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A Corporate Dedication to
Quality and Reliability

National Semiconductor is an industry leader in the
manufacture of high quality, high reliability integrated
circuits. We have been the leading proponent of driv-
ing down IC defects and extending product lifetimes.
From raw material through product design, manufac-
turing and shipping, our quality and reliability is second
to none.

We are proud of our success . . . it sets a standard for
others to achieve. Yet, our quest for perfection is on-
going so that you, our customer, can continue to rely
on National Semiconductor Corporation to produce
high quality products for your design systems.

A bt

Charles E. Sporck
President, Chief Executive Officer
National Semiconductor Corporation




Wir fiihlen uns zu Qualitét und
Zuverldssigkeit verpflichtet

National Semiconductor Corporation ist fiihrend bei der Her-
stellung von integrierten Schaltungen hoher Qualitat und
hoher Zuverlassigkeit. National Semiconductor war schon
immer Vorreiter, wenn es galt, die Zahl von IC Ausfallen zu
verringern und die Lebensdauern von Produkten zu verbes-
sern. Vom Rohmaterial (ber Entwurf und Herstellung bis zur
Auslieferung, die Qualitdt und die Zuverlédssigkeit der Pro-
dukte von National Semiconductor sind uniibertroffen.

Wir sind stolz auf unseren Erfolg, der Standards setzt, die
flir andere erstrebenswert sind. Auch ihre Anspriiche steig-
en sidndig. Sie ais unser Kunde kdnnen sich auch weiterhin
auf National Semiconductor verlassen.

La Qualité et La Fiabilité:

Une Vocation Commune Chez National
Semiconductor Corporation

National Semiconductor Corporation est un des leaders in-
dustriels qui fabrique des circuits intégrés d’une trés grande
qualité et d’'une fiabilité exceptionelle. National a été le pre-
mier & vouloir faire chuter le nombre de circuits intégrés
défectueux et a augmenter la durée de vie des produits.
Depuis les matiéres premiéres, en passant par la concep-
tion du produit sa fabrication et son expédition, partout la
qualité et la fiabilité chez National sont sans équivalents.
Nous sommes fiers de notre succés et le standard ainsi
défini devrait devenir I'objectif & atteindre par les autres so-
ciétés. Et nous continuons a vouloir faire progresser notre
recherche de la perfection; il en résulte que vous, qui étes
notre client, pouvez toujours faire confiance a National
Semiconductor Corporation, en produisant des systémes
d’une trés grande qualité standard.

Un Impegno Societario di Qualita e
Affidabilita

National Semiconductor Corporation & un’industria al ver-
tice nella costruzione di circuiti integrati di alta qualita ed
affidabilita. National & stata il principale promotore per I'ab-
battimento della difettosita dei circuiti integrati e per I'allun-
gamento della vita dei prodotti. Dal materiale grezzo attra-
verso tutte le fasi di progettazione, costruzione e spedi-
zione, la qualita e affidabilita National non & seconda a nes-
suno.

Noi siamo orgogliosi del nostro successo che fissa per gli
altri un traguardo da raggiungere. !! nostro desiderio di per-
fezione & d’altra parte illimitato e pertanto tu, nostro cliente,
puoi continuare ad affidarti a National Semiconductor Cor-
poration per la produzione dei tuoi sistemi con elevati livelli

di qualita.

A lp

Charles E. Sporck

President, Chief Executive Officer
National Semiconductor Corporation
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The purpose of this databook is to provide a fully indexed
and cross-referenced collection of linear integrated circuit
applications using both monolithic and hybrid circuits from
National Semiconductor.

Individual application notes are normally written to explain
the operation and use of one particular device or to detail
various methods of accomplishing a given function. The or-
ganization of this databook takes advantage of this innate
coherence by keeping each application note intact, arrang-
ing them in numerical order, and providing a detailed Sub-
ject Index.

Many of the application schematics call out the generic fam-
ily, which, by coincidence, is the military temperature range
version of the device. Generally, any device in the generic
family will work in the circuit. For example, and amplifier
marked LM108 refers to the generic 108 family, and does
not imply that only military-grade devices will work. Military
(or industrial) grade devices need only be considered when
their tighter electrical limits or wider temperature range war-
rant their use. As a reminder to our users, our numbering
system is:

Specified Temperature

Device No. Grade
Range
LM1XX Military —55°C<Tp< +125°C
LM2XX Industrial —25°C<Tp< +85°C
LM3XX Commercial 0°C<Ta< +70°C

Because commercial parts are less expensive than military
or industrial, these points should be kept in mind when try-
ing to determine the most cost-effective approach to a given
design.
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DSBB0B .. . . oo e AN-381, AN-382
DSBBOB .. . v e e AN-382
DTA058 - o v oot e e e e AN-287
DTI060 - - e et e e e e AN-287
DTSW2B0E2 - - . o v e oo e e e e e e AN-287
DTSW250G! - -« v v e ee e e e e e e e e AN-287
INSBOTO .« - e e e e e AN-260
LE T e LB-39
LFI55 . oo e AN-263, AN-447
L) AN-245, AN-294
LEBTT oo AN-301
LFBA7 AN-256, AN-262, AN-263, AN-265, AN-266, AN-301, AN-344, AN-447
LE35T oot e AN-242, AN-263, AN-266, AN-271, AN-275, AN-293, AN-447, Appendix C
LEB5TA o oot e e e AN-240
LFB5TB ot oot e e Appendix D
LF353 ..o, AN-256, AN-258, AN-262, AN-263, AN-264, AN-266, AN-271, AN-285, AN-293, AN-447, LB-44, Appendix D
LF356.......... AN-253, AN-258, AN-260, AN-263, AN-266, AN-271, AN-272, AN-275, AN-293, AN-294, AN-295, AN-301, AN-447
[ 7 AN-263, AN-447, B-42
L) AN-247, AN-258, AN-266, AN-294, AN-298, LB-45
LEA00 .« o e e e e AN-428, AN-447
LRI e AN-294, AN-301, AN-344, AN-447
LFAI2 e AN-272, AN-299, AN-301, AN-344, AN-447
[ AN-301, AN-447
LE1300B . . oot e e e e e e AN-344
LETB007 o v oo e AN-344
LF1833T ottt e AN-294, AN-447
LF13508 . . o o v et e e e e e AN-289, AN-360, AN-447
LF13500 .« o e ettt e AN-289, AN-295, AN-447
LHOO0Z. . . oo e e e e AN-13, AN-63, AN-227, AN-244, AN-263, AN-272, AN-301
LHOOO5 - o v e et e e e e e e e AN-13
LHOO22 . oo e e e e AN-63, AN-75
LHOO23 oot e e e e AN-245, AN-360
LHOO2A e e AN-253
LHOOBZ . . oo e e AN-242, AN-244, AN-253
LHOOB3 . oo et e e e e AN-48, AN-115, AN-227, AN-253
LA o AN-63
LHOOA o et AN-245
LHOO52 oo e e e AN-63
LHOOB3 . oot AN-245
LHOOB2 . .o e e e e e AN-75
LHOOBB . . . oo et e e e e AN-227
LHOOTO o\ttt e e e e . AN-301
LHOOTT et e e AN-245
LHOOBZ .. oot e e AN-244, AN-266
LHOOBB . ..ot et e e e e e e e AN-245, AN-360
LHOOOT oot e AN-180
LHOODS oo et e e e AN-301
LHOTOT oot e e e e e e AN-261
LHTB05 oo e et e e e AN-343
LMIO © o e AN-211, AN-247, AN-258, AN-271, AN-288, AN-299, AN-300
LM e AN-241, AN-242, AN-260, AN-266, AN-271
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LM e AN-446
LMIOT AN-4, AN-13, AN-20, AN-24, AN-75, LB-42, Appendix A
LM101A ... AN-29, AN-30, AN-31, AN-79, AN-241, LB-1,LB-2,LB-4,LB-8, LB-14, LB-16, LB-19, LB-28
LMI02 AN-4, AN-13, AN-30, LB-1, LB-5,LB-6, LB-11
LMI08 . AN-110, LB-41
LMI04 AN-21,LB-3,LB-7,LB-10,LB-40
LMI0G . AN-21,AN-23,AN-110, LB-3,LB-7,LB-10
LM0B . o AN-41,LB-6,LB-12
LMI07 AN-20,AN-31,LB-1,LB-12,LB-19, Appendix A
LM108 ... AN-29, AN-30, AN-31, AN-63, AN-79, AN-211, AN-241, LB-14, LB-15, LB-21
LMI0BA L AN-260, LB-15,LB-19
LMI0O L AN-42,LB-15
LMI00A LB-15
LM 0 L LB-11,LB-42
LM AN-41,AN-103, LB-12, LB-16, LB-32, LB-39
LM AN-63, LB-19
LM AN-56,AN-110, LB-21, LB-24, LB-28, LB-37
LMIT7 e AN-178,AN-181, AN-182, LB-46, LB-47
LMITTHY LB-46, LB-47
LM LB-17,LB-19,LB-21, LB-23, Appendix A
L0 AN-115,LB-23
LM L AN-182
LM e AN-79, AN-104, AN-184, AN-260, LB-22
LM 2 A e LB-32
LM e AN-97,LB-38
LIS L AN-82
LM .. AN-82
LMD AN-173, AN-178, AN-262, AN-266
LM AN-210, Appendix D
LM S A AN-210
LM LB-41
LM . AN-225, AN-262, AN-292, AN-298
I LB-46
LM 7Y L LB-46
LM L LB-46
LM L AN-74
LM A L e AN-127, AN-271
LM AN-260
L8O L LB-46
LM o AN-116
LMTB0 . o e AN-87
LM BT L e AN-87, AN-266
LMTB L AN-295
LM AN-222,LB-21
LM L e AN-110
LMO0 AN-161, AN-260, AN-360
LMIG0A L e AN-161
L LB-39
LM 2T A L e LB-37
2 AN-210
LM A L AN-210
L35 o e AN-225
LM280  o AN-74

