0.1 0.5pAl 4l
48 16 1.5 05uvV 0005 001 005 003 006 1.6
48 16 2 054V 0.005 001 005 003 003 15

TSC915 TS ¢ -~ - -
TSC918 TS ¢ -=- - -
LTC1050 LT ¢ —-=- - =
LTC1052 LT ¢ -=- - -

N GG I U U QO S
£
[5,]

ICL7650 L+ *-- ~— - 45 16 35 0.002 0005 0.1 - 001  5pAl 2
ICL7650S IL = *+-- - - 45 16 3 0.7uV 0005 002 0.1 001 002 2
ICL7652 L+ *-- - - 5 16 35 0002 0005 0.1 - 0.03 25pA! 0.7
ICL76528 IL  *+ - - - - 5 16 25 07uV 0005 001 006 003 004 0.7
TSC76HV52TS - - - — 7 32 15 - 0.01 - 0.3 0.1 01 08



Swing to

supplies?9

Slew Max Max =

rate¢® f CMRR PSRR Gain output diffl  In Out

typ typ min min  min curr inputt ———

Type (V/ius) (MHz) (dB) (dB) (dB) (mA) (V) + -+ - Comments

OP-15E 17 6 86 86 100 15 40 - — — —  precision fast 355
OP-16E 25 8 86 86 100 20 40 - — — - precision fast 356 (OP-17=decomp)
AD515L 1 04 70 74 94 10 20 - - — - very low bias, precision
AD542L 3 1 80 80 110 10 20 - — — —  precision
AD544L 13 2 80 80 94 15 20 - — — —  precision, low noise
AD5450 1 07 76 74! 92 10 20 - — — -  precision
ICH8500A 05 0.5 60 got 100t 10 05 ____ ultralowbias
OP-80E 0.4 0.3 60 60 100 10 16 —e— electrometer; 1,<20pA @ 125°C
TLC27L2A 0.04 041 70 70 90 10 18 - CMOS jellybeans
TLC27M2A 0.6 0.7 70 70 86 10 18 —e - CMOS jellybeans
TLC272A 45 2.3 70 65 80 10 18 — * —+ CMOS jellybeans
TLC279C 4.5 23 65 65 80 10 18 — * —*  bestVyof 272-series
LMC660A 17 15 72 80 112 15 16 — e+ + quad CMOS jellybean
TLC1078C 0.05 011 75 75 114 15 16 - low offset
ALD1701 0.7 0.7 65 65 90 0.5 12 LR rail-to-rail; specs @ +5V supply
ALD1702 2.1 15 65 65 94 2 12 LA A rail-to-rail; specs @ +5V supply
CA3140A 7 3.7 70 76 86 +10,-1 8 — .-
CA3160A 10 4 80 76 94 12 8 — ¢ » +  MOS in/out (3130=uncomp)
CA3410A 10 5.4 80 80 86 6 16 = ¢ — = high speed 324-type replacement
CA3420A 0.5 0.5 60 70 86 2 15 — e ¢+ Jow |, good input protec.
CA5160A 10 4 - - 90 1 ? — * e+ CMOS output
CA5420A 0.5 0.5 - - 85 05 15 — ¢ * * gimilarto 3420
CA5422 1 1 60 60 80 2 15 — ¢ ¢ ¢ ynusual 2-section design
ICL7612B 1.6 14 60 70 80 5Mm 18 e ¢ * « programmable; in/out to both rails
ICL7641B 1.6 14 60 70 80 5M 18 ¢ — ¢ o genpurp, low voltage
MAX420E 0.5 0.5 120 120 120 +2,-15 33 — e e +15V'V, 0.1pV/mo; 430 has C;y
MAX422E 0.13 0.13 120 120 120 +0.2,-8 33 — e e #15VV 0.1pV/mo; 432 has Gy
LMC668A 25 1 120 120 120 +5,-15 16 —e e
TSC900A 0.2 0.7 110 120 120 25 16 — .- low power
TSC901 2 0.8 120 120 120 - 36 — e — e+ +15V supply; int caps
TSC911A 25 1.5 110 112 116 35 16 - - int caps, noisy
TSC915 05 05 120 120 120 10 36 — e —+  +15V supply
TSC918 0.2 0.7 98 105 100 - 16 — ¢ — *  inexpensive
LTC1050 4 25 120 125 130 +3,-20 16 —e e int caps; 50nV/Ymonth
LTC1052 4 1.2 120 120 120 +5,-15 16 — * * ¢ improved 7652; 0.1uV/month
ICL7650 2.5 2 110 120 120 +5,-20 16 — e 0.tpV/month
ICL7650S 25 2 120 120 136 +4,-20 16 — =« * improved 7650; 0.1uV/month
ICL7652 0.5 0.4 110 110 120 +5,-20 16 ——* * 0.15uV/month
ICL7652S 1 05 120 120 136 +4,-20 16 ——* * improved 7652; 0.15uV/month
TSC76HV52 0.5 05 120 120 120 10 32 —— e+ +15V supply 20!



TABLE 41 (cont'd)

Total Voltage
% o supply Current
# per € £ voltage Supp Offset Drift — €n
pka® 85— cunm Bias  Offset @1kHz
E % £ rmin rmax rnax typ max typ max max rnax ty|
Type Mig2 124 Fuw E (V) (V) (MA) (MV) (mV) (uV/C) (uV/°C) (nA) (nA}  nV/VHz
HIGH VOLTAGE
LM343 NS *—-—- *—- 1 10 68 5 2 8 40 10 35
LM344 NS ee—-- ¢+« U 10 68 5 2 8 - - 40 10 35
OPA445B BB ¢—=~ -1 20 100 45 1 3 10 - 0.05 0.01 16
1436 MO+ *—— -1 10 80 5 5 10 - - 40 10 50
HA2645 HA ¢—--— +» ¢« 1 20 80 45 2 6 15 - 30 30 30
3580 BB e—— -1 30 70 10 - 10 - 30 0.05 - 15
3581 BB e—— -1 64 150 8 - 3 - 25 0.02 002 25
3582 BB s —— ¢ — 1140 300 65 - 3 - 25 0.02 - 25
3583 BB e—— - 1100 300 85 - 3 - 25 0.1 0.1 50
3584 BB *—— * e+ 140 300 65 - 3 - 25 0.1 0.1 50
MONOLITHIC POWER
LM12 NS +-- --1 20 80 80 2 7 50 300 100 90
OPA541B BB - _ - 120 80 25 0.1 1 15 30 0.05 0.03 50
LM675 NS e-—-— - -10 16 60 50 1 10 25 2uA 500
SG1173  SG —— - - 110 50 20 2 4 - 30 500 150
@ manufacturers are as follows (a"+" suffix designates multiple sources):
AD - Analog Devices HO - Honeywell RC - GE/RCA
AL - Advanced Linear Devices HS - Hybrid Systems RO - Rockwell
AM - Advanced Micro Devices ID - Integrated Device Technology SG - Silicon General
AN - Analogic IL - GE/Intersil S| - Siliconix
AP - Apex IN - Intel SN - Signetics
BB - Burr-Brown IR - International Rectifier SO - Sony
BT - Brooktree KE - M.S.Kennedy Corp ST - Supertex
CL - Comlinear LT - Linear Technology Corp Tl -Texas Instruments
CR - Crystal Semiconductor MA - Maxim TM - Telmos
CY - Cypress MN - Micro Networks TO - Toshiba
DA - Datel MO - Motorola TP - Teledyne Philbrick
EL - Elantec MP - Micro Power Systems TQ - TriQuint
FA - Fairchild (National) NE - NEC TR - TRW
FE - Ferranti NS - National Semiconductor TS - Teledyne Semiconductor

GE - General Electric
Gl - General Instrument
HA - Harris

HI - Hitachi

OE - Optical Electronics Inc
PL - Plessey

PM - Precision Monolithics
RA - Raytheon

VT - VTC
XI - Xicor
XR - Exar
ZI - Zilog




Swing to
supplies?9
Slew Max Max ——
rate® fy CMRR PSRR Gain output diffl  In Out
typ typ min min  min  curr inputt —————

Type (Vius) (MHz) (dB) (dB) (dB) (mA) (V) +—+-— Comments
LM343 2.5 1 70 74 97 10 68 -—=- monolithic
LM344 30 10 70 74 97 10 68 - ——— uncomp 343
OPA445B 10 2 80 80 100 15 80 — — -~ low-bias, monolithic
1436 2 1 70 80 97 10 80 — — — — monolithic
HA2645 5 4 74 74 100 10 37 — — — = monolithic
3580 15 5 g6t 87t 108! 60 70 - — == hybrid
3581 20 5 110t 1080 112! 30 150 - ——— hybrid
3582 20 5 110t 105! 118" 15 300 - === hybrid
3583 30 5 110t 84t 94 75 300 - — -~ fast JFET, hybrid
3584 150 20 110! 84t 100 15 300 — ———  uncomp JFET, hybrid
LM12 9 07 75 80 94 10A 80 - — — — full output protection
OPA541B 10 1.6 95 100 90 10A 80 - - — — isolated case; no int. protec.
LM675 8 55 70 70 70 3000 60 - - — —  full output protection
SG1173 0.8 1 76 80 92 3500 50 - — — — thermal shutdown

() the symbol * indicates the number of op-amps per package for the part number shown; an " A indicates the
availability of other quantities of op-amps per package from the same manufacturer; some electrical
characteristics (particularly offset voltage) may be degraded somewhat in multiple packages.

{©) pins are provided for external compensation.

(@) a number gives the minimum closed-loop gain without instability. Op-amps with pins for external compensation
can generally be operated at lower gain, if an appropriate ext comp network is used. The letter U means that
the op-amp is uncompensated — external capacitance is necessary for any small value of closed-loopgain.

(@) at minimum stable closed-loop gain (usually unity gain), unless otherwise noted.

 the maximum value without damage to the chip; not to exceed the total supply voltage used, if that is less.

(@ a dot in an IN column means that the input operating common-mode range includes that supply rail;

a dot in an OUT column means that the op-amp can swing its output all the way to the corresponding supply rail.

() resistor-diode network draws input current for input differential greater than +1V.

0 uVv pp, 0.1-10Hz.

) current-sensing inverting input ("current feedback” configuration);the bias currents at the two inputs may differ
widely. The listed bias current is for the non-inverting input.

) "raw" output (no current limit) available at pin 8, in addition to the conventional (protected)output at pin 6;
the latter is limited to £15mA.

(M min/max (worst case).