Xi
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[, 2 PP AN-116
LM2B0 . ..ottt e e e e e AN-87
[0, - PN AN-87
LMB0 T A o e e AN-178, AN-181, AN-222
LM B0 . ot LB-40
LMB08 . .ot e AN-88, AN-184, AN-272, LB-22, LB-28, Appendix D
LMB0BA .ttt AN-225,LB-24
LMB00 . o ottt e e e e AN-178, AN-182
LM311 .o AN-41, AN-103, AN-260, AN-263, AN-288, AN-294, AN-295, AN-307, LB-12, LB-16, LB-18, LB-39
[ 5 1< AN-263
[ 3 - PP AN-258
LM ottt e e e e e AN-178, LB-35, LB-46
LM BT 7H oo e LB-47
LM T8 . oottt e AN-115, AN-299, LB-21
LM B0 o e AN-115, AN-271, AN-293
LM 20 . o e e AN-288
LM 32T e e LB-24
LM324 AN-88, AN-258, AN-274, AN-284, AN-301, LB-44, AB-25, Appendix C
LM 829 . . AN-256, AN-263, AN-284, AN-295, AN-301
LM 20 . .o i e e AN-225
LM B30 . ottt e e AN-301
LM331 . AN-210, AN-240, AN-265, AN-278, AN-285, AN-311, LB-45, Appendix C, Appendix D
LM 3T A L AN-210, Appendix C
LM B34 AN-242, AN-256, AN-284
LM B3 o e AN-225, AN-263, AN-295
LM B30 .o AN-202, AN-247,AN-258
LMBB7 o LB-46
[ 1< 5 - LB-49,LB-51
LM B3O L AN-74, AN-245, AN-274
LMBA0 . o AN-103,AN-182
LM B0 oottt AN-256
L34 e AN-288
LMBAG . . AN-202,LB-54
LM A7 e LB-44
LMBa8 . . o AN-202, LB-42
LM A LB-42
LMB58. . AN-116, AN-247 AN-271, AN-274, AN-284, AN-298, Appendix C
LM OB A o Appendix D
LM L AN-278,AB-24
L0 . o AN-87
LM 3BT e AN-87,AN-294
LM B0 . o e AN-271
L38O oo AN-69, AN-146
L < AN-64, AN-104
LM BB . s AN-147
LM . o AN-242, AN-256, AN-301, AN-344
LM B0 . oottt e LB-54
LMB8O . o e AN-256, AN-263, AN-264, AN-274
LM B0 e AN-272
LM 302 o e e AN-274, AN-286
LM O3 e e e e AN-271,AN-274, AN-293
LMB94 . e AN-262, AN-263, AN-264, AN-271, AN-293, AN-299, AN-311, LB-52
LM3OS L AN-178, AN-181, AN-262, AN-263, AN-266, AN-301, LB-28
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LM 00 AN-184
LMD e, AB-7
LB . . AB-7
LM BBS . e AN-46, AN-146
LM . . . AN-146
LM BB . e AN-46
L7000 e AN-24, AN-30
LM70 AN-41,LB-12
L LB-22
L AN-75, AN-79, LB-19, LB-22
LM o AN-386, AN-390
MBS L AN-346
LMI086 . ... e AN-390
LMIB10 L AN-81
LM 24 . AN-272, AN-288, AN-292, AN-293
L8000 . o e AN-81,AN-147
LMAB07 . e e, Appendix B
LM . . . o Appendix B
LM L AB-20
LMIIB18 L AN-407
LMIIB20 . o LB-29
LM L AN-391
LM . . Appendix B
LMIB80 . oo AB-10
LM 837 L AN-407
LM Appendix B
L8B3 . . e AN-381, AN-382
LMBBS . .. AN-382, AN-390
LMIB70 . AN-382
LM . .. o AN-402
LM L AN-402
LMABO4 AN-384, AN-386, AN-390
LMIABO7 e e AN-407
LM 2B . . AN-147
LM 288 . ... AN-391, AN-402
LM 2007 . . AN-162
LM 2917 AN-162
L2003 AB-12
LM203 G . o AB-11
LMB04 . e AN-286
LMB046 . . .o e AN-146, AN-299
LM B0BA . . . Appendix B
LM 0BG . . . e Appendix B
LM 3070, . oot Appendix B
LM 07T . e e Appendix B
LM 08O . . o AN-147
LM 324 . AN-272, AN-288, AN-292, AN-293
LM 3820 . . . o AN-147,1B-29
LMB900 ... AN-72, AN-263, AN-274, AN-278, LB-20, AB-24
LM 300 . . AN-154
LM B0t L LB-27
LM 3014 LB-48,AB-25
LM 01 L AN-386
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T == T T I IO AN-161
I - e AN-88, LB-34
I Z: 10 I I AN-178
[ 410 -2 R I AN-146
[ Lo} 1< R AN-435
LPB24 . et AN-284
LY =T N R R R R AN-307
MMTB58 . o o oo et e e e e e e e e e AN-116
LY LY R F U R R AN-116
MMIEEBC .« . o o ottt e e e e e e e e e AN-116
[ TN AT I I LB-54
LY LY 175 1o S I R I AN-252, AN-287, LB-54
LY Y 174 (0 S I AN-382
MMTZAC00 . . . oot e e e e e e e AN-88
MMTZAC02 . . oot et e e e AN-88
MMTZAC04 . oo et e e e AN-88
MMTZAC048 . o . oottt AN-193
[ T 2 =R - T I LB-54
BTN T L= IR AN-32
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AID (See Analog-To-Digital)
ABSOLUTE VALUE AMPLIFIER: AN-31
AC AMPLIFIER: AN-31, AN-48, AN-72
AC TO DC CONVERTER: AN-31, LB-8
ACTIVE FILTER (See Filter)
AGC
AM radio: AN-381
DC: AN-72
Methods: AN-72
Television signal: AN-391
ALARM
Inexpensive IC: AN-154
AM
Stereo: AN-381
AM/FM: AN-381, AN-382
Demodulators and detectors: AN-46
Low cost AM radio: LB-29
Stereo receiver: AN-147
(See Also FM Stereo Amplifiers)
AMMETER
AN-71, AN-242, LB-37
AMPLIFIERS:
150 watt op amp, LM12: AN-446
AC: AN-31, AN-48, AN-72
Absolute value: AN-31
AGC: AN-381, AN-391
Anti-log generator: AN-30, AN-31
Audio: AN-32, AN-69, AN-72, AN-407
Battery powered: AN-71, AN-211
Bias current: AN-242
Bridge: AN-29, AN-31
Bridged: AN-69
Buffered: AN-253
Buffered high current output: AN-4, AN-13, AN-29,
AN-31, AN-48, AN-253, AN-261, AN-272
Cascode, FET: AN-32
Cascode, RF: AN-32
Circuit description LH0002: AN-4, AN-13, AN-227
Circuit description LH0024: AN-253
Circuit description LH0032: AN-253
Circuit description LH0033: AN-48, AN-227
Circuit description LH0062: AN-75
Circuit description LH0063: AN-227
Circuit description LM108/LM208/LM308: AN-29
Circuit description LM118/LM218/LM318: LB-17
Circuit description LM3900: AN-72
Circuit description LM4250 micropower
programmable amp: AN-71
Clamping: AN-31, LB-8
CMOS as linear amp: AN-88
Compensation: AN-75, AN-242, AN-253
Current amplifier: AN-4, AN-13, AN-227
Difference: AN-20, AN-29, AN-31, AN-72
Differential input: LB-20
Differentiator: AN-20, AN-31, AN-72
Digitally controlled: AN-269
Drift testing: AN-79
Dual audio: AN-147
Dual with single supply: AN-116

FET input: AN-4, AN-29, AN-32, AN-63, AN-75, AN-227,

AN-253, AN-447
Fiber optic link: AN-253
Follower (See Voltage Follower)
Frequency compensation: AN-79

High current buffer: AN-4, AN-13, AN-29, AN-31,
AN-48, AN-227

High input impedance: AN-29, AN-31, AN-32, AN-48,
AN-63, AN-72, AN-75, AN-227, AN-241, AN-253, LB-1

High speed: AN-75, AN-227, AN-253, LB-42

High speed peak detector: AN-75, AN-227

High speed sample and hold: AN-75, AN-253

High voltage: AN-72, AN-127

Improved DC characteristics: AN-79

Input guarding: AN-29, AN-447

Instrumentation: AN-29, AN-31, AN-63, AN-71, AN-79,
AN-127, AN-222, AN-242, AN-289, LB-1, LB-21

Instrumentation shield/line driver: AN-48

Integrator: AN-20, AN-29, AN-31, AN-72, AN-88

Integrator, JFET AC coupled: AN-32

Inverting: AN-20, AN-31, AN-71, AN-72, LB-17

Level shifting: AN-4, AN-13, AN-32, AN-41, AN-48

Line receiver: AN-72

Logarithmic converter: AN-29, AN-30, AN-31

Low drift: AN-79, AN-222, LB-22, LB-24

Low frequency: AN-74

Low noise: AN-222, AN-346

Low offset: AN-242

Meter: AN-71

Micropower: AN-71

Microphone: AN-346

Nano-watt: AN-71

Noise: AN-241

Noise specifications: AN-104, LB-26

Non-inverting amplifier: AN-20, AN-31, AN-72

Non-linear: AN-4, AN-31, AN-180

Norton: AN-72, AN-278

Operational: AN-4, AN-20, AN-29, AN-31, AN-63,
AN-211, AN-241, AN-446, Appendix A

Output resistance: AN-29

Paralleling: LB-44

Photocell: AN-20

Photodiode: AN-20, AN-29, AN-31, LB-12

Photoresistor bridge: AN-29

Piezoelectric transducer: AN-29, AN-31

Power: AN-69, AN-72, AN-110, AN-125, AN-127,
AN-147, AN-446, LB-44
(See Also Buffer, High Current)

Preamp: AN-79, AN-346, AN-407, LB-24

Programmable integrator: AN-75

Pulse: AN-13

Rejection, power supply: AN-29

Reset stabilized: AN-20

RF (See RF Amplifier)

Sample and Hold: AN-4, AN-29, AN-31, AN-32, AN-48,
AN-72, AN-245, LB-11

Single supply: AN-72, AN-211

Solar cell: AN-4

Specifying selected parameters: LB-26

Squaring: AN-72

Strain gauge: AN-222

Summing: AN-20, AN-31

Temperature probe: AN-31, AN-56

Transmission line driver: AN-4, AN-13

Tutorial study of op amps: Appendix A

Variable gain: AN-31, AN-32, AN-299, AN-346, LB-1
(See Also AGC)

Very high current booster with high compliance:
AN-127
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Wide band A/C volt meter: AN-75, AN-180
Wide band buffer: AN-227

1A class AB current booster: AN-127
100 mA current booster: AN-127
90 watt audio: AN-127

ANALOG COMMUTATOR (See Analog Switches)

ANALOG DIVIDER: AN-4, AN-30, AN-31

ANALOG MULTIPLIER: AN-4, AN-20, AN-30, AN-31
ANALOG SWITCH: AN-32

ANALOG-TO-DIGITAL: AN-156, AN-245, AN-360

Absolute conversion: AN-247

Accuracy: AN-156, AN-276

Analog input consideration: AN-247

Auto gain ranging converter: AN-245

Binary codes: AN-156

Converters: AN-87, AN-156, AN-162, AN-193, AN-233,
AN-245 AN-247, AN-258, AN-260, AN-274, AN-276,
AN-281, LB-6, Appendix C, Appendix D

Current source: AN-202

Dielectric absorption: AN-260

Differential analog input: AN-233

Dual slope converter: AN-260

Errors: AN-156

FET switched multiplexer: AN-260

Free-running interface: LB-53

Grounding considerations: AN-274

Integrating converters: AN-260

Integrating 10-bit: AN-262

Integrator comparator: AN-260

Linearity error specifications: AN-156

Logarithmic: AN-274

Microprocessor compatible: AN-284

Microprocessor controlled offset adjust: AN-274

Microprocessor interfacing: AN-274

Offset adjust: AN-274

Ramp generator: AN-260

Ratiometric conversion: AN-247

References: AN-184

Resoiution: AN-156, AN-276

Sampled data comparator: AN-276

Sampled data comparator input: AN-274

Single slope converter: AN-260

Single supply: AN-245, AN-284

Span adjustment: AN-233, AN-274

Specifications: AN-156

Successive approximation register: AN-193

Testing: AN-179, AN-233

Voltage comparator: AN-276

Voltage mode: AN-284

Z-80 interface: AN-247

10-bit data formats: AN-277

12-bit serial output: AN-245

15-bit single slope integrating converter: AN-295

6800 uP interface: AN-247

8080 uP interface: AN-247

ANALOG-TO-DIGITAL CONVERTER

As a divider: AN-233
As a voltage comparator: AN-233
High speed: AN-237

AND GATE: AN-72, AN-74
ANTI-LOG GENERATOR: AN-30, AN-31
ATTENUATION

Digital: AN-284 (See Also AGC)

AUDIO AMPLIFIERS: AN-32, AN-69, AN-72, AN-346,
AN-407
Bridge amplifier: AN-64, AN-69
Flat amplifier: AN-64
Intercom: AN-69
Low cost IC stereo receiver: AN-147
Phono: AN-64, AN-346
Power amplifier: AN-69, AN-147
RIAA: AN-346
Tape: AN-63, AN-64, AN-407
Tone control: AN-64, AN-69, AN-147
Voltage-controlled: AN-299
1A class AB current booster: AN-127
100 mA current booster: AN-127
(See Aiso FM Stereo, Amplifiers)
AUDIO PREAMPLIFIER
Flat: AN-64, AN-346
Phono: AN-64, AN-346
Tape: AN-64, AN-407
AUDIO MIXER: AN-64, AN-72
AUTO ERROR CORRECTION: AN-360
AUTO GAIN RANGING: AN-360
AUTOMATIC GAIN CONTROL (See AGC)
AUTOMOTIVE
Anti-skid circuit: AN-162
Tachometer: AN-162
BANDPASS FILTER: AN-72, AN-307, AN-346, LB-11
BANDWIDTH, EXTENDED: AN-29, LB-2, LB-4, LB-14,
LB-19
BANDWIDTH, FULL POWER: LB-19
BATTERY
Charger: LB-35
BATTERY POWERED AMPLIFIERS: AN-71
BI-QUAD FILTER: AN-72
BIAS CURRENT (See Drift Compensation)
Compensation: AN-3
Drift compensation: AN-3
BIAS CURRENT TEST SET: AN-24
BLINKER
Lamp: AN-110
Low voltage IC: AN-154
Two wire: AN-154
BOARD LAYOUT: AN-29
BOLOMETER (COMPARATORY): LB-32
BOOTSTRAPPED SHUNT FREQUENCY
COMPENSATION: AN-29
BREAKER POINT DWELL METER: AN-162
BRIDGE AMPLIFIER: AN-29, AN-31
BUFFERS: AN-49, AN-227
High current: AN-4, AN-13, AN-29, AN-31, AN-48,
AN-272, LB-44
Using CMOS amplifiers: AN-88
(See Also Voltage Followers)
BYPASSING, SUPPLY TERMINAL: AN-4, AN-227,
AN-253, AN-428, LB-2, LB-15
CAD SYSTEM: AB-7
CALIBRATOR
Oscilloscope square wave: AN-154
CAPACITANCE MULTIPLIER: AN-29, AN-31
Digitally controlled: AN-271
Programmable: AN-344
CAPACITIVE TRANSDUCER: AN-162
CAPACITORS
Bypass: AN-4, AN-428, LB-2, LB-15

Xvi
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Compensation: AN-29

(See Also Frequency Compensation)
Dielectric polarization: AN-29
Electrolytic as timing capacitor: AN-97
Filter, power supply: AN-23, LB-10
Multiptier, capacitance: AN-29, AN-31
Switching regulator filter: AN-21
Tantalum bypass: LB-15

CARRIER CURRENT TRANSCEIVER: AN-146
CASCODE AMPLIFIER: AN-32
CHARGER: LB-35
CHOPPER AMPLIFIERS, ALTERNATIVES: AN-79
CHOPPER STABILIZED AMPLIFIER: AN-38, AN-49
CIRCUIT DESCRIPTIONS: AN-49, AN-63
LH0002 Current amplifier: AN-13
LHO033 Buffer amplifier: AN-48
LM104/LM204/LM304 Negative voltage regulator:
AN-21
LM105/LM205/LM305 Positive voltage regulator:
AN-23
LM108/LM208/LM308 Operational amplifier: AN-29
LM109/LM209/LM309 Three terminal regulator:
AN-42
LM110/LM210/LM310 Voltage follower: LB-11
LM111/LM211/LM311 Voltage comparator: AN-41,
LB-12
LM113 1.2 Volt reference diode: AN-56
LM118/LM218/LM318 High slew rate op amp: LB-17
LM381 Dual preamplifier: AN-64
LM565 Phase locked loop: AN-46
LM1863 AM radio: AN-381
LM1894 DNRTM: AN-386
LM3900 Quad amplifier: AN-72
LM4250 Micropower programmable op amp: AN-71
CLAMP
Precision: AN-31, LB-8
CLASS A AUDIO AMPLIFIER: AN-72
CMOS LINEAR AMPLIFIERS (See Amplifiers, CMOS)
CMOS LOGIC VOLTAGE REGULATOR: AN-71
COAXIAL CABLE DRIVE: AN-227
COLD JUNCTION COMPENSATION: AN-222, AN-225
COMMUTATION: AN-38, AN-49
COMPARATORS (See Voltage Comparators)
COMPENSATION, DRIFT (See Drift Compensation)
COMPENSATION, FREQUENCY
(See Freauency Compensation)
COMPENSATION, TEMPERATURE
(See Drift Compensation)
COMPONENT NOISE (See Noise, Component)
CONTINUITY CHECKER, AUDIBLE: AN-154
CONTROL SYSTEM, ENVIRONMENTAL: AN-193
CONVERTER
100 MHz: AN-32
AC to DC: AN-31, LB-8
Analog-to-digital: (See Analog-to-Digital)
Cable: AN-391
Current-to-voltage: AN-20, AN-31, LB-40
DC-to-DC: LB-18 (See Also Switching Regulator)
Digitally programmable band pass filter: AN-299
Digitally programmable panner attenuator: AN-299
Frequency to voltage: AN-97, AN-210, LB-45,
Appendix C, Appendix D
Logarithmic: AN-29, AN-30, AN-31
Phono preamp: AN-299