® typical.
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TABLE 4.2. RECOMMENDED OP-AMPS

Total
supply

Amps per Offset Offset Input voltage  Supply e, typ Slew

packageb voltage  drift curr curr * rate fr

—— max max max min  max max 10Hz 1kHz typ typ

Type Mfg2 1 2 4 (mV) (uv/C) (nA) ) (V) (mA) (nVAHz) (nVAHZ)  (V/us) (MHz) Comments

LF411 NS +» A - 2 20 0.2 10 36 34 50 25 15 4 general purpose jellybean
AD711IK AD * A - 0.5 10 0.05 9 36 3 45 18 20 improved LF411
LM358A NS+ - = A 3 20 100 3 32 1.2 - - 0.5 1 single supply jellybean
TLC27TM2ATI A * A 5 2t 0.00tt 3 18 0.6 0.6 0.7 CMOS jellybean
OP-27E PM+ » A A 0.025 0.6 40 8 44 5 3.5 3.0 2.8 8 precision, low-noise
OP-37TE  PM+ * A — 0025 06 40 8 4 5 35 30 17" 63" ditto, faster (decomp, min. gain = 5)
HA5147A HA =+ - - 0.025 06 40 8 44 4 35 3.0 35° 140° ditto, still faster (min. gain = 10)
OP-77E PM ¢ A A 0.025 0.3 2 6 44 2 10.3 9.6 0.3 0.6 precision
LT1028A LT * - - 0.04 0.8 90 8 44 9.5 1.0 0.85 15 75 precision ultra-low-noise
LTi1013A LT - ¢ A 0.15 2 35 4 44 1 24 22 0.4 0.8 precision single-supply
LT1055A LT - - 0.15 4 0.05 10 40 4 28 14 13 5 precision JFET
LT1012C LT+ * A - 0.05 1.5 0.15 4 40 0.6 17 14 0.2 0.8 precision low-bias
OPA111B BB * A - 0.25 1 0.001 10 36 3.5 30 7 2 2 precision low-bias JFET
AD748K AD * - - 05 10 0.1 9 36 4 45 18 75 13 ultra low dist, stable, fast settle
LTC1052 L+ =« - - 0.005 0.05 0.03 48 16 2 4 12 chopper
OP-90E PM <« A A 015 2 15 16 36 0.02 60 60 0.012 0.02 precision micropower
CA3440A RC +* - - 5 4t 0.04 4 15 (dy 250 110 0.003¢ 0.005° nanopower (programmable)
ADS43L AD ¢ - - 0.5 10 60fA 10 36 0.7 90 35 3 1 ultra low input current JFET
LM10 NS+ - - 2 ot 20 11 40 0.4 50 46 0.1 0.4 low supply voltage, rail-to-rail output

(@ see footnotes to Table 4.1. ®) « = this part number; A = available. ©) G>10. ‘9 programmable 0.02uA—10pA.

M min/max. @ typical.

©®atl=1pA. 0 G>2. M G>5.
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op-amps with the very lowest input cur-
rents (MOSFET types) generally have poor
voltage offsets, and vice versa. Good cir-
cuit designers choose their components
with the right trade-offsto optimize perfor-
mance, without going overboard on un-
necessary "' gold-plated™ parts.

Limitations imply trade-offs

Thelimitations of op-amp performance we
have talked about will have an influence
on component valuesin nearly al circuits.
For instance, the feedback resistors must
be large enough so that they don't load the

"Here Yesterday, Gone Today"

In its untiring quest for better and fancier chips, the semiconductor industry can sometimes cause
you great pain. It might go something like this: You've designed and prototyped a wonderful new
gadget; debugging is complete, and you're ready to go into production. When you try to order the
parts, you discover that a crucial IC has been discontinued by the manufacturer! An even worse
nightmare goes like this: Customers have been complaining about late delivery on some instrument
that you've been manufacturing for many years. When you go to the assembly area to find out
what's wrong, you discover that a whole production run of boards is built, except for one IC that
"hasn't comeinyet." You then ask purchasing why they haven't expedited the order; turns out they
have, just haven't receivedit. Thenyou learn from the distributor that the part was discontinued six
months ago, and that none is available!

Why does this happen, and what do you do about it? We've generally found four reasons that
ICs are discontinued:
| . Obsolescence: Much better parts come along, and it doesn't make much sense to keep making
the old ones. This has been particularly true with digital memory chips (e.g., small static RAMs and
EPROMSs, which are superseded by denser and faster versions each year), though linear ICs have
not entirely escapedthe purge. Inthese casesthere is often a pin-compatible improved version that
you can plug into the old socket.

2 Not selling enough: Perfectly good ICs sometimes disappear. If you are persistent enough, you
may get anexplanation from the manufacturer - "there wasn't enoughdemand,” or some such story.
You might characterize this as a case of "discontinued for the convenience of the manufacturer.”
We've been particularly inconvenienced by Harris's discontinuation of their splendid HA4925 - a
fine chip, the fastest quad comparator, now gone, with no replacement anything like it. Harris also
discontinued the HA2705 - another great chip, the fastest low-power op-amp, now gone without a
trace! Sometimes a good chip is discontinued when the wafer fabrication line changes over to a
larger wafer size (e.g., from the original 3 diameter wafer to a 5" or 6" wafer). We've noticed that
Harris has a particular fondness for discontinuing excellent and unique chips; Intersil and GE have
done the same thing.

3 Lostschematics: You might not believeit, but sometimes the semiconductor house loses track of
the schematic diagram of some chip and can't make any more! This apparently happened with the
Solid State Systems SSS-4404 CMOS 8-stage divider chip.

4. Manufacturer out of business: This also happenedto the SSS-4404!

If you're stuck with a board and no available IC, you've got several choices. You can redesign
the board (and perhaps the circuit) to use somethingthatis available. This is probably best if you're
going into production with a new design or if you are running a large production of an existing board.
A cheap and dirty solution is to make a little "daughterboard" that plugs into the empty IC socket
and includes whatever it takes to emulate the nonexistent chip. Although this latter solution isn't

terribly elegant, it gets the job done.
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output significantly, but they must not be
so large that input bias current produces
sizable offsets. High impedances in the
feedback network also increase suscepti-
bility to capacitive pickup of interfering
signals and increase the loading effects of
stray capacitance. These trade-offs typi-
cdly dictate resistor values of 2k to 100k
with general-purpose op-amps.

Similar sorts of trade-offs are involved
in amost dl electronic design, including
the simplest circuits constructed with tran-
sistors. For instance, the choice of quies-
cent current in atransistor amplifier islim-
ited at the high end by device dissipation,
increased input current, excessive supply
current, and reduced current gain, whereas
the lower limit of operating current islim-
ited by leakage current, reduced current
gain, and reduced speed (from stray capac-
itance in combination with the high resis-
tance values). For these reasons you typ-
icaly wind up with collector currents in
the range of a few tens of microamps'to
a few tens of milliamps (higher for power
circuits, sometimes a bit lower in “mi-
cropower™ applications), as mentioned in
Chapter 2.

In the next three chapters we will look
more carefully at some of these problems
in order to give you a good understanding
of the trade-offsinvolved.

BERE 46
Draw a dc-coupled inverting amplifier with gain
of 100 and Z;,, = 10k. Include compensation
for input bias current, and show offset voltage
trimming network (10k pot between pins 1 and
5, wiper tied to V_). Now add circuitry so that

Z;n > 108 ohms.

4.13 Low-power and
programmabl e op-amps

For battery-powered applications there
is a popular group of op-amps known as
""programmable op-amps,” because all of
the internal operating currents are set by
an externally applied current at a bias
programming pin. The internal quiescent
currents are al related to this bias current
by current mirrors, rather than by internal
resistor-programmed current sources. As
a consequence, such amplifiers can be
programmed to operate over a wide range
of supply currents, typicaly from a few

POPULAR OP-AMPS

Sometimes a hew op-amp comes along at just the right time, filling a vacuum with its combination
of performance, convenience, and price. Several companies begin to manufacture it (it becomes
"second-sourced"), designers become familiar with it, and you have a hit. Here is a list & some

popular favorites of recenttimes:

301 First easy-to-use op-amp; first use of "lateralpnp." External compensation. National.
741 The industry standard for many years. Internal compensation. Fairchild.

1458

Motorola's answer to the 741; two 741s in a mini-DIP, with no offset pins.

308 National's precision op-amp. Low power, superbeta, guaranteeddrift specifications.

324 Popular quad op-amp (358=dual, mini-DIP). Single-supply operation. National.

355 All-purpose bi-FET op-amp (356, 357 faster). Practically as precise as bipolar, but faster
and lower input current. National. (Fairchild tried to get the FET ball rolling with their 740,
which flopped because of poor performance. Would you believe 0.1V input offset?)

TLO81 Texas Instruments' answer to the 355 series. Low-cost comprehensive series of singles,
duals, quads; low power, low noise, many package styles.

LF411 National's improved bi-FET series. Low offset, low bias, fast, low distortion, high output
current, low cost. Dual (LF412) and low-power variants (LF441/2/4).
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microamps to a few milliamps. The
dew rate, gain-bandwidth product fr,
and input bias current are al roughly
proportional to the programmed operating
current. When programmed to operate at
a few microamps, programmable op-amps
are extremely useful in battery-powered
circuits. We will treat micropower design
in detail in Chapter 14.

The 4250 was the original programma-
ble op-amp, and it is still a good unit for
many applications. Developed by Union
Carbide, this classic is now “second-
sourced” by many manufacturers, and it

even comes in duals and triples (the 8022
and 8023, respectively). As an example of
the sort of performance you can expect for
operation at low supply currents, let's ook
at the 4250 running at 10uA. To get that
operating current, we have to supply a bias
current of 1.5puA with an external resistor.
When it is operated at that current, fr is
75kHz, the dew rate is 0.05V/us, and the
input bias current /g is 3nA. At low op-
erating currents the output drive capabil-
ity is reduced considerably, and the open-
loop output impedance rises to astound-
ing levels, in this case about 3.5k. At low

THE 741 AND ITS FRIENDS

Bob Widlar designed the first really successful monolithic op-amp back in 1965, the Fairchild xA709.
It achieved great popularity, but it had some problems, in particular the tendencyto gointo alatch-up
mode when the input was overdriven and its lack of output short-circuit protection. It also required
external frequency compensation (two capacitors and one resistor) and had a clumsy offset trimming
circuit (again requiring three external components). Finally, its differential input voltage was limited
to 5 volts.