Voltage controlled amplifier: AN-299
Voltage-to-current: LB-40
Voltage-to-frequency: AN-286, AN-299, Appendix D
COUNTER, PULSE: AN-72
CREST FACTOR: AN-180
CROSSOVERS
Active: AN-346
CRYSTAL OSCILLATOR: AN-32, AN-41, AN-74, AN-402
CUBE GENERATOR: AN-30, AN-31
CURRENT AMPLIFIER
High output: AN-227, AN-262
CURRENT BOOSTER: AN-127, AN-227
CURRENT LIMITING
Adjustable: AN-21
External: AN-21, AN-29, AN-227
External circuit: AN-82, AN-227
Foldback: AN-82 (See Foldback Current Limiting)
Output short circuit: AN-72, AN-227
Sense voltage reduction: AN-21, AN-31, AN-32
Switchback (See Foldback Current Limiting)
Switching regulator: AN-21
Two terminal current limiter: AN-110
1A, 65V power supply with variable current limit:
AN-127
CURRENT LOOP: AN-300
CURRENT MEASUREMENT: AN-300
CURRENT MIRROR: AN-72
CURRENT MONITOR: AN-31, AN-32, AN-300
(See Also Current-to-Voltage Converter)
CURRENT NOISE (See Noise, Current)
CURRENT SINK: AN-63
Digitally controlled: AN-271
Fixed: AN-72
Precision: AN-20, AN-31, AN-32
CURRENT SOURCE
Bilateral: AN-29, AN-31
High compliance: AN-127
High current: AN-42
Multiple: AN-72
Precision: AN-20, AN-31, AN-32
Programmmable: AN-344
Two terminal: AN-110
200 mA: AN-103
CURRENT-TO-FREQUENCY CONVERTER: AN-240
CURRENT-TO-VOLTAGE CONVERTER: AN-20, AN-31
CURRENT TRANSMITTER: LB-40
DATA ACQUISITION SYSTEM: AN-360
D-TO-A CONVERTER (See Digital-to-Analog)
DC-TO-AC CONVERTER: LB-18
DELAY SWITCH: AN-110
Two terminal: AN-97 (See Also Timers)
DEMODULATORS: AN-38, AN-49
AM-FM: AN-46, AN-381, AN-382
FM Stereo: AN-81, AN-147, AN-382
Frequency shift keying: AN-46
IRIG channel: AN-46
Weather satellite picture: AN-46
DETECTORS: AN-391
Distortion correction: AN-382
Peak: AN-87, AN-386
Pulse width: (See Pulse Width Detectors)
Synchronous: AN-391
True rms: LB-25
Zero cross: AN-74
(See Also Demodulators)
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DIELECTRIC ABSORPTION: AN-260
DIELECTRIC POLARIZATION CAPACITOR: AN-29
DIFFERENCE AMPLIFIER: AN-20, AN-29, AN-31,
AN-63, AN-72
DIFFERENCE INTEGRATOR: AN-72
DIFFERENTIAL SIGNAL COMMUTATOR: AN-38, AN-49
DIFFERENTIATOR: AN-20, AN-31, AN-72
DIGITAL DIVIDER
Variable ratio: AN-286
DIGITAL GAINSET: AN-344
DIGITAL INSTRUMENTATION AMPLIFIER: AN-344
DIGITAL MULTIMETER: AN-202
DIGITALKER®: AN-252, AN-287
DIGITAL SWITCHING CIRCUITS: AN-72
DIGITAL-TO-ANALOG CONVERTER: AN-48
Amplifier gain control: AN-271, AN-284
Composite low offset fast amplifier: AN-271
Digitally controlled AC attenuator: AN-284
Digitally controlled capacitance amplifier: AN-271
Digitally controlled current sink: AN-271
Digitally controlled function generator: AN-271
High voltage output: AN-271, AN-293
Output range level shifting: AN-271
Plate driving deflection amplifier: AN-293
Processor controlled shaker table driver: AN-293
Scanner control: AN-293
Single supply voltage mode: AN-271
Temperature limit controller: AN-293
Used as a digitally programmable potentiometer:
AN-271
Vernier adjustment: AN-271
4-Quadrant multiplexing: AN-271
410 20 mA current loop: AN-271
DIODE
Catch: AN-21, AN-22
Precision: AN-31, AN-173, LB-8
Protective: AN-21
Reference: AN-56, AN-110
Zener: AN-56
Zenered transistor base-emitter junction: AN-71
DISCRETE TIME SYSTEM: AN-236
DISCRIMINATOR, MULTIPLE APERTURE WINDOW:
AN-31
DIVIDER, ANALOG: AN-4, AN-30, AN-31, AN-222
DNRTM
Applications: AN-390
Calibration: AN-390
Cascading: AN-390
Circuit design: AN-386
Operating principles: AN-384
DOUBLE ENDED LIMIT DETECTOR: AN-31
DOUBLE SIDEBAND MODULATOR: AN-38, AN-49
DOUBLER, FREQUENCY: AN-41
DRIFT
Minimizing in amplifiers: LB-22, LB-32, TP-15
DRIFT COMPENSATION: AN-79, TP-15
Bias current: AN-3, AN-20, AN-29, AN-31
Board layout: AN-29
Gain, transistor: AN-56
Guarding inputs: AN-29
Integrator, low drift: AN-31
Non-linear amplifiers: AN-4, AN-31
Offset voltage: AN-3, AN-20, AN-31, TP-15
Reset stabilized amplifier: AN-20

Sample and hold: AN-4, AN-29
Transistor gain: AN-56
Voltage regulator: AN-21, AN-23, AN-42, LB-15
DRIFT, VOLTAGE AND CURRENT: AN-29
(See Also Drift Compensation)
DRIVERS
MOS clock driver: AN-74
Zero crossing detector and line driver: AN-162
(See Also Voltage Followers, Buffers, Amplifiers)
DUAL TRACKING REGULATORS
(See Regulators, Dual Tracking)
DIGITAL VOLT METER (DVM): AN-200
DWELL METER: AN-162
ECL (See Emitter Coupled Logic)
ELECTRONIC SHUTDOWN: AN-82, AN-103
EMITTER COUFLED LOGIC, DIRECT INTERFACING:
AN-87
EQUALIZER, GRAPHIC: AN-435
ERRORS
Low error amplifiers: LB-21
Reducing comparator errors for 1 uV sensitivity:
LB-32
FEEDFORWARD COMPENSATION: LB-2, LB-14, LB-17
FERRITE BEAD: AN-23
FET
Amplifier: AN-32
Operational amplifier input: AN-4, AN-29, AN-32,
AN-63, AN-75, AN-447
Switches: AN-32, AN-447
Volt meter, FET VM: AN-32
FIBER OPTICS
Transmitter circuitry: AN-244
Receiver circuitry: AN-244
FILTER: AN-307
Adjustable Q: AN-31, LB-5
Bandpass: AN-72, LB-11 (See Also Filter, Notch)
Bi-quad: AN-72
Digitally programmable gain: AN-269
Full wave rectifying and averaging: AN-20, AN-31
Z,A

)
-227, AN-348,

z

High pass active filter: AN-31, AN-7
LB-11
Infrasound: AN-346
Low pass active filter: AN-20, AN-31, AN-72,
AN-286, AN-346
Low distortion: AN-346, AN-386
Low pass adjustable: AN-384, AN-386
Notch: AN-31, AN-48, AN-227, LB-5, LB-11
Notch, adjustable Q: AN-31, LB-5
Power supply: AN-23, LB-10
Programmable: AN-344
Sensitivity functions: AN-72
Surface acoustic wave: AN-391
Tone control: AN-32, AN-64
Ultrasound: AN-346
Vestigial side band: AN-402
FLASHER
Inexpensive |C: AN-154
Lamp: AN-110
Two wire: AN-154
FLIP-FLOP, TRIGGER: AN-72
FLUID LEVEL CONTROL: AB-10
FM
Blend: AN-390
Calibration modulation level: AN-402
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FM STEREO
FM detector: AN-147, AN-382
FMIF amplifier: AN-147, AN-382
Low cost IC receiver: AN-147
Remote speaker: AN-146
Stereo demodulator: AN-81, AN-147
(See Also Audio)
FOLDBACK CURRENT LIMITING
Negative voltage regulator: AN-21, LB-3
Positive voltage regulator: AN-23, LB-3
Power dissipation curve: AN-23
Temperature sensitivity: AN-23
(See Also Current Limiting, Foldback)
FOLLOWERS, VOLTAGE (See Voltage Followers)
FREQUENCY COMPENSATION: AN-79
Bandwidth, extended: AN-29, LB-2, LB-4, LB-14,
LB-19, LB-42
Bootstrapped shunt: AN-29
Capacitance, stray: AN-4, AN-31, AN-428
Capacitive loads: AN-4, AN-447, LB-14, LB-42
Differentiator: AN-20
Feedforward: LB-2, LB-14, LB-17
Ferrite bead: AN-23
Hints: AN-4, AN-20, AN-23, AN-41, AN-447, LB-2, LB-4,
LB-42
Multiplier: AN-210
Multivibrator: AN-4
Oscillation, involuntary: AN-4, AN-20, AN-29
FREQUENCY DOUBLER: AN-41
FREQUENCY RESPONSE: LB-19
(See Also Frequency Compensation)
FREQUENCY SHIFT KEYING DEMODULATOR: AN-46
FREQUENCY-TO-CURRENT CONVERTER: AN-162
FREQUENCY-TO-VOLTAGE CONVERTER: AN-97,
AN-162, AN-210
FULL POWER BANDWIDTH: LB-19
FUNCTION GENERATOR (See Generator)
GAIN CONTROL

Niaital- ANL_220Q ANL_220
vigitail AIN-209, AIN-209

Voltage controlled: AN-299 (See Also AGC)
GAIN TEST SET: AN-24
GATES, OR AND AND: AN-72
GENERATOR
Digitally controlled: AN-435
Multiple function: AN-115, LB-23
One shot: AN-88
Programmable: AN-344
Pulse generator: AN-74
Sine wave: AN-115
Square wave: AN-74, AN-88, AN-115, AN-154, LB-23
Staircase: AN-88, AN-162
Time delay: AN-14
Triangle wave: AN-115, LB-23 (See Also Oscillator)
GRAPHIC EQUALIZER
Digitally controlled: AN-435
GUARD DRIVER: AN-48, AN-227
GUARDING AMPLIFIER INPUTS: AN-29, AN-63
HALL EFFECT SENSOR (COMPARATOR): LB-32
HIGH FREQUENCY: AN-227, AN-253, AN-391
HIGH PASS ACTIVE FILTER: AN-31, AN-72, AN-307,
AN-346, LB-11
HIGH PASS FILTER: AN-227, AN-307, AN-346
HIGH SPEED DUAL COMPARATOR: AN-115
HIGH SPEED OP AMP: AN-75, AN-278, AN-428, LB-42

HIGH SPEED PEAK DETECTOR: AN-227
HIGH SPEED SHIELD/LINE DRIVER: AN-227
HIGH VOLTAGE
Driver: AN-49
Flasher: AN-154
Op amp: AN-127
Regulator: AN-103
HUMIDITY MEASUREMENT: AN-256
IF AMPLIFIER
FM Stereo: AN-147, AN-382
INDICATOR
Applications: AN-154
INDUCTOR
Core, switching regulator: AN-21
Ferrite bead: AN-23
Simulated: AN-31, AN-435
INSTRUMENTATION AMPLIFIER
(See Amplifiers, Instrumentation)
INPUT GUARDING: AN-29, AN-48, AN-63
INTEGRATOR: AN-20, AN-29, AN-31, AN-32, AN-72,
AN-75
INTERNAL TIMER: AN-31
INTRUSION ALARM
Fiber optic: AN-266
INVERTING AMPLIFIER: AN-20, AN-31, AN-63, AN-71,
AN-72,LB-17
ISOLATED INPUT SIGNAL CONDITIONING AMPLIFIER:
AN-266
ISOLATION AMPLIFIER: AN-266, AN-285
ISOLATION, DIGITAL: AN-41

ISOLATION TECHNIQUES
Thermocouple: AN-298
Transformer: AN-266, AN-285
JFETs: AN-32
JUNCTION TEMPERATURE, MAX ALLOWABLE: AN-336
LAMP DRIVER
Ground referenced: AN-72
Voltage comparator: AN-4, AN-72, LB-12
LARGE SIGNAL RESPONSE: LB-19
LED (See Light Emitting Diode)
LEVEL DETECTOR WITH HYSTERESIS: AN-87
LEVEL SHIFTING AMPLIFIER: AN-4, AN-13, AN-32,
AN-41, AN-48
LIGHT ACTIVATED SWITCH: AN-10
LIGHT EMITTING DIODE
1.5V LED flasher: AN-154
LIMIT DETECTOR: AN-31
LIMITER (See Clamp)
LINE DRIVER: AN-13, AN-48
LINE RECEIVER AMPLIFIER: AN-72
LINE RECEIVERS, COMPARATORS SUITABLE FOR:
AN-87
LIQUID DETECTOR: AB-10, AN-154
LM12 150-WATT OP AMP: AN-446
LOGARITHMIC AMPLIFIER: AN-29, AN-30, AN-31,
AN-211, AN-264
DAC controlled scale factor: AN-269
Digitally programmable: AN-269
LOGARITHMIC CONVERTER: AN-311
LOW OFFSET VOLTAGE: AN-63
LOW PASS ACTIVE FILTER: AN-20, AN-31, AN-72,
AN-307, AN-346
LOW DRIFT AMPLIFIERS (See Amplifiers, Low Drift)
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LVDT
Position sensor: AN-301
MAGNETIC
Variable reluctance pickup buffer: AN-162
MAGNETIC FIELD SENSOR: AN-301
MAGNETIC TAPE: AN-390, AN-407
MAGNETIC TRANSDUCER AMPLIFIER: AN-74
METER AMPLIFIER: AN-71, AN-222, AN-265
MICROPHONE PREAMPLIFIER: AN-299, AN-346
MICROPOWER
Amplifier: AN-71, AN-211
Circuit description LM4250 programmable op amp:
AN-71
Voltage comparator: AN-71
MIXER
AM: AN-381
Audio: AN-64, AN-72
Low frequency: AN-72
MODEM FILTER: AN-307
MODULATION AND DEMODULATION: AN-38, AN-49,
AN-402
MODULATOR
FM audio: AN-402
Pulse width: AN-31
MOISTURE DETECTOR: AB-10, AN-154
MONOSTABLE MULTIVIBRATORS (See Multivibrator)
MOS ANALOG SWITCH: AN-38, AN-49
MOS DIFFERENTIAL SWITCH: AN-38, AN-49
MOTION DETECTOR (See Sensor, Air; Sensor, Liquid)
MOTOR CONTROL: AN-289
MOTOR SPEED CONTROLLER: AN-292
MULTIPLEXER (See Analog Switch)
MULTIPLIER
Analog: AN-4, AN-20, AN-30, AN-31, AN-222
Capacitance: AN-29, AN-31
Cube generator: AN-30, AN-31
Resistance: AN-29
MULTIVIBRATOR: AN-4, AN-24, AN-31, AN-41, AN-71,
AN-72, AN-74
NAB TAPE PLAYBACK PREAMPLIFIER: AN-64, AN-407
NAB TAPE RECORD PREAMPLIFIER: AN-64
NEGATIVE AND POSITIVE VOLTAGE REGULATORS
(See Symmetrical Voltage Regulators)
NEGATIVE REGULATOR
(See Negative Voltage Regulators)
NEGATIVE SWITCHING VOLTAGE REGULATORS:
AN-21
NEGATIVE VOLTAGE REFERENCE: AN-20, AN-31
NEGATIVE VOLTAGE REGULATOR
Circuit description LM104/LM204/LM304: AN-21
Drift compensation
(See Drift Compensation, Voltage Regulator)
Foldback current limiting: AN-21, LB-3
High current: AN-21, LB-10
High voltage: AN-21
Hints: LB-10, LB-15
Line regulation improvement: AN-21
Low dropout voltage: AN-211
Overvoltage protection: AN-21
Power dissipation: AN-21
Precision, stable: LB-15
Programmable: AN-20, AN-31
Protective diodes: AN-21
Remote sensing: AN-21

Ripple: AN-21

Three terminal: AN-182

Transient response: AN-21
NIXIE DRIVER: AN-32
NOISE: AN-63

Component: AN-104

Figure: AN-104, AN-222, AN-391

Filtering in microvolt comparators: LB-32

Generator, “‘buzz box’’: AN-154

I/F: AN-104

Local oscillator: AN-381

Measurement: AN-180

Phase: AN-381

Television receiver: AN-391

Thermal: AN-104

Theory: AN-222

Voltage: AN-104

Weighting: AN-384
NOISE REDUCTION

Audio: AN-384, AN-386

Comparison of types: AN-384

Complementary: AN-384

FM: AN-390

Masking: AN-384, AN-386

Single-ended: AN-384, AN-386, AN-390

Tape: AN-390

Television audio: AN-390

VTR: AN-390
NON-INVERTING AMPLIFIER: AN-20, AN-31, AN-72
NON-LINEAR AMPLIFIER: AN-4, AN-31
NORTON AMPLIFIER: AN-72, AN-278
NOTCH FILTER: AN-31, AN-48, AN-307, LB-5, LB-11
OFFSET

Adjusting offset and drift to almost zero: AN-79,

LB-32, TP-15

Drift compensation: AN-3

Voltage compensation: AN-3
OFFSET CURRENT TEST SET: AN-24
OFFSET VOLTAGE ADJUSTMENT: LB-9
OFFSET VOLTAGE COMPENSATION

(See Drift Compensation)

OFFSET VOLTAGE TEST SET: AN-24
ONE SHOT: AN-72, AN-88
OPERATIONAL AMPLIFIERS:

(See Amplifiers, Operational)
OPERATIONAL AMPLIFIER TESTING: AB-12
OPERATIONAL AMPLIFIER TEST SET: AN-24
OPERATIONAL AMPLIFIER VOLTAGE REFERENCE:

AN-288
OPTICALLY ISOLATED SWITCHES

(See Switches, Optically Isolated)

OR GATE: AN-72, AN-74

Regulator: AN-103

OSCILLATION, INVOLUNTARY
(See Frequency Compensation)
OSCILLATOR
Crystal: AN-41, AN-74, AN-402
Crystal JFET: AN-32
Fiber optic: AN-266
Inexpensive IC: AN-154
L/C: AN-402
Morse code: AN-154
Multivibrator: AN-4, AN-24, AN-31, AN-41, AN-71,
AN-72
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One shot: AN-88
Piezoelectric driver: AN-72
Programmable “unijunction’: AN-72
Pulse: AN-97
Pulse output: AN-71, AN-72
Quadrature output: AN-31, LB-16
RF: AN-402
RF JFET: AN-32
Sawtooth: AN-72
Sine wave: AN-20, AN-29, AN-31, AN-32, AN-72,
AN-115, AN-264, LB-16
Square wave: AN-88, AN-264
Staircase: AN-72
Television: AN-402
Triangle wave: AN-20, AN-24, AN-31, AN-72
Tunable frequency: AN-381, LB-16
Vestigial side band: AN-402
Video: AN-402
Voltage-controlled: AN-24, AN-72, AN-81, AN-146,
AN-162, AN-391, Appendix C
Wien bridge: AN-20, AN-31, AN-32
OVERSPEED LATCHES/INDICATORS
(See Frequency-To-Voltage)
PACKAGE POWER CAPABILITIES: AN-336
PARALLELING OP AMP: LB-44
PEAK DETECTOR: AN-4, AN-31, AN-72, AN-74, AN-75,
AN-87, AN-227, AN-386
PHASE
Phase locked loop: AN-81
Phase shift oscillator: AN-88
PLL range extender: AN-162
Wide range phase shifter: AN-391
PHASE COMPARATOR: AN-72
PHASE LOCKED LOOP: AN-146, AN-391
Advantages as voltage-to-frequency converter:
AN-210
Circuit description LM565: AN-46
Damping: AN-46
FM audio moduiation: AN-402
Locking: AN-46
Loop filter: AN-46
Multiamplifier: AN-72
Noise performance: AN-46
Phase comparator: AN-72
Theory: AN-46
VCO: AN-72
PHASE SHIFT OSCILLATOR: AN-88
PHASE SHIFTER: AN-32