Widlar moved from Fairchild to National, where he went on to design the LM301, an improved
op-amp with short-circuit protection, freedom from latch-up, and a 30-volt differential input range.
Widlar didn't provide internal frequency compensation, however, because he liked the flexibility of
user compensation. The 301 could be compensated with a single capacitor, but because there was
only one unused pin remaining, it still required three external components for offset trimming.

Meanwhile, over at Fairchild the answer to the 301 (the now-famous 741) was taking shape. It
had the advantages of the 301, but Fairchild engineers opted for internal frequency compensation,
freeing two pins to allow simplified offset trimming with a single external trimmer. Since most circuit
applications don't require offset trimming (Widlar was right), the 741 in normal use requires no
components other than the feedback network itself. The rest is history - the 741 caught on like
wildfire and became firmly entrenched as the industry standard.

There are now numerous 741-type amps, essentially similar in design and performance, but with
various features such as FET inputs, dual or quad units, versions with improved specifications,
decompensatedand uncompensated versions, etc. We list some of them here for reference and as
ademonstration of man's instinct to clutch onto the coattails of the famous (see Table 4.1 for a more
complete listing).

Single units Dual units Quad units

7418 fast (10V/pus) 747 dual 741 MC4741  quad 741(alias 348)
MC74IN low noise OP-04 precision OP-11 precision

OP-02 precision 1458 mini-DIP package 4136 fast (3MHz)

4132 low power (35uA) 4558 fast (15V/us) HA4605  fast (4V/pus)
LF13741 FET low input current TL082 FET, fast (imilar TLO84 FET, fast (similar
748 uncompensated to LF353) to LF347)
NE530 fast (25V/pus) LF412 FET, fast

TLO81 FET, fast (similar to LF351)

LF411 FET, fast
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operating currents the input noise voltage
rises, while the input noise current drops
(see Chapter 7). The 4250 specifications
clam that it can run from as little as 1
volt total supply voltage, but the claimed
minimum supply voltages of op-amps may
not beterribly relevant in an actual circuit,
particularly where any significant output
swing or drive capability is needed.

The 776 (or 3476) isan upgraded 4250,
with better output-stage performance at
lower currents. The 346 is a nice quad
programmable op-amp, with three sections
programmed by one of the programming
inputs, and the fourth programmed by the
other. Some other programmable op-amps
constructed with ordinary bipolar transis-
tors are the OP-22, OP-32, HA2725, and
CA3078. Programmable CMOS op-amps
include the ICL7612, TLC251, MC14573,
and CA3440. These feature operation at
very low supply voltage (down to 1V for
the TLC251) and, for the astounding 3440,
operation at quiescent currents down to
20 nanoamps. The 7612 and 251 use a
variation of the usual programming

O =6

scheme; their quiescent current is pin-
selectable (10pA, 100pA, or 1mA),
according to whether the programming
pin is connected to V, or V_ or is left
open.

In addition to these op-amps, there are
several nonprogrammable op-amps that
have been designed for low supply currents
and low-voltage operation and should
be considered for low-power applications.
Notable among these is the outstanding
bipolar LM10, an op-amp that is fully
specified at 1 volt total supply voltage
(£0.5V, for example). This is extraordi-
nary, considering that Vgg increases
with decreasing temperature and is
close to 1 volt at —55°C, the lower limit
of the LM10’s operating range. Some
other excellent "micropower™ op-amps
(and their operating currents) are the
precision OP-20 (40pA), OP-90 (12uA),
and LT1006 (90uA), the inexpensive quad
LP324 (20p4A per amplifier), the JFET
LF441/2/4 (150pA per amplifier), and
the MOSFET TLC27L4 (10uA per ampli-
fier).

output
— 10V/decade

Fgure 4.35. Logarithmic converter. Q: and Q2 composea monolithic matched pair.
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TABLE 43. HIGH-VOLTAGE OP-AMPS

Total supply Ditfl & Slew Output Pgiss E
— input 8 fr rate current (50°C) E
min max max % E typ typ max max @
Type Mfg2 (V) (V) (V) wwe (MHz) (Vius) (mA) (W) #+ Case® Comments

LM675 NS 20 60 60 - —-— 55 8 3000 40 * TO-220 monolithic pwr op-amp
LM343 NS 10 68 68 —— ¢ 1 2 20 06 — TO-99 superbeta
LM344 NS 10 68 68 — - 1 309 20 0.6 - TO-99 superbeta
3580 BB 30 70 70 e 5 15 60 45 TO-31
LM12 NS 20 80 80 --—- 0.7 9 10000 90 . TO-3  monolithic high-power
PA19 AP 30 80 40 - 100° 6509 5000 70 +  TO-31 VMOS output
OPA541 BB 20 80 80 ¢ - - 2 10 10000 90 - TO-31  monolithic high-pwr
MC1436 MO 10 80 80 —— 1 2 10 06 — TO-99 original, still good
1460 TP 30 80 6 —* e 1000° 300° 150 25 - TO-3  VMOS output
1461 TP 30 80 25 e+ s« 1000® 1200° 750 - P-DIP VMOS output
1463 TP 30 80 25 e — e 17 165 1000 40 - TO-3  fast unity-gain cornp
HA2645 HA 20 80 74— e 4 5 10 06 ¢ TO-99 same as Philbrick 1332
OPA445 BB 20 100 80 - 2 10 15 06 - TO0-99 monolithic; miniDIP also
1481 TP 30 150 150 o — ¢ 45 25 80 15 - TO-3  current limit
3581 BB 65 150 150 - 5 20 30 45 TO-31
PAO4 AP 30 200 20 - 2 50 20000 160 -  P-DIP  VMOS output; curr lim
1480 TP 30 300 450 -+ 20 100 80 . TO-3
3582 BB 140 300 300 - 5 20 15 45 - TO-31
3583 BB 80 300 300 - 5 30 75 10 . TO-3
3584 BB 140 300 300 .-+ 20° 150° 15 45 - TO-3
PAOBY AP 30 340 50 - 5 30 150 18 . TO-31 low Vg, low €,
PA88 AP 30 450 25 e e - 1d 30¢ 100 12 . TO-31  low lg, Vg, €5 VMOS
PA85 AP 30 450 25 s +— 209 1000° 200 28 . TO-31 low Vg, low &,, VMOS
(@ see notes to Table 4.1. ®©) not to exceed total supply voltage. © "I" = isolated. @ when comp for G>10. © when comp for G>100.

A DETAILED LOCK AT SELECTED
OP-AMP CIRCUITS

The performance of the next few circuitsis
affected significantly by the limitations of
op-amps; we will go into a bit more detail
in their description.

4.14 Logarithmic amplifier

The circuit shown in Figure 4.35 exploits
the logarithmic dependence of Veg on
Ic to produce an output proportional to
the logarithm of a positive input voltage.
R, converts V¥, to a current, owing to
the virtual ground at the inverting input.
That current flows through @;, putting
its emitter one Vgg drop below ground,

according to the Ebers-Moll equation. Q2,
which operates at afixed current, provides
a diode drop of correction voltage, which
isessential for temperature compensation.
The current source (whichcan bearesistor,
since point B isalwayswithin afew tenths
of a volt of ground) sets the input current
at which the output voltage is zero. The
second op-amp is a noninverting amplifier
with a voltagegain of 16, in order to give
an output voltage of —1.0 volt per decade
of input current (recall that Vg g increases
60mV per decade of collector current).
Some further details. @1’s base could
have been connected to its collector, but
the base current would then have caused
an error (remember that /- isan accurate
exponential function of Vgg). In this
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TABLE 4.4. POWER OP-AMPS

(%]

§ Evsupply. V c(max

g '-E | min max Pg; tsi t:/Tp FI;V\\Il\; o !

Type Mig? EHE Pkgb @ V) W) W Ve Wity (H) (V) Vo) (wvw)

PAO3 AP ~— e o PD 30 15 75 500 10 5 70 3 30 20"
PAO4A AP - - PD 20 15 100 200 50 2 90 5 30 10'
OPA512 BB - —-- 3 15 10 50 125 4 4 20 3 40 20
LM12 NS  — - 3 10 10 40 90 0.7 60 7 50 50
OPA501 BB - -- 3 10 10 40 80 1.4™ 1 16 5 40 35
OPA512B BB - - - 3 10 10 50 125 4 20 6 65 20"
OPA541B BB °* ° - 31 10 10 40 90 10 2 55 2 30 60
1468 ™w --- 3 10 10 50 125 4 4 20 6 65 20
PA19A AP — ¢ - 31 5 15 40 70 900 100 3500 0.5 10 20'
OPA511 BB —--- A 5 10 30 67 1.8 1 23 10 65 20'
PAOSA AP — e ¢ A 4 10 40 78 400 75 2500 0.5 10
SG1173 SG * —-- 220 35 5 25 20 0.8 1 4 30
LM675 NS ¢ -- 220 3 8 30 40 8 55 10 25' 25'
LHO101 NS - - 3 2 5 20 62 10 5 300 3 10" 150'
3572 BB — e - a1 2 15 40 60 3 0.5 16 2 40 20'
3573 BB - -- a1 2 10 34 45 15 1 23 10 65
LH0021 NS --- 3 1 5 15 23 3 1 20 3 25 15
MSK792 KE ——- 3 1 5 22 5 2 1 11 0.1 2
1463 TP — e e 3 1 15 40 40 165 17 5 20"
1461 TP — e o PD 0.75 15 40 1200Y 1000" 5 50
LHO061 NS ——= 3 0.5 - 15 20 70 1000 4 st 5
WAQ1A AP — — 31 04 12 16 10 4000 1000 150000 5 25 10'
CLC203 CL --- PD 0.2 9 20 6000 5000 60000 1.5 15
1460 ™ ——- 3 0.15 15 40 25 300Y 1000Y 1500 5 50
3554B BB - 3 015 5 18 5 1200 100 19000 1 15
HA2542 HA ¢ — D 0.1 5 15 16 375 120 4700 10™ 20
LH4101 NS —e ¢ D 0.1 15 4 250 28 15 25!
LH4104 NS — e C 0.1 15 25 40 18 5 20'
1480 TP — e » 3 0.08 15 150 100 20 120 3 100
1481 TP — e 3 008 15 75 15 25 45 50 3 25
CA3450 RC * —- D 0.08 7 1.5 420 190 10000 15
3583 BB — e« 3l 0.08 40 140 10 30 5 60 3 23
OP-50E PM o — o D 0.07 5 18 0.5 3 25 20 0.03 0.3
3580 BB — e ¢ 31 006 15 35 45 15 5 100 10 30
AMP-0IE PM =« — ¢ D 0.05 5 15 0.5 4.5 1 20 0.05 0.3
3581 BB — e 3 003 32 75 45 20 5 60 3 25
358214 BB - 31 002 70 150 45 201150 7 301135 3 25

(@) see Table 4.1 notes. ®) 3 - TO-3; 220 — TO-220; PD - power DIP; D - DIP; | - isolated; C — metal can.

© current limit: T — thermallimit; E —external adjust. ™ min or max. ® typical. ) uncompensated.
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E
I, (max) @ %
— Ve t (typ) c
25°C  Thax lime &
Type (nA)  (nA) V) @ (A) (ps) to (%) (A) Comments
PAO3 0.05 50 7 30 2 0.1 T * amighty brute
PAO4A 0.02 - 75 15 25 01 E — high voltage brute
OPA512 20 15 7 15 2 0.1 E —  PA-12 similar
LM12 300 150 8 10 13 .
OPA501 20 15 7 10 E — PA-51 similar
OPA512B 30 - 6 10 2 01 E -
OPA541B 0.05 40 45 5 2 01 E = monolithic JFET
1468 30 - 6 10 2 01 E -
PA19A 0.05 50 5 4 1.2 001 E * VMOS output, wideband, prec
OPA511 40 30 8 5 2 0.1 E — PA-01 similar
PAOSA 0.02 20 8 2 0.3 0.1 45 + fast
SG1173 500 300 6 2 356 -
LM675 2uA 10 35 4 .
LHO101 0.3 300 5 2 2 0.01 E - PA-02 similar
3572 0.1 100 5 2 E ¢ PA-07 similar; 3571 to 1A
3573 40 30 5 2 E —  PA-73 similar
LHO0021 100 35 4 1 4 0.1 E — extcomp
MSK792 100 100 35 1 E -
1463 0.2 200 8 1 025 01 E — VMOS output
1461 0.1 100 9 0.5 04 041 E - VMOS output; ext comp
LHO0061 100 35 5 0.5 08 01 E — extcomp
WAO1A 10pA 5 0.4 0.02 0.1
CLC203 20uA 20uA 4 0.2 15ns 02 E — fast settle, wideband, prec
1460 10pA - 6 0.15 1 0.1 0.25 - VMOS output; ext comp
3554B 0.05 50 5 0.1 02 001 015 - fast
HA2542 35pA - - - 0.1 0.1 - — decomp (G>2)
LH4101 0.5 500 - - 03 041 - -
LH4104 0.6 25 5 0.1 05 001 - — LH4105 has V4<0.5mV
1480 0.2 200 10 0.08 1.5 0.01 0.13 - high voltage
1481 0.1 100 5 0.08 75 041 0.13 -
CA3450 350 - 2 0.08 35ns 0.1 - — video amp
3583 0.02 20 10 0.08 12 0.1 0.t * high voltage
OP-50E 5 7t 2 0.03 30 0.01 0.06 +* low noise, precision
3580 0.05 50 5 0.06 12 0.1 01 »
AMP-01E 3 10 2 0.03 15 0.01 0.06 * low noise, prec inst amp
3581 0.02 20 5 0.03 12 0.1 0.05 -
358214 0.02 20 5 0.02 12 0.1 0.03 +* high voltage
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circuit the base is at the same voltage as
the collector because of the virtual ground,
but there is no base-current error. @,
and Q- should be a matched pair, ther-
mally coupled (a matched monolithic pair
like the LM394 or MAT-01 isideal). This
circuit will give accurate logarithmic out-
put over seven decades of current or more
(1InA to 10mA, approximately), providing
that low-leakagetransistors and alow-bias-
current input op-amp are used. An op-amp
like the 741 with 80nA of bias current is
unsuitable, and a FET-input op-amp like
the 411 is usualy required to achieve the
full seven decades of linearity. Further-
more, in order to give good performance
at low input currents, the input op-amp
must be accurately trimmed for zero off-
set voltage, since Vi, may be as small as
a few tens of microvolts at the lower limit
of current. If possible, it is better to usea
current input to this circuit, omitting R;
altogether.

The capacitor C; is necessary to stabi-
lize the feedback loop, since @Q;
contributes voltage gain inside the loop.
Diode D; is necessary to prevent base-
emitter breakdown (and destruction) of Q4
in the event the input voltage goes nega
tive, since Q1 provides no feedback path
for positive op-amp output voltage. Both
these minor problems are avoided if Q; is
wired as a diode, i.e., with its base tied to
its collector.

Temperature compensation of gain

()2 compensates changesin Q1’s Ve g drop
as the ambient temperature changes,
but the changes in the slope of the
curve of Vgg versus I are not compen-
sated. In Section 2.10 we saw that the
“60mV/decade” is proportional to abso-
lute temperature. The output voltage of
this circuit will look as shown in Figure
4.36. Compensation is perfect at an input
current equal to Iy, Q2’s collector current.
A change in temperature of 30°C causes a

_40 50°C
25°C
0°C

-3.0 —

> o0k

0 y | | |
T0uA  100pA  TmA  10mA

I

in

Fgure 4.36

10% change in slope, with corresponding
error in output voltage. The usua solu-
tion to this problem is to replace R, with
a series combination of an ordinary resis-
tor and a resistor of positive temperature
coefficient. Knowing the temperature co-
efficient of the resistor (e.g., the TG 1/8
type manufactured by Texas Instruments
has a coefficient of +0.67%/°C) alowsyou
to calculate the value of the ordinary resis-
tor to put in seriesin order to effect perfect
compensation. For instance, with the 2.7k
TG 118 type "sensistor™ just mentioned, a
2.4k series resistor should be used.

There are several logarithmic converter
modules available as complete integrated
circuits. These offer very good perfor-
mance, including internal temperature
compensation. Some manufacturers are
Anaog Devices, Burr-Brown, Philbrick,
Intersil, and National Semiconductor.

EXERCISE 4.7
Finish up the log converter circuit by (a) drawing
the current source explicitly and (b) using a TG
118 resistor (+0.67%/°C tempco) for thermal
slope compensation. Choose values so that
Vout = +1 volt per decade, and provide an
output offset control so that V¢ can be set to
zero for any desired inputcurrent(do this with an
invertingamplifier offset circuit, not by adjusting

Io).
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4.15 Active peak detector

There are numerous applications in which
it is necessary to determine the peak
value of some input waveform. The
simplest method is a diode and capacitor
(Fig. 4.37). The highest point of the input
waveform charges up C, which holds that
vaue while the diode is back-biased.

Vi 4N—l— You:
T

Figure 4.37

Thismethod has some serious problems.
The input impedance is variable and is
very low during peaks of the input wave-
form. Also, the diode drop makes the cir-
cuit insensitive to peakslessthan about 0.6
volt and inaccurate (by one diode drop) for
larger peak voltages. Furthermore, since
the diode drop depends on temperature
and current, the circuit's inaccuracies de-
pend on the ambient temperature and on
the rate of change of output; recall that
| = C(dV/dt). Aninput emitter follower
would improve the first problem only.

Figure 4.38 showsa better circuit, using
feedback. By taking feedback from the
voltage at the capacitor, the diode drop
doesn't cause any problems. The sort of
output waveform you might get is shown
in Figure 4.39.

’_Vou(

el

Fgure 4.38. Op-amp peak detector.

/G/V ,
Figure 4.39

Op-amp limitations affect this circuit in
three ways. (@) Finite op-amp dew rate
causesa problem, even with relatively dow
input waveforms. To understand this, note
that the op-amp's output goesinto negative
saturation when the input is less positive
than the output (try sketching the op-amp
voltage on the graph; don't forget about
diode forward drop). So the op-amp's
output has to race back up to the output
voltage (plus a diode drop) when the input
waveform next exceedsthe output. At dew
rate S, this takes roughly (Vo — V_)/S,
where V_ is the negative supply voltage
and V; isthe output voltage. (b) Input bias
current causes a dow discharge (or charge,
depending on the sign of the bias current)
of the capacitor. This is sometimes called
"droop,” and it is best avoided by using
op-amps with very low bias current. For
the same reason, the diode must be a low-
leakage type (e.g., the FJT1100, with less
than 1pA reversecurrent at 20V, or a"'FET
diode" such asthe PAD-1from Siliconix or
the ID101 from Intersil), and the following
stage must also present high impedance
(idedly it should also be a FET or FET-
input op-amp). (c) The maximum op-amp
output current limits the rate of change of
voltageacrossthe capacitor, i.e., the rate at
which the output can follow a rising input.
Thus, the choice of capacitor value is a
compromise between low droop and high
output dew rate.

For instance, a 1uF capacitor used in
this circuit with the common 741 (which
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would be a poor choice because of its high
bias current) would droop at dV/dt =
Ig/C = 0.08V/s and would follow input
changes only up to dV/dt = Iouput/C =
0.02V/us. This maximum follow rate is
much less than the op-amp's dew rate of
0.5V/us, being limited by the maximum
output current of 20mA driving 1u4E By
decreasing C' you could achieve greater
output dewing rate at the expense of
greater droop. A more redlistic choice of
components would be the popular LF355
FET-input op-amp as driver and output
follower (30pA typical bias current, 20mA
output current) and avalueof C' = 0.01uF.
With this combination you would get a
droop of only 0.006V/s and an overall
circuit dew rate of 2V/us. For better
performance, use a FET op-amp like the
OPAI111 or AD549, with input currents of
1pA or less. Capacitor leakage may then
limit performance even if unusually good
capacitors are used, e.g., polystyrene or
polycarbonate (see Section 7.05).

O A circuit cure for diode leakage

Quite often a clever circuit configuration
can provide a solution to problems caused
by nonideal behavior of circuit compo-
nents. Such solutions are aesthetically
pleasing as wel as economical. At this
point we yield to the temptation to take
a closer look at such a high-performance
design, rather than delaying until Chapter
7, where we treat such subjects under the
heading of precision design.

Suppose we want the best possible per-
formance in a peak detector, i.e., highest
ratio of output dew rate to droop. If the
lowest-input-current op-amps are used in
a peak-detector circuit (some are available
with bias currents as low as 0.01pA), the
droop will be dominated by diode leakage;
i.e., the best available diodes have higher
leakage currents (see Table 1.1) than the
op-amps’ bias currents. Figure 4.40 shows
a clever circuit solution. As before, the

voltage on the capacitor follows a rising
input waveform: IC; charges the capaci-
tor through both diodes and is unaffected
by IC,’s output. When the input drops
below the peak value, IC; goesinto neg-
ative saturation, but ICe holds point X
at the capacitor voltage, eliminating leak-
age atogether in D2. Dy’s small leakage
current flows through R;, with negligible
drop across the resistor. Of course, both
op-amps must have low bias current. The
OPA111B is a good choice here, with its
combination of precision (V,s = 250uV,
max) and low input current (1pA, max).
This circuit is analogous to the so-called
guard circuits used for high-impedance or
small-signal measurements.