PHONO PREAMPLIFIER: AN-32, AN-64, AN-222, AN-346

PHOTOCELL AMPLIFIER: AN-20

PHOTODIODE
Amplifier: AN-20, AN-29, AN-31, AN-244, LB-12
Level detector: AN-41, AN-244

PHOTORESISTOR AMPLIFIER: AN-29

PICO AMPLIFIER: AN-63

PIN DIODE DRIVER: AN-49

PIN DIODE SWITCHING: AN-49

POLARITY SWITCHER: AN-344

POLARIZATION, DIELECTRIC: AN-29

POSITION SENSOR: AN-162
LVDT: AN-301

POSITION SERVO: AN-289

POSITIVE AND NEGATIVE VOLTAGE REGULATORS
(See Symmetrical Voltage Regulators)

POSITIVE REGULATOR (See Regulator, Positive)
POSITIVE VOLTAGE REFERENCE: AN-20, AN-31, AN-56
POSITIVE VOLTAGE REGULATOR
Adjustable output: AN-42, AN-178, AN-181, AN-182,
LB-35
Bootstrapped regulator: AN-211
Circuit description LM105/LM205/LM305: AN-23,
AN-211
Circuit description LM109/LM209/LM309: AN-42
CMOS compatible: AN-71
Current limit: AN-72, AN-211
Drift compensation
(See Drift Compensation, Voltage Regulator)
Failure mechanisms: AN-23, LB-3
Filtering, power supply: AN-23, LB-10
Fixed output: AN-42
Foldback current limiting: AN-23, LB-3
Heat dissipation: AN-23, LB-3
High current: AN-23, AN-72, LB-3, LB-10
High voltage: AN-72, AN-211, LB-47
Hints: AN-23, LB-3, LB-10, LB-15
Low voltage: AN-56, AN-211
Micropower quiescent power drain: AN-71, AN-211
NPN pass transistors: AN-72, LB-10
Power limitations: AN-23, LB-3
Precision: AN-42, LB-15
Programmable low power: AN-20, AN-31
Protection: AN-23, AN-72
Ripple induced failures: AN-23, LB-10
Switching regulator (See Switching Regulator)
Temperature compensation: AN-42, LB-15
Three terminal: AN-103, AN-178, AN-182, LB-35
Trimming output voltage: LB-46
(See Also Voltage Regulators)
POWER AMPLIFIER (See Buffer, High Current)
POWER CAPABILITIES, IC PACKAGE: AN-336
POWER DISSIPATION
Regulator: AN-82, AN-103
POWER LINE CARRIER: AN-146
POWER SUPPLY: AN-56, AN-63
General purpose: LB-28
Monitor: LB-48
Programmable: LB-49 (See Also Regulators)
Split: AN-69, AN-71
PREAMPLIFIER
Circuit description LM381 dual preamplifier: AN-64
DC coupled: AN-407
Flat: AN-64, AN-299, AN-346
Phono: AN-32, AN-64, AN-222, AN-346
Servo: AN-4, AN-31
Stereo: AN-64, AN-346
Tape: AN-64, AN-407
Tape playback: AN-64, AN-407
Tape record: AN-64
(See Also Amplifiers, Preamp)
PRECISION COMPARATOR: AN-63
PRECISION INTEGRATOR: AN-63
PRECISION REFERENCE: AN-161, AN-173
PROGRAMMABLE GAIN: AN-289
PROGRAMMABLE OP AMP: AN-71
PROGRAMMABLE “UNIJUNCTION” OSCILLATOR:
AN-72
PROGRAMMABLE VOLTAGE REGULATOR: AN-20,
AN-31
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PULSE AMPLIFIER: AN-13
PULSE COUNTER: AN-72
PULSE GENERATOR: AN-71, AN-72, AN-74
PULSE STRETCHER:
Proportional: AN-266
PULSE WIDTH DETECTOR: AN-97
PULSE WIDTH MODULATOR: AN-21, AN-31, AN-74,
LB-18
PULSE WIDTH MULTIVIBRATOR: AN-292
PYROELECTRIC
Accelerometer: AN-301
Detector amplifier: AN-301
Resonator temperature sensor: AN-301
QUAD AMPLIFIER: AN-71, AN-72
QUAD COMPARATOR: AN-74
QUADRATURE OSCILLATOR: AN-31, AN-307, LB-16
RATE GYRO: AN-301
RECEIVER
AM: AN-381, AN-382
FM: AN-382
FM remote speaker: AN-146
Low cost AM receiver: LB-29
Low cost FM stereo receiver: AN-147
Television: AN-391
RECTIFIER, FAST HALF-WAVE: AN-31, LB-8
RECTIFIER, FULL-WAVE: AN-20, LB-8
REFERENCE
Low drift precision 6.9V: AN-161, AN-173, AN-184
Micropower: AN-222, LB-34, LB-41
Precision: AN-79, AN-161, LB-41
REFERENCE DIODE: AN-110, LB-37
REFERENCE VOLTAGE: AN-211
REFERENCE VOLTAGE DETECTOR: AN-300
REFERENCE VOLTAGE REGULATOR: AN-20, AN-31
REGULATORS (See Voltage Regulators)
RELAY DRIVER: AN-72
REMOTE SENSING
High current negative regulator: AN-21
High negative voltage: AN-21
REMOTE SPEAKER SYSTEM: AN-146
REMOTE TEMP SENSOR/ALARM : AN-74
RESET STABILIZED AMPLIFIER: AN-20
RESISTANCE
Choice of resistors for op amps: AN-79
Tester for low values of resistance: LB-32
RESISTANCE MULTIPLICATION: AN-29
RESISTOR VALUES, STANDARD: Appendix E
RF: AN-381, AN-382, AN-391
RF AMPLIFIER
Cascode: AN-32
RF OSCILLATOR (See Oscillator, RF)

RIAA PHONO PREAMPLIFIER: AN-64, AN-222, AN-299,

AN-346
RIPPLE, POWER SUPPLY: AN-21, AN-23, LB-10
RISE TIME, AMPLIFIER: LB-19
RMS
Converter: AN-180
True rms detector: LB-25
ROOT EXTRACTOR: AN-4, AN-31, AN-222
RTD CONTROLLER: AN-292
SAFE AREA PROTECTION: AN-103
SAMPLE AND HOLD: AN-4, AN-29, AN-31, AN-32,

AN-63, AN-72, AN-75, AN-266, AN-294, LB-11, LB-45

Circuit: AN-286

Extended HOLD time: AN-245, AN-294

High speed: AN-294

HOLD step: AN-294

Infinite: AN-245

Infinite HOLD time: AN-245, AN-294

Reduction of HOLD step: AN-245, AN-294

Terms: AN-266
SAMPLING THEOREM: AN-236
SAWTOOTH GENERATOR: AN-72
SCHMITT TRIGGER: AN-32, AN-72
SCR (See Silicon Controlled Rectifier)
SENSE VOLTAGE (See Current Limiting)
SENSITIVITY FUNCTIONS: AN-72
SENSOR

Mass velocity: AN-162

Rotational velocity: AN-162
SERVO PREAMPLIFIER: AN-4, AN-31
SETTLING TIME: LB-17

Measurement: AN-428

Techniques for minimizing: AN-428

SHORT CIRCUIT PROTECTION (See Current Limiting)

SIGNAL-TO-NOISE RATIO: AN-104

SINE SHAPER: AN-263

SINE WAVE GENERATOR: AN-115, AN-263, AN-269,
AN-307

SINE WAVE OSCILLATOR: AN-20, AN-29, AN-31, AN-32,

AN-72, AN-263, LB-16

Crystal: AN-263

Digital: AN-263

High voltage: AN-263

Phase shift: AN-263

Sine wave voltage reference: AN-262

Tuning fork: AN-263

Voltage-controlled: AN-262

Wien bridge: AN-263
SINE WAVE RESPONSE: LB-19
SINGLE SUPPLY AMPLIFIER: AN-72
SINGLE SUPPLY OPERATION: AN-31, AN-48
SIREN OSCILLATOR: AN-154
SLEW RATE: LB-17, LB-19, LB-42

(See Also Frequency Compensation, Feedforward)

SLEW RATE LIMITING: LB-19
SMALL SIGNAL RESPONSE: LB-19
SIN RATIO (See Signal-To-Noise Ratio)
SOLAR CELL AMPLIFIER: AN-4
SOUND

Peak: AN-384

Pressure: AN-384

Sound effects oscillator: AN-154
SPECTRUM ANALYSIS: AN-180
SPEECH RECORDING: AN-287
SPEECH SYNTHESIS: AN-287, AN-252, LB-54
SPEED SENSOR (See Sensor, Speed)

SPEED SWITCH (See Frequency-To-Voltage Converter)

SQUARE ROOT CIRCUIT: AN-4, AN-31, AN-222

SQUARE WAVE GENERATOR: AN-74, AN-88, AN-115,
AN-154, AN-222, AN-264, LB-23

SQUARING AMPLIFIER: AN-72, AN-222

SQUARING CIRCUITS: AN-222

STAIRCASE GENERATOR: AN-72, AN-88
(See Also Generator, Staircase)

STANDARD VALUES RESISTOR: Appendix E

STEP RESPONSE: LB-19

STEREO (See FM Stereo)
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STEREO PREAMPLIFIER: AN-64, AN-346
STRAIN GAUGE CONVERTER: AN-301
SUBTRACTOR (See Difference Amplifier)
SUMMING AMPLIFIER: AN-20, AN-31
SUPPLY VOLTAGE SPLITTING: AN-31
SWITCHED CAPACITOR FILTER: AN-307
SWITCHES

Optically isolated: AN-110

Two terminal time delay: AN-97
SWITCH, ANALOG: AN-32
SWITCHBACK CURRENT LIMITING

(See Foldback Current Limiting)
SWITCHING REGULATOR: AN-343

Buck converter: AN-343

Capacitor selection: AN-21

Catch diode selection: AN-21

Circuit description LH1605: AN-343

Current limiting: AN-2, AN-21

DC motor speed regulation: AN-343

DC plus to DC minus converter: LB-18

Dissipation: AN-21

Driver: AN-2, AN-21

Efficiency: AN-21

High negative current: AN-21

Hints: AN-21

Inductor core selection: AN-21

Line regulation: AN-21

Negative: AN-21

Overload shutdown: AN-21

Polarity conversion: LB-18

Ripple: AN-21

Self-oscillating: AN-21

Shutdown: AN-21

Switching: AN-97, AN-110

Synchronous: AN-21

Theory: AN-21, LB-18
SYMMETRICAL VOLTAGE REGULATOR

Regulation: AN-21

Tracking regulator: AN-20, AN-21, LB-7
SYNCHRONOUS

Video detector: AN-391
SYNTHESIS

Frequency: AN-382
TACHOMETER: AN-72, AN-97
TAPE

Auto reverse preamplifier: AN-407

Equalization: AN-407

Magnetization: AN-407
TAPE PLAYBACK PREAMPLIFIER: AN-64, AN-407
TAPE PLAYER

Amplifier: AN-64, AN-147, AN-407
TAPE READER

Magnetic: AN-74
TAPE RECORD PREAMPLIFIER: AN-64
TARE COMPENSATION

Weighing system: AN-271
TELEVISION

A color TV primer for the EE: AN-391, AN-402,

Appendix B

TEMPERATURE: AN-292

Controller: AN-293

Oven controller: AN-262

Platinum RTD high temperature: AN-262

Timer used as controller: AN-97

Transducer: AN-225
Transducer, micropower: LB-27
TEMPERATURE COMPENSATED ZENER DIODE: AN-56
TEMPERATURE COMPENSATION
(See Drift Compensation)
TEMPERATURE CONTROLLER: AN-286, AN-292,
AN-293
TEMPERATURE CONTROL: AN-262, AN-293
Precision: AN-266
High efficiency: AN-266
TEMPERATURE PROBE AMPLIFIER: AN-31, AN-56
TEMPERATURE PROBE COMPARATOR: AN-72
TEST SET, OPERATIONAL AMPLIFIER: AN-24
THERMAL CAPABILITIES, DEVICE: AN-336
THERMAL FEEDBACK REDUCTION IN MICROVOLT
COMPARATORS: LB-32
THERMAL NOISE (See Noise, Thermal)
THERMAL SHUTDOWN: AN-82, AN-103
THERMOCOUPLE: AN-225
Amplifier with cold junction compensation: AN-211,
AN-222, AN-225, LB-24
Comparator: LB-32
Effects on IC’s: AN-79, LB-22, LB-32
THERMOMETER: AN-262
Electronic: AN-225, AN-233
Micropower: LB-27, AN-211
Temperature controller: AN-97
Thermocouple: LB-24
Using platinum sensor: AN-286
THERMOMETER, ELECTRONIC: AN-31, AN-56
THRESHOLD DETECTOR: AN-20, AN-31
TIME DELAY GENERATOR: AN-74
TIME, INTERVAL: AN-31
TIMER CIRCUITS: AB-7. AN-97, AN-110
TIMERS
Chain of timer: AN-97
Cycle interrupt: AN-97
Dual supply operation: AN-97
Electrolytic timing capacitors: AN-97
Eliminating timing cycle upon initial application of
power: AN-97
Linearizing charging sweep: AN-97
Negative pulse triggering: AN-97
Noise immunity: AN-97
One hour: AN-97
Time delay circuit: AN-110
Time out, power up: AN-97
Wide range timer: LB-38
Zero power dissipation between timing intervals:
AN-97
5V logic supply driving 28V relay: AN-97
30V supply interfacing with 5V logic: AN-97
TIMING ERROR: AN-97
TONE CONTROL: AN-32, AN-64, AN-435
Stereo: AN-147, AN-435
TOTAL HARMONIC DISTORTION: AN-180
TRACKING VOLTAGE REGULATOR: LB-7
(See Also Symmetrical Voltage Regulators)
TRANSCONDUCTANCE AMPLIFIER: AN-63, AN-386
TRANSDUCER
Amplifier: LB-24
Signal conditioners: AN-301
Temperature: LB-27
TRANSFER FUNCTION TEST SET: AN-24

il




Su bject |ndeX (Continued)

TRANSISTOR
Low noise: AN-222
Optically isolated: AN-110
Power, protected: AN-110
TRANSMITTER
FM remote speaker: AN-146
Two wire: AN-211
TRIAC TRIGGER: AN-154
TRIANGLE WAVE OSCILLATOR: AN-20, AN-24, AN-31,
AN-72, AN-115
TRIGGER APPLICATIONS: AN-154
TRIGGER, FLIP-FLOP: AN-72
TRIGGER, SCHMITT: AN-32, AN-72
TRUE INSTRUMENTATION AMPLIFIER: AN-63
TUNED RF CIRCUITS (See Amplifiers)
TV (See Television)
TYPES OF RMS CONVERTER: AN-180
UNITY-GAIN BUFFER: AN-20
VCO (See Voltage-Controlled Oscillator)
VELOCITY SENSOR (See Sensor, Velocity)
VIDEO CIRCUITS
A color TV primer for the EE: Appendix B
VIDEO: AN-391
VOICE RECORDING: AN-287
VOLTAGE COMPARATOR: AN-41, AN-74, AN-103,
AN-288, LB-39
A-to-D converter circuit: LB-6
AC coupled: LB-6
Avoiding oscillations: LB-39
Buffered output: AN-29
Circuit description LM111/LM211/LM311: AN-41,
LB-12
Comparison: AN-87, LB-12
DTL driver: AN-4, AN-29, AN-31, LB-12
Dual limit, high speed: AN-48
Fast: LB-6
High current: AN-71
High speed differential: AN-87
Hints: AN-41
Inverting and non-inverting with hysteresis: AN-74
Lamp driver: AN-4, AN-72, LB-12
Micropower: AN-71
Microvolt: LB-32
MOS driver: AN-41, LB-12
Op amp voltage comparator: AN-4, AN-71, AN-72
Preamplifier: LB-32
Quad array: AN-74
Specifying selected parameters: LB-26
Timers used as: AN-97
TTLdriver: AN-4, AN-29, AN-31, AN-41, LB-12
Zero crossing: AN-31, AN-41, LB-6, LB-12
VOLTAGE CONTROLLED AMPLIFIER: AN-299
VOLTAGE CONTROLLED OSCILLATOR: AN-72,
AN-74, AN-81, AN-146, AN-162, AN-391
(See Also Voltage-To-Frequency Converter)

VOLTAGE FOLLOWER: AN-63
Bias current: AN-20
Circuit description LHO033: AN-48
Circuit description LM110/LM210/LM310: LB-11
Comparison: LB-11
Frequency compensation: LB-42
Hints, operating: AN-20
Offset adjustment: AN-31, LB-9
Single supply: AN-72
Voltage reference: AN-20, AN-31, AN-56
1amp: AN-110
VOLTAGE NOISE (See Noise, Voltage)
VOLTAGE REFERENCES (See Reference)
VOLTAGE REGULATORS: AN-178
(See Also Regulators, Voltage; Positive, Negative, or
Switching Voltage Regulator)
Adjustables: AN-178, AN-181, AN-211, AB-11,
AB-12, LB-46
Automotive: AB-12
Battery charging: AB-11, AB-12
Current: AN-103, AN-110, AN-127
Dual tracking: AN-82, AN-103, Appendix C
High current: AN-103, AN-110
High current dual tracking: AN-82
High current regulators: AB-11
High input voltage: AN-103, AN-211
Improving reliability: AN-182
Low dropout: AB-11, AB-12
Paralleling: Appendix C
PNP: AB-11, AB-12
Power distribution and regulation can be simple,
cheap and rugged: Appendix C
Trimming: LB-46
1A, 65V with variable current limit: AN-127
+ 32.5V dual tracking: AN-127
VOLTAGE-TO-FREQUENCY CONVERTER: AN-210,
AN-240, LB-45, Appendix C, Appendix D
(See Also Analog-to-Digital Converters and
Voltage-Controlled Oscillators)
VOLT METER: AN-32, AN-71, AN-75, LB-45
WEIGHING SYSTEM
Precision: AN-295
WIEN BRIDGE OSCILLATOR: AN-20, AN-31, AN-32,
AN-63
WINDOW DISCRIMINATOR, MULTIPLE APERTURE:
AN-31
ZENER DIODE
IC: AN-56
Transistor base-emitter junction: AN-71
ZENERS (See Reference)
ZERO CROSSING DETECTOR: AN-31, AN-41, AN-74,
LB-6, LB-12
Comparators suitable for “‘two shot’: AN-87, AN-162
8080 MICROPROCESSOR: AN-200
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Drift Compensation
Techniques for Integrated
DC Amplifiers

Robert J. Widlar
Apartado Postal 541
Puerto Vallarta, Jalisco
Mexico

introduction

With DC ampilifiers, it is usually possible to substantially im-
prove drift performance by using additional circuitry along
with some form of adjustment. In fact, one of the reasons
that discrete-component operational amplifiers have better
input current specifications than monolithic amplifiers is that
current compensation is used. Monolithic circuits cannot in-
corporate these techniques because it is not possible to
select components or make adjustments. These adjust-
ments can, however, be made external to the amplifier. This
article will discuss a number of compensation methods
which can substantially reduce the input currents of mono-
lithic amplifiers, especially in limited-temperature-range ap-
plications.