Note that the input op-amps in both
peak-detector circuits spend most of their
time in negative saturation, only popping
up when the input level exceeds the peak
voltage previously stored on the capacitor.
However, as we saw in the active rectifier
circuit (Section 4.10), the journey from
negative saturation can take a while (e.g.,
1us—2us for the LF411). This may restrict
your choice to high-dew-rate op-amps.

D,
1N3595
+

I1C>
OPA111B v

Dy
1N3595

c
0.01uF L

polystyrene :I:

Fgure 4.40

[l Resetting 5 noak detector

In practice it is usually desirable to reset
the output of a peak detector in some way.
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One possibility is to put a resistor across
the output so that the circuit's output
decays with a time constant RC. In this
way it holds only the most recent peak
vaues. A better method is to put a
transistor switch across C; a short pulse

ICy ~ 15V

signal
Input

l Q,
+15 sample

to the base then zeros the output. A FET
switch is often used instead. For example,
in Figure 4.38 you could connect an n-
channel MOSFET across C; bringing the
gate momentarily positive then zeros the
capacitor voltage.

FET input

IC,

output

acquisition I—
time
capacitor
voltage charge droep
injection
("hold step™)
hold - gample——ﬁ-—————hold——q——sample—
e ———
30k
FET
switch
— / output
_signa| 3 + |
input |
|
}
6
S/H 8

input

0.0014F
exemal Figure 4.41. Sample-anc-hold.
A. standard configuration,
with exaggerated waveform.

B. LF398 single-chip S/H.
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4.16 Sample-and-hold

Closely related to the peak detector is the
"sample-and-hold” (S/H) circuit (some-
times called "follow-and-hold"). Theseare
especially popular in digital systems, where
you want to convert one or more analog
voltages to numbers so that a computer
can digest them: The favorite method is
to grab and hold the voltage(s), then do
the digital conversion at your leisure. The
basic ingredients of a S/H circuit are an
op-amp and a FET switch; Figure 4.41A
showstheidea. IC, isafollowerto provide
a low-impedance replica of the input. Q1
passes the signal through during **sample™
and disconnects it during "hold.”
Whatever signal was present when 1 was
turned OFF is held on capacitor C. IC;
is a high-input-impedance follower (FET
inputs), so that capacitor current during
"hold" is minimized. The vaue of C is
a compromise: Leakage currents in @

and the follower cause C's voltage to
""droop" during the hold interval, accord-
ingto dV/dt = licakage/C. ThusC should
be large to minimize droop. But Q;’s ON
resistance forms a low-pass filter in com-
bination with C, so C should be smal if
high-speed signals are to be followed ac-
curately. IC; must be able to supply C’s
charging current 1 = CdV/dt and must
have sufficient dew rate to follow the in-
put signal. In practice, the dew rate of
the whole circuit will usually be limited by
IC;’s output current and Q;’s ON resis-
tance.

EXERCISE 4.8
Suppose IC; can supply 10mA of output cur-
rent, and C = 0.01uF. What is the maximum
input slewrate the circuit can accurately follow?
If @1 has 50 ohms ON resistance, what will be
the output error for an input signal slewing at
0.1V/us? If the combined leakage of ¢, and

[0 DIELECTRIC ABSORPTION

Capacitors are not perfect. The most commonly appreciated shortcomings are leakage (parallel
resistance), series resistance and inductance, and nonzero temperature coefficient of capacitance.
A more subtle problem is dielectric absorption, an effect that manifests itself clearly as follows: Take
a large-value tantalum capacitor that is charged up to 10 volts or so, and rapidly discharge it by
momentarily putting a 100 ohm resistor across it. Remove the resistor, and watch the capacitor's
voltage on a high-impedance voltmeter. You will be amazed to see the capacitor charge back up,
reaching perhaps a volt or so after a few seconds!

The origins of dielectric absorption (or dielectric soakage, dielectric memory) are not entirely
understood, but the phenomenon is believed to be related to remnant polarization trapped on
dielectric interfaces; mica, for example, with its layered structure, is particularly poor in this regard.
Fromacircuit point of view, this extra polarization behaves like a set of additional series RC's across
the capacitor (Fig. 4.42A), with time constants generally in the range of ~100us to several seconds.
Dielectrics vary widely in their susceptibility to dielectric absorption; Figure 4.42B shows data for
several high-quality dielectrics, plotted as voltage memory versus time after a 10 volt step of 100us
duration.

Dielectricabsorption can cause significanterrors in integrators and other analog circuits that rely
ontheideal characteristics of capacitors. In the case of a sample/hold followed by precision analog-
to-digital conversion, the effectcan be devastating. In such situations the best approachistochoose
your capacitors carefully (Teflon dielectric seems to be best), retaining a healthy skepticism until
proven wrong. In extreme cases you may have to resort to tricks such as compensation networks
that use carefully trimmed RC's to electrically cancel the capacitor's internal dielectric absorption.
This approach is used in some high-quality sample/hold modules made by Hybrid Systems.
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ICy is 1nA, whet is the droop rate during the
“hold” state?

For both the sample/hold circuit and
the peak detector, an op-amp drives a
capacitive load. When designing such
circuits, make sure you choose an op-
amp that is stable at unity gain when
loaded by the capacitor C. Some op-amps,
(e.g., the LF355/6) are specifically designed
to drive large (0.01xF) capacitive loads
directly. Some other tricks you can useare
discussed in Section 7.07 (see Fig. 7.17).

0.1~

polypropylene

polystyrene
0.01

voltage memory, %

teflon

0.001 | 1 J
10us 100us Tms 10ms

time after pulse

B

fORYTS A CIGSAHS ARFpTReR: B fERgs:
eral didectrics. (AfterHybrid Sysems H716
data sheet.)

You don't have to design S/H circuits
from scratch, becausethere are nice mono-
lithic ICs that contain al the parts you
need except for the capacitor. National's
LF398 is a popular part, containing the
FET switch and two op-amps in an inex-
pensive ($2) 8-pin package. Figure 4.41B
shows how to use it. Note how feedback
closes the feedback loop around both op-
amps. There are plenty of fancy S/H chips

10k

Figure 4.43

Fgure 4.44

available, if you need better performance
than the LF398 offers, for example, the
ADS585 from Anaog Devices includes an
internal capacitor and guarantees a max-
imum acquisition time of 3us for 0.01%
accuracy following a 10 volt step.

O 4.17 Active clamp

Figure4.43 showsacircuit that isan active
version of the clamp function we discussed
in Chapter 1. For the values shown,
Vin < T10 volts puts the op-amp output
at positive saturation, and Vot = Vin.
When V;, exceeds +10 volts the diode
closes the feedback loop, clamping the
output at 10 volts. In this circuit, op-amp
slew-ratelimitations allow small glitchesas
the input reaches the clamp voltage from
below (Fig. 4.44).

[ 4.18 Absolute-value circuit

The circuit shown in Figure 4.45 gives a
positive output equal to the magnitude of
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the input signal; it is a full-wave rectifier.
As usual, the use of op-amps and feedback
eliminates the diode drops of a passive
full-wave rectifier.

output

2P
10k 1%
—AMA
R, +Vee
10k 1%
AN
Vm ‘— Voul
X V_
+
Ay
10k —Vee
<
+Vee
1C,
3160
Fgure 4.46
EXERCISE 4.9

Figure out how the circuit in Figure 4.45 works.
Hint: Applyfirstapositiveinput voltage, and see
what happens; then do negative.

Figure 4.46 shows another absolute-
value circuit. It is readily understandable
as a smple combination of an optional
inverter (IC;) and an active clamp (ICy).

For positive input levels the clamp is
out of the circuit, with its output at
negative saturation, making IC; a unity-
gain inverter. Thus the output is equal
to the absolute value of the input voltage.
By running IC, from a single positive
supply, you avoid problems of slew-rate
limitations in the clamp, since its output
movesover only onediode drop. Notethat
no great accuracy is required of Rj.

.

out

Fgure 4.47. Integrator.

4.19 Integrators

Op-amps alow you to make nearly perfect
integrators, without the restriction that
Vout € Vin. Figure 4.47 shows how it's
done. Input current Vip/R flows through
C. Becausethe inverting input isa virtua
ground, the output voltage is given by

Vin/R = —C(dV,ui/dt)

or
1
Vout = B / Vi dt T constant

The input can, of course, be a current,
in which case R will be omitted. One
problem with this circuit as drawn is that
the output tends to wander off, even with
the input grounded, due to op-amp offsets
and bias current (there's no feedback at
dc, which violates rule 3 in Section 4.08).
This problem can be minimized by using
a FET op-amp for low input current and
offset, trimming the op-amp input offset
voltage, and using large R and C values.
In addition, in many applications the in-
tegrator is zeroed periodically by closing a
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0 IL reset
-10

+15-|—L reset
-15

22M82
n-channel
JL-[ JFET -TE n-channel MOSFET
_15 1uF
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R1
100k
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b— output b -
only
A B B - c -

4.48. Op-amp integrators with reset switches.

switch placed across the capacitor (usualy
a FET), so only the drift over short time
scales matters. As an example, an inex-
pensive FET op-amp likethe LF411 (25pA
typical bias current) trimmed to a voltage
offset of 0.2mV and used in an integrator
with R =10MQ and C' = 10uF will pro-
ducean output drift of lessthan 0.003 volt
in 1000 seconds.

If the residual drift of the integrator is
still too large for a given application, it
may be necessary to put alarge resistor Rs
across C' to provide dc feedback for sta-
ble biasing. The effect is to roll off the
integrator action at very low frequencies,
f <1/R2C. Figure 4.48 shows integrators
with FET zeroing switch and with resis-
tor bias stabilization. The feedback resis-
tor may become rather large in this sort
of application. Figure 4.49 shows a trick
for producing the effect of alarge feedback
resistor using smaller values. In this case
the feedback network behaves like a sin-
gle 10MQ resistor in the standard invert-
ing amplifier circuit giving a voltage gain
of —100. This technique has the advan-
tage of using resistorsof convenient values
without the problems of stray capacitance,
etc., that occur with very largeresistor val-
ues. Note that this “T-network” trick may
increase the effective input offset voltage,
if used in a transresistance configuration

(Section 4.09). For example, the circuit of
Figure 4.49, driven from a high-impedance
source (e.g., the current from a photodi-
ode, with the input resistor omitted), has
an output offset of 100 times V,,5, whereas
the same circuit with a 10M$2 feedback re-
sistor hasan output equal to V, (assuming
the offset due to input current is negligi-
ble).

100k 100k

100k

51k

Figure 4.49

O A circuit cure for FET leakage

In the integrator with a FET reset switch
(Fig. 4.48), drain-source leakage sources a
small current into the summing junction
even when the FET is OFE With an ultra-
low-input-current op-amp and low-leakage
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capacitor, this can be the dominant error
in the integrator. For example, the ex-
cellent AD549 JFET-input " electrometer™
op-amp has a maximum input current of
0.06pA, and a high-quality 0.01uF metal-
lized Teflon or polystyrene capacitor spec-
ifies leakage resistance as 107 megohms,
minimum. Thus the integrator, exclusive
of reset circuit, keepsstray currents at the
summing junction below 1pA (for a worst-
case 10V full-scale output), corresponding
to an output dV'/dt of lessthan 0.01mV/s.
Compare this with the leakage contribu-
tion of a MOSFET such as the popular
2N4351 (enhancement mode), which spec-
ifies a maximum leskage current of 10nA
a Vps = 10V and Vgs = OV! In other
words, the FET contributes 10,000 times
as much leakage as everything else com-
bined.

{/, = 6OfA, max)

Fgure 4.50

Figure 4.50 shows a clever circuit solu-
tion. Although both n-channel MOSFETs
are switched together, @; is switched with
gate voltages of zero and 115 volts so that
gate leakage (as wdl as drain-source leak-
age) isentirely eliminated during the OFF
state (zero gate voltage). In the ON state
the capacitor is discharged as before, but
with twice Ron. In the OFF state, @)2’s

small leakage passesto ground through R,
with negligible drop. There is no leakage
current at the summing junction because
Q1’s source, drain, and substrate are al
at the same voltage. Compare this circuit
with the zero-leakage peak-detector circuit
of Figure 4.40.

Figure 4.51

0O 420 pifferentiators

Differentiators are similar to integrators,
but with R and C reversed (Fig. 4.51).
Since the inverting input is at ground, the
rate of change of input voltage produces
acurrent | = C(dVj,/dt) and hence an
output voltage

Vout = _Rcd;/tm

Differentiators are bias-stable, but they
generally have problems with noise and
instabilities at high frequencies because of
the op-amp's high gain and internal phase
shifts. For this reason it is necessary to
roll off the differentiator action at some
maximum frequency. The usual method
is shown in Figure 452. The choice
of the rolloff components R, and C;
depends on the noise level of the signal
and the bandwidth of the op-amp. At

high frequencies this circuit becomes an
integrator, due to Ry and Cs.

[0 OP-AMP OPERATION WITH

A SINGLE POWER SUPPLY

Op-amps don't require £15 volt regulated
supplies. They can be operated from split
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Fgure 4.52

supplies of lower voltages, or from un-
symmetrical supply voltages (e.g, 12 and
—3), as long as the total supply voltage
(V+ — V_) is within specifications (see Tar
ble 4.1). Unregulated supply voltages are
often adequate becauseof the high “power-
supply rejection ratio™ you get from nega-
tive feedback (for the 411 it's 90dB typ).
But there are many occasions when it
would be nice to operate an op-amp from
asinglesupply, say T12 volts. Thiscan be
done with ordinary op-amps by generating
a"'reference” voltage above ground, if you
are careful about minimum supply volt-
ages, output swing limitations, and max-
imum common-mode input range. With
some of the more recent op-amps whose
input and output ranges include the neg-
ative supply (i.e., ground, when run from
a single positive supply), single-supply op-
eration is attractive because of its sim-
plicity. Keep in mind, though, that oper-
ation with symmetrical split supplies re-
mains the usua technique for nearly all
applications.

0 4.21 Biasing single-supply ac amplifiers

For ageneral-purposeop-amp likethe 411,
the inputs and output can typically swing
to within about 1.5 volts of either supply.
With V_ connected to ground, you can't
have either of the inputs or the output at
ground. Instead, by generating a reference

voltage (e.g., 0.5V ) you can bias the op-
amp for successful operation (Fig. 4.53).
This circuit is an audio amplifier with
40dB gain. Vier = 0.5V gives an output
swing of about 17 volts pp before onset of
clipping. Capacitive coupling is used at
the input and output to block the dc level,
which equals Vet.

Fgure 4.53

0O 4.22 Single-supply op-amps

There is a class of op-amps that permit
simplified operation with a single positive
supply, because they permit input voltages
al the way down to the negative ralil
(normally tied to ground). They can be
further divided into two types, according
to the capability of the output stage: One
type can swing al the way down to V_,
and the other type can swing all the way to
both rails:

1.  The LM324(quad)/LM358 (dual),
LT1013, and TLC270 types. These have
input common-mode ranges al the way
down to 0.3 volt bdlow V_, and the output
can swing down to V_. Both inputs and
output can go to within 1.5 voltsof V+. If
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instead you need an input range up to V.,
use something like an LM301/307, OP-
41, or a 355; an example is illustrated in
Section 6.24 in the discussion of constant-
current supplies. In order to understand
some of the subtleties of this sort of op-
amp, it is helpful to look at the schematic
(Fig. 454). It is a reasonably straight-
forward differential amplifier, with current
mirror active load on the input stage and
push-pull complementary output stage
with current limiting. The specia things
to remember are these (calling V- ground):

Inputs: The pnp input structure alows
swings of 0.3 volt below ground; if that
is exceeded by either input, weird things
happen at the output (it may go negative,
for instance).

Output: @13 pullsthe output down and
can sink plenty of current, but it goes
only to within a diode drop of ground.
Outputs below that are provided by the
50uA current sink, which means you can't
drive aload that sources more than SOuA
and get closer than a diode drop above

ground. Even for "nice" loads (an open
circuit, say), the current source won't bring
the output lower than a saturation voltage
(0.1V) above ground. If you want the
output to go clear down to ground, theload
should sink a small current to ground; it
could be a resistor to ground, for instance.
Recent additions to the family of pnp-
input single-supply op-amps include the
precision LT1006 and LT1014 (single and
quad, respectively) and the micropower
OP-20 and OP-90 (both single), and LP324
(quad).

We will illustrate the use of these op-
amps with some circuits, after mentioning
the other kind of op-amp that lends itself
well to single-supply operation.

2. The LM10 (bipolar) or CA5130/5160
(MOSFET) complementary-output-stage
op-amps. When saturated, they look like
a small resistance from the output to the
supply (V+ or V_). Thus the output can
swing al the way to either supply. In
addition, the inputs can go 0.5 volt be-
low V_. Unlike the LM10, the CA5130

&

inputs

4.0uA &)

» 9OV,
IOOMAé .j
Q5

output

Fgure 4.54. Schematic o the popular 324 and 358 op-amps. (Nationa Semiconductor Corp.)
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i

battery
+bto +15

photodiode

= TLC251C

0 to 5V for
0 to 500nA

and 5160 are limited to 16 volts (max) to-
tal supply voltage and +8 volts differen-
tial input voltage. Although most CMOS
op-amps permit rail-to-rail output swings,
watch out for some varieties that can only
swing al the way to one rail; also note that
the input common-mode range of most
CMOS op-amps, like ordinary bipolar op-
amps, includes at most one power-supply
rail. For example, the popular TLC27xx

ICL7600
LMC6E60
CA5160

LM10
CAbB422

|

Fgure4.55. Single-supply photometer.

series from Tl has input and output ca-
pability to the negative rail only, whereas
the LMC660 from National, along with the
Intersil ICL76xx seriesand RCA’s CMOS
op-amps, has output swing to both rails
(but input common-mode range only to
the negative rail). Unigue among op-amps
are the CMOS ICL7612 and ALD1701/2,
which claim both input and output opera-
tion to both rails.

%103

LM358 OP-80
50,”4
Rload
- Fgure 4.56. Output stages

used in single-supply op-amps.
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+5

A

sink

Figure 457. Connecting a load to a Sngle-
SUpply op-amp. All snglesupply types (A-D)

dl the way to ground while sourcing
Current types (A and B) can swing nearly
to ground Whles nking moderateor Substantial

currents; type C can Snk up to 50uA, and type

D requiresaload resistor returned to ground to
operate near ground.

O Example: single-supply photometer

Figure 4.55 shows a typical example of a
circuit for which single-supply operation

positive
input
(OK to QV)

is convenient. We discussed a similar cir-
cuit earlier under the heading of current-
to-voltage converters. Since a photocell
circuit might well be used in a portable
light-measuring instrument, and since the
output is known to be positive only, this
isagood candidate for a battery-operated
single-supplycircuit. R; setsthefull- scale
output at 5 volts for an input photocur-
rent of 0.54A. No offset voltage trim is
needed in this circuit, since the worst-case
untrimmed offset of 10mV corresponds to
a negligible 0.2% of full-scale meter indi-
cation. The TLC251 is an inexpensive
micropower (10uA supply current) CMOS
op-amp with input and output swings to
the negative rail. Its low input current
(IpA, typ, at room temperature) makes
it good for low-current applications like
this. Note that if you choose a bipolar
op-amp for an application like this, better
performance at low light levels results if
the photodiode is connected as in the
circuit shown in Figure 4.945.

When using "single-supply” op-amps,
watch out for misleading statements about
output swing to the negative rail (ground).
There are really four different kinds of
output stages, al of which "swing down
to ground,” but they have very different
properties (Fig. 4.56): (a) Op-amps with
complementary MOS output transistors
give true rail-to-rail swing; such a stage is

"single-supply"

positive
output
IOK to OV)

Figure 458. Single-supply dc amplifier.
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capable of pulling its output to ground,
even when sinking moderate current. Some
examples are the ICL76zz, the LMC660,
and CA5160. (b) Op-amps with an npn
common-emitter transistor to ground be-
have similarly, i.e., they can pull their out-
put to ground even while sinking current.
Examples are the LM10, CA5422, and
LT1013/14. Both kinds of output stages
can, of course, handle an open circuit or
a load that sinks current to ground. (c)
Some op-amps, notably the 358 and 324,
use a pnp follower to ground (which can
only pull down to within a diode drop of
ground), in paralel with an npn current
sink (with compliance clear to ground). In
the 358, the internal current sink is set
at S0pA. Such a circuit can swing clear
down to ground as long as it doesn't have
to sink more than 50uA from the load.
If the load sources more current, the out-
put only works to within a diode drop of
ground. As before, this kind of output cir-
cuit is happy sourcing current to a load
that is returned to ground (as in the pho-
tometer example earlier). (d) Findly, some
single-supply op-amps (e.g., the OP-90) use
a pnp follower to ground, without the par-
alld current sink. Such an output stagecan
swing to ground only if the load helps out
by sinking current, i.e., by being returned
to ground. If you want to use such an op-
amp with a load that sources current, you
have to add an external resistor to ground
(Fig. 4.57).

A note of caution: Don't make the mis-
take of assuming that you can make any
op-amp's output work down to the nega-
tive rail ssimply by providing an external
current sink. In most cases the circuitry
driving the output stage does not permit
that. Look for explicit permission in the
data sheet!

Example: single-supply dc amplifier

Figure 4.58 shows a typical single-supply
noninverting amplifier to amplify an

input signal of known positive polarity.
The input, output, and positive supply are
all referenced to ground, which is the neg-
ative supply voltage for the op-amp. The
output " pulldown' resistor may be needed
with what wecalled type-1 amplifierstoen-
sure output swing al the way to ground;
the feedback network or the load itself
could perform thisfunction. Animportant
point: Remember that the output cannot
go negative; thus you cannot use this am-
plifier with, say, ac-coupled audio signals.
Single-supply op-amps are indispens-
able in battery-operated equipment. Well
have more to say about thisin Chapter 14.

COMPARATORS AND SCHMITT TRIGGER

It isquite common to want to know which
of two signalsis larger, or to know when
a given signal exceeds a predetermined
value. For instance, the usua method of
generating triangle waves is to supply
positive or negative currents into a ca
pacitor, reversing the polarity of the cur-
rent when the amplitude reaches a preset
peak value. Another example is a digital
voltmeter. In order to convert a voltageto
a number, the unknown voltage is applied
to one input of a comparator, with a lin-
ear ramp (capacitor + current source) ap-
plied to the other. A digital counter counts
cycles of an oscillator while the ramp is
lessthan the unknown voltageand displays
the result when equality of amplitudes is
reached. The resultant count is propor-
tional to the input voltage. Thisis called
single-slope integration; in most sophisti-
cated instruments a dual-slope integration
is used (see Section 9.21).

4.23 Comparators

Thesimplest form of comparator isahigh-
gain differential amplifier, made either
with transistors or with an op-amp (Fig.
4.59). The op-amp goes into positive or
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Fgure 4.59

negative saturation according to the differ-
ence of the input voltages. Because the
voltage gain typically exceeds 100,000, the
inputs will have to be equal to within a
fraction of a millivolt in order for the out-
put not to be saturated. Although an ordi-
nary op-amp can be used as a comparator
(and frequently is), there are specia inte-
grated circuits intended for use as com-
parators. Some examples are the LM306,
LM311, LM393, NES27, and TLC372.
These chips are designed for very fast re-
sponse and aren't even in the same league
as op-amps. For example, the high-speed
NES21 dewsat severa thousand volts per
microsecond. With comparators, the term
"dew rate” isn't usually used; you talk in-
stead about " propagation delay versus in-
put overdrive."

Comparators generally have more flexi-
ble output circuits than op-amps. Whereas
an ordinary op-amp uses a push-pull out-
put stage to swing between the supply volt-
ages (+£13V, sy, for a 411 running from
+15V supplies), a comparator chip usu-
aly has an "open-collector” output with
grounded emitter. By supplying an exter-
na “pullup” resistor (that's accepted ter-
minology, believe it or not) connected to
a voltage of your choice, you can have an
output swingfrom +5 voltsto ground, say.
You will see later that logic circuits have
well-defined voltages they like to operate
between; the preceding example would be
ideal for driving a TTL circuit, a popular
type of digital logic. Figure 4.60 showsthe
circuit. Theoutput switchesfrom +5 volts
to ground when the input signal goes nega-
tive. This use of a comparator is realy an
example of analog-to-digital conversion.

+5

LF311

out

Figure 4.60

This is the first example we have pre-
sented of an open-collector output; this is
a common configuration in logic circuits,
as you will see throughout Chapters 8-11.
If you like, you can think of the external
pullup resistor as completing the compara-
tor's internal circuit by providing a collec-
tor load resistor for an npn output tran-
sistor. Since the output transistor operates
as a saturated switch, the resistor value is
not at al critical, with valuestypically be-
tween afew hundred ohmsand a few thou-
sand ohms; small values yield improved
switching speed and noise immunity at the
expense of increased power dissipation.
Incidentally, in spite of their superficia
resemblance to op-amps, comparators
are never used with negative feedback
because they would not be stable (see
Sections 4.32-4.34). However, some
positive feedback is often used, as you
will see in the next section.

Comments on comparators

Some points to remember: (a) Because
there is no negative feedback, golden rule
| is not obeyed. The inputs are not at the
same voltage. (b) The absence of negative
feedback means that the (differential) in-
put impedance isn't bootstrapped to the
high values characteristic of op-amp cir-
cuits. As a result, the input signal sees a
changing load and changing (small)
input current as the comparator switches;
if the driving impedance is too high,
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strange things may happen. (c) Some com-
parators permit only limited differential
input swings, as little as +5 volts in some
cases. Check the specs! See Table 9.3 and
the discussion in Section 9.07 for the prop-
erties of some popular comparators.

input

I trigger point
(voltage at other input
of comparator)

| II mll output

Figure 4.61

R — multiple
2 transitions
— without feedback
A
+10
+5
% R‘
10k
R,
/\-\,\’ — 1.0k
U
+
Rs
= with feedback
B
Figure 4.62

4.24 Schmitt trigger

The simple comparator circuit in Figure
4.60 has two disadvantages. For a very

dowly varying input, the output swing can
be rather dow. Worse still, if the input
is noisy, the output may make severa
transitions as the input passes through
the trigger point (Fig. 4.61). Both these
problems can be remedied by the use of
positive feedback (Fig. 4.62). The effect
of Rs is to make the circuit have two
thresholds, depending on the output state.
In the example shown, the threshold when
the output is at ground (input high) is
4.76 volts, whereas the threshold with the
output at +5 voltsis 5.0 volts. A noisy
input is less likely to produce multiple
triggering (Fig. 4.63). Furthermore, the
positive feedback ensures a rapid output
transition, regardless of the speed of the
input waveform. (A small *speedup”
capacitor of 10-100pF is often connected
across R3 to enhance switching speed still
further.)  This configuration is known
as a Schmitt trigger. (If an op-amp
were used, the pullup would be omitted.)

- - high threshold
low threshold

iinput

+Z’E—] |‘ i i output

Figure 4.63

+5 >

output

0 R_M 1 1

4.0 4.5 5.0
input

Figure 4.64

Theoutput depends both on the input volt-
age and on its recent history, an effect
caled hysteresis. This can be illustrated
with a diagram of output versus input,
as in Figure 4.64. The design procedure
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is easy for Schmitt triggers that have a
small amount of hysteresis. Use the cir-
cuit of Figure 4.62B. First choose a resis-
tive divider (Ry, R3) to put the threshold
at approximately the right voltage; if you
want the threshold near ground, just use a
single resistor from noninverting input to
ground. Next, choose the (positive) feed-
back resistor R3 to produce the required
hysteresis, noting that the hysteresisequals
the output swing, attenuated by a resistive
divider formed by R3 and R; || R2. Finaly,
choose an output pullup resistor R4 small
enough to ensure nearly full supply swing,
taking account of the loading by R3. For
the case where you want thresholds sym-
metrical about ground, connect an off-
setting resistor of appropriate vaue
from the noninverting input to the nega-
tive supply. You may wish to scale al
resistor values in order to keep the
output current and impedance levels with-
in a reasonable range.

input

Fgure 4.65

Discrete-transistor Schmitt trigger

A Schmitt trigger can also be made simply
with transistors (Fig. 4.65). @1 and Q-
share an emitter resistor. It is essential
that Q1’s collector resistor be larger than
Q2’s. In that way the threshold to turn
on @i, which is one diode drop above
the emitter voltage, rises when @; is
turned off, since the emitter current is

higher with @2 conducting. This produces
hysteresis in the trigger threshold, just as
in the preceding integrated circuit Schmitt
trigger.

EXERCISE 4.10
Designa Schmitttriggerusinga311 comparator
(open-collector output) with thresholds at +1.0
voltand +1.5 volts. Use a1 (k pullup resistorto
+5 volts, and assume that the 311 is powered
from £15 volt supplies.

FEEDBACK WITH
HNITE-GAIN AMPLIFIERS

We mentioned in Section 4.12 that the fi-
nite open-loop gain of an op-amp limitsits
performance in a feedback circuit. Specifi-
caly, the closed-loopgain can never exceed
the open-loop gain, and as the open-loop
gain approaches the closed-loop gain, the
amplifier begins to depart from the ideal
behavior we have come to expect. In this
section we will quantify these statements
so that you will be able to predict the
performance of a feedback amplifier con-
structed with real (less than ideal) compo-
nents. This isimportant also for feedback
amplifiers constructed entirely with dis-
crete components (transistors), where.the
open-loop gain is usualy much less than
with op-amps. In these cases the output
impedance, for instance, will not be zero.
Nonetheless, with a good understanding
of feedback principles you will be able to
achieve the performance required in any
given circuit.

4.25 Gain equation

Let's begin by considering an amplifier of
finite voltage gain, connected with feed-
back to form a noninverting amplifier
(Fig. 4.66). The amplifier has open-loop
voltage gain A, and the feedback network
subtractsafraction B of the output voltage
from the input. (Later we will generalize
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things so that inputs and outputs can be
currentsor voltages.) Theinput to thegain
block isthen Vin, — BV,yut. But the output
isjust the input times A:

A(Vin - BVout) = Vout
In other words,

A
1+ AB Via
and the closed-loop voltage gain, Vout/Vin,
is just

A

¢=174B
Some terminology: The standard designa
tions for these quantities are as follows:
G = closed-loopgain, A = open-loop gain,
AB = loop gain, 1+ AB = return differ-
ence, or desensitivity. The feedback net-

work is sometimes called the beta network
(no relation to transistor beta, hs.).

Vln >_Hr— VOUI

\

Vout =

B

Faure 4.66

4.26 Effects of feedback on
amplifier circuits

Let's look at the important effects of feed-
back. The most significant are predictabil-
ity of gain (and reduction of distortion),
changed input impedance, and changed
output impedance.

Predictability of gain

The voltage gain is A/(1 T AB). In the
limit of infinite open-loop gain A, G =
1/B. We saw this result in the noninvert-
ing amplifier configuration, where a volt-
age divider on the output provided the

signa to the inverting input (Fig. 4.69).
The closed-loop voltage gain was just the
inverse of the division ratio of the volt-
age divider. For finite gain A, feedback
still acts to reduce the effects of variations
of A (with frequency, temperature, ampli-
tude, etc.). For instance, suppose A de-
pends on frequency asin Figure 4.67. This

10,000

5000

1000

Fgure 467

will surely satisfy anyone's definition of a
poor amplifier (the gain varies over a fac-
tor of 10 with frequency). Now imagine we
introduce feedback, with B = 0.1 (asim-
ple voltage divider will do). The closed-
loop voltage gain now varies from 1000/[1
+(1000x0.1)], or 9.90, to 10,000/[1 T
(10,000%0.1)], or 9.99, a variation of just
1% over the same range of frequency! To
put it in audio terms, the original amplifier
isflat to £10dB, whereasthe feedback am-
plifier is flat to £0.04dB. We can now re-
cover the original gain of 1000 with nearly
this linearity by just cascading three such
stages. It wasfor just this reason (namely,
the need for extremely flat telephone re-
peater amplifiers) that negative feedback
was invented. As the inventor, Harold
Black, described it in hisfirst open publica-
tion on the invention (Electrical Engineer-
ing, 53:114, 1934), by building an ampli-
fier whose gain is made deliberately, say
40 decibels higher than necessary (10,000-
fold excesson energy basis) and then feed-
ing the output back to the input in such
away as to throw away the excessgain, it
has been found possibleto effect extraordi-
nary improvement in constancy of ampli-
fication and freedom from nonlinearity."
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Fgure 4.68

It is easy to show, by taking the partial
derivativeof G with respectto A (0G /0 A),
that relative variations in the open-loop
gain are reduced by the desensitivity:

AG_ 1 A4
G 1+AB A

Thus, for good performance the loop gain
A B should be much larger than 1. That's
equivalent to saying that the open-loop
gain should be much larger than the closed-
loop gain.

A very important consequence of thisis
that nonlinearities, which are simply gain
variationsthat depend on signal level, are
reduced in exactly the same way.

Input impedance

Feedback can be arranged to subtract a
voltage or a current from the input (these
are sometimes called seriesfeedback and
shunt feedback, respectively). The nonin-
verting op-amp configuration, for instance,
subtracts a sample of the output voltage
from the differential voltage appearing at
the input, whereas in the inverting con-
figuration a current is subtracted from the
input. The effectson input impedance are
opposite in the two cases. Voltage feed-
back multiplies the open-loop input im-
pedance by 1 +AB, whereas current feed-
back reduces it by the same factor. In the
limit of infinite loop gain the input im-
pedance (at the amplifier's input terminal)

goes to infinity or zero, respectively. This
is easy to understand, since voltage feed-
back tends to subtract signal from the in-
put, resulting in a smaller change (by the
factor AB) across the amplifier's input re-
sistance; it's aform of bootstrapping. Cur-
rent feedback reduces the input signal by
bucking it with an equal current.

Let's see explicitly how the effective in-
put impedance is changed by feedback.
We will illustrate the case of voltage feed-
back only, since the derivations are similar
for the two cases. We begin with an op-
amp model with (finite) input resistance as
shown in Figure 4.68. An input Vi, isre-
duced by BV,ys, putting a voltage Vaig =
Vin — BVoyu across the inputs of the am-
plifier. The input current is therefore

Vin (1 - Brip)

Vin - BVout —
R; R;
Vi

(1+ AB)R;

Iin =

giving an effective input resistance

R, =Viu/In = (1 + AB)R;

Fgure 4.69

The classic op-amp noninverting amplifier
is exactly this feedback configuration, as
shown in Figure 4.69. In this circuit,
B = Ri/(R; T Ry), giving the usual
voltage-gain expression G, = 1+ Ry/R;
and an infinite input impedance for the
ideal caseof infinite open-loop voltagegain
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A. For finite loop gain, the equations as
previously derived apply.

The opamp inverting amplifier circuit
is different from the noninverting circuit
and has to be analyzed separately. |It's
best to think of it as a combination of
an input resistor driving a shunt feedback
stage (Fig. 4.70). The shunt stagealone has
its input at the "'summing junction™ (the
inverting input of the amplifier), wherethe
currents from feedback and input signals
are combined (this amplifier connection
is really a "'transresistance’ configuration;
it converts a current input to a voltage
output). Feedback reduces the impedance
looking into the summing junction, R, by
afactor of 1 +A (seeif you can prove this).
In cases of very high loop gain (e.g, an op-
amp) the input impedance is reduced to a
fraction of an ohm, a good characteristic
for a current-input amplifier. Some good
examples are the photometer amplifier in
Section 4.22 and the logarithmic converter
in Section 4.14.

The classic op-amp inverting amplifier
connection is a combination of a shunt
feedback transresistance amplifier and a
series input resistor, as in the figure. Asa
result, the input impedance equals the sum
of Ry and the impedance looking into the
summing junction. For high loop gain, R;,

approximately equals R;.
A, A,
input R,
input
= R, =
2= 5
A 1+A - M2
2, - Z.(open loop) Zn=Rit 1+A
1+A z Z (open toop)
VT 1+ AB
__R
(B TR +A, )

Fgure 4.70. Input and output impedances for
(A) transresistance amplifier and (B) inverting
amplifier.

It isastraightforward exerciseto derive
an expression for the closed-loop voltage
gain of the inverting amplifier with finite
loop gain. The answer is

G=—-A(1 - B)/(1+AB)

where B is defined as before, B =
Ry/(Ry + R3). In the limit of large open-
loop gain A,G = — 1/B+ 1 (ie., G =
—R3/Ry).

EXERCISE 4.11
Derive the foregoing expressions for input
impedance and gain of the inverting amplifier.

nl

Fgure 4.71

Output impedance

Again, feedback can extract a sample of
the output voltage or the output current.
In the first case the open-loop output
impedance will be reduced by the factor
1 + AB, wheresas in the second case it
will be increased by the same factor. We
will illustrate this effect for the case of
voltagesampling. We begin with the model
shown in Figure 4.7 1. Thistime we have
shown the output impedance explicitly.
The calculation is simplified by a trick:
Short the input, and apply a voltage V
to the output; by calculating the output
current 1, we get the output impedance
Ry = V/I. Voltage V at the output
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puts a voltage — BV across the amplifier's
input, producing a voltage —ABYV in the
amplifier's internal generator. The output
current is therefore
_V-(-ABV)_ V(1+AB)

Ry Ry
giving an effective output impedance

R, =V/I=R,/(1T AB)

If feedback is connected instead to
sample the output current, the expression
becomes

R, = Ro(1t AB)

It is possible to have multiple feedback
paths, sampling both voltage and current.
In the general case the output impedance

is given by Blackman’s impedance relation
14 (AB ) sC
Ry =Ry—/———
o=FRory (AB)oc

where (AB)gc is the loop gain with the
output shorted to ground and (AB)oc
is the loop gain with no load attached.
Thus, feedback can be used to generate a

desired output impedance. This equation
reducesto the previous resultsfor the usual
situation in which feedback is derived
from either the output voltage or the

output current.

O Loading by the feedback network

In feedback computations, you usualy as-
sume that the beta network doesn't load

the amplifier’s autnut, If it.does. that
must be taken into account in comput-

ing the open-loop gain. Likewise, if the
connection of the beta network at the am-
plifier's input affects the open-loop gain
(feedback removed, but network still con-
NeCted), you must use the modified open-
loop gain. Finaly, the preceding expres-
sions assume that the beta network is uni-
directional, i.e., it does not couple signal
from the input to the output.

[ 4.27 Two examples of transistor

amplifiers with feedback

Figure 4.72 shows a transistor amplifier
with negative feedback.

+15V

62092

$1mA l1mA

signal +
in

Q,,Q,: hy, ~250
matched pair

(25082)

_04v 100k

Ra

TV

Fgure 4.72. Trangstor power amplifier with negative feedback.
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O Circuit description

It may look complicated, but it is extreme-
ly straightforward in design and is rela-
tively easy to analyze. @, and Q. form
a differential pair, with common-emitter
amplifier Q3 amplifying its output. Rs is
(23’s collector load resistor, and push-pull
pair Q4 a0 @s form the output emitter
follower. The output voltage is sampled by
the feedback network consisting of voltage
divider R4 and Rjs, with Cy included to
reduce the gain (o unity at de for geaple
biasing. Rj3 sets the quiescent current in
the differential pair, and since overall feed-
back guarantees that the guiescent output
voltage is at ground, (Q3’s quiescent cur-

rent is easily seen to be 10mA (Vgg across
Rg, approximately). Aswe have discussed
earlier (Section 2.15), the diodes bias the
push-pull pair into conduction, leaving one
diode drop across the series pair R7 and
Rs, i.e., 60mA quiescent current. That’s
class AB operation, good for minimizing
crossover distortion, at the cost of 1 watt
standby dissipation in each output transis-
tor.

From the point of view of our earlier
circuits, the only unusual feature is Q1’s
guiescent collector voltage, one diode drop
below Vce. That is where it must sit in
order to hold (3 in conduction, and the
feedback path ensures that it will. (For
instance, if @, were to pull its collector
closer to ground, &3 would conduct heav-
ily, raising the output voltage, which in
turn would force Q2 to conduct more heav-
ily, reducing @;’s collector current and
hence restoring the status quo.) Rz was
chosen to give a diode drop at Q1’s quies-
cent current in order to keep the collector
currents in the differential pair approxi-
mately equal at the quiescent point. In
thistransistor circuit theinput biascurrent
is not negligible (4uA), resulting in a 0.4
volt drop across the 100k input resistors.
In transistor amplifier circuits like this, in
which the input currents are considerably
larger than in op-amps, it is particularly

important to make sure that the dc re-

sistances seen from the inputs are equal,
as shown (a Darlington input stage would

probably be better here).

O Analysis

Let’s analyze this circuit in detail, der
termining the gain, input and output
Impedances and distortion. To illustrate
the utility of feed