Bias current compensation reduces offset and drift when
the amplifier is operated from high source resistances. With
low source resistances, such as a thermocouple, the drift
contribution due to bias current can be made quite small. In
this case, the offset voltage drift becomes important.

A technique is presented here by which offset voltage drifts
better than 0.5 uV/°C can be realized. The compensation
technique involves only a single room-temperature balance
adjustment. Therefore, chopper-stabilized performance can
be realized, with low source resistances, in a fairly-simple
amplifier without tedious cut-and-try compensation
methods.

bias current compensation

The simplest and most effective way of compensating for
bias currents is shown in Figure 1. Here, the offset produced
by the bias current on the inverting input is cancelled by the
offset voltage produced across the variable resistor, Rg.
The main advantage of this scheme, besides its simplicity, is
that the bias currents of the two input transistors tend to
track well over temperature so that low drift is also
achieved. The disadvantage of the method is that a given
compensation setting works only with fixed feedback resis-
tors, and the compensation must be readjusted if the equiv-
alent parallel resistance of Ry and Ry is changed.

National Semiconductor
Application Note 3

R2
100K

INPUT

L— ouTPUT

TL/H/6925-1

Figure 1. Summing amplifier with bias-current compen-
sation for fixed source resistances

Figure 2 shows a similar circuit for a non-inverting amplifier.
The offset voltage produced across the DC resistance of
the source due to the input current is cancelled by the drop
across Rg. For proper adjustment range, Rz should have a
maximum value about three times the source resistance
and the equivalent parallel resistance of Ry and Rz should
be less than one-third the input source resistance.

This circuit has the same advantages as that in Figure 1,
however, it can only be used when the input source has a
fixed DC resistance. In many applications, such as long-in-
terval integrators, sample-and-hoid circuits, switched-gain
amplifiers or voltage followers operating from unknown
source, the source impedance is not defined. In these cases
other compensation schemes must be used.

Figure 3 gives a compensation technique which does not
depend upon having a fixed source resistance. A current is
injected into the input terminal from the base of a PNP tran-
sistor. Since NPN input transistors are used on the integrat-
ed amplifier,* the base current of the PNP balances out the
*This is true for all monolithic operational amplifiers presently available.

R2
10K

R1
R
1K 3

INPUT

—AAA
A A A aun

ouTPUT

0 TL/H/6925-2

Figure 2. Non-inverting amplifier with bias-current compensation for fixed source resistances
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at
2N2605
INPUT

ouTPUT

*Select for zero input current

TL/H/6925-3

Figure 3. Summing amplifier with bias-current compen-
sation

O- v+

[+}]
2N2605

Qa2
2N2605

6
INPUTS LM10Y ouTPUT

r *Select for zero input current

v-
TL/H/6925-4
Figure 4. Bias-current compensation for non-inverting
amplifier operated over large common mode
range
base current of the NPN. Further, since a silicon-planar PNP
transistor has approximately the same current-gain versus
temperature characteristic as the integrated transistors, an
improvement in temperature drift will also be realized.t
However, perfect compensation should not be expected be-
cause of unit-to-unit variations in the temperature character-
istics of both the PNP transistor and the integrated circuit.

Although the circuit in Figure 3 works well for the summing
amplifier connection, it does have limitations in other appli-
cations. It could, for example, be used for the voltage follow-
er configuration by connecting the base of the PNP to the
non-inverting input. However, this would reduce the input

T1f the operational amplifier uses a Darlington input stage, however, the drift
compensation will not be nearly as good.

impedance (to about 150 M) because the current supplied
by the PNP will vary with the input voltage level.

If this characteristic is objectionable, the more-complicated
circuit shown in Figure 4 can be used.

The emitter of the PNP transistor is fed from a current
source so that the compensating current does not vary with
input-voltage level. The design of the current source is such
as to give it about the same characteristics as those on the
input stage of the better monolithic amplifiersi to give clos-
er compensation with changes in temperature and supply
voltage. The circuit makes use of the emitter base voltage
differential between two transistors operated at different
collector currents. 1,2 Although it is recommended in the ref-
erences that these transistors be well matched, it is not
really necessary since the devices are operated at much
different collector currents.

Figure 5 shows another compensation scheme for the volt-
age follower connection. This circuit is much simpler than
that shown in Figure 4, but the temperature compensation is
not quite as good. The compensating current is obtained
through a resistor connected across a diode which is boot-
strapped to the output. The diode acts as a regulator so that
the compensating current does not change appreciably with
signal level, giving input impedances about 1000 M. The
negative temperature coefficient of the diode voltage also
provides some temperature compensation.

P QUTPUT
INPUT

*Select for zero input current 4]
30 pF

TL/H/6925-5

Figure 5. Voltage follower with bias-current compensa-
tion

All the circuits discussed thus far have been tailored for
particular applications. Figure 6 shows a completely-general
scheme wherein both inputs are current compensated over
the full common mode range as well as against power sup-
ply and temperature variations. This circuit is suitable for
use either as a summing amplifier or as a non-inverting am-
plifier. It is not required that the DC impedance seen by both
inputs be equal, although lower drift can be expected if they
are.

As was mentioned earlier, all the bias compensation circuits
require adjustment. With the circuits in Figures 7 and 2, this
is merely a matter of adjusting the potentiometer for zero
output with zero input. It is not so simple with the other
circuits, however. For one, it is difficult to use potentiome-
ters because a very wide range of resistance values are
required to accommodate expected unit-to-unit variations.
Resistor selection must therefore be used. Test circuits for
selecting bias compensation resistors are given in Figure 7.
$The 709 and the LM101.




R2*
13K

Q2
2N2605

*Select for zero input current on
non-inverting input

**Select for zero input current on
v inverting input

Qa3
2N2605

INPUTS ouTPUT

TL/H/6925~-6

Figure 6. Bias-current compensation for differential in-
puts

offset voltage compensation

The highly predictable behavior of the emitter-base voltage
of transistors has suggested a unique drift compensation
method; it is shown in Reference 3 that the offset voltage
drift of a differential transistor pair can be reduced by about
an order of magnitude by unbalancing the collector currents
such that the initial offset voltage is zero. The basis for this
comes from the equation for the emitter-base voltage differ-
ential of two transistors operating at the same temperature:
AVgg = Ll loge lﬁg K loge lcz (1)
q q Ict
where K is Boltzmann's con istant, T is the absolute tempera-
ture, q is the charge of an electron, Ig is a constant which
depends only on how the transistor is made and Ig is the
collector current. This equation is derived in Reference 2.

(3]
100 pF

R1
oM

c2
30 pF

|||

It is worthwhile noting here that these expressions make no
assumptions about the current gain of the transistors. It is
shown in References 5 and 6 that the emitter-base voltage
is a function of collector current, not emitter current. There-
fore, the balance will not be upset by base current (except
for interaction with the DC source resistance).

The first term in Equation (1) is the offset voltage of the two
transistors for equal collector currents. It can be seen that
this offset voltage is directly proportional to the absolute
temperature-a fact which is substantiated by experiment.4
The second term is the change of offset voltage which aris-
es from operating the transistors at unequal collector cur-
rents. For a fixed ratio of collector currents, this is also pro-
portional to absolute temperature. Hence, if the collector
currents are unbalanced in a fixed ratio to give a zero emit-
ter-base voltage differential, the temperature drift will also
be zero.

Experiment indicates that this is indeed true. Thermal drifts
less than 100 pV over the —55°C to + 125°C temperature
range have been realized consistently. In order to obtain
these low drifts, however, it is almost necessary to use a
monolithic transistor pair, since a 0.05°C temperature differ-
ential will give a 100 pV drift. With a monolithic pair, the
physical proximity of the devices as well as the high thermal
conductivity of silicon holds this differential to an absolute
minimum.

For low drift, the transistors must operate from a low
enough source resistance that the voltage drop across the
source due to base current (or base current differential if
both bases see the same resistance) is insignificant. Fur-
thermore, the transistors must be operated at a low enough
collector current that the emitter-contact and base-spread-
ing resistances are negligible, since Equation (1) assumes
that they are zero.

A complete amplifier using this principle is shown in Figure
8. A monolithic transistor pair is used as a preamplifier for a
conventional operational amplifier. A null potentiometer,
which is set for zero output for zero input, unbalances the
collector load resistors of the transistor pair such that the
coIIector currents are unbalanced for zero offset. This gives

minimum drift. An interesting feature of the circuit is that the

performance is relatively unaffected by supply voltage varia-
tions: a 1V change in either supply causes an offset voltage
change of about 10 uV. This happens because neither term
in Equation (1) is affected by the magnitude of the collector
currents.

TL/H/6925-7

Figure 7. Test circuits for selecting bias-compensation resistors
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THERMOCOUPLE

-15V

Qa2

ouTPUT

30 pF

R2
75K

TL/H/6925-8

Figure 8. Example of a DC amplifier using the drift-compensation technique

In order to get low drift, it is necessary that the gain of the
preamplifier be high enough so that the drift of the opera-
tional amplifier does not degrade performance. The gain
can be determined from the expression for the transcon-
ductance of the input transistors:

ol _dl @
aVge kT
The voltage gain is
3Vour 3
Ay = 7 Q)
3l
= VBE Rp (4)

where R| is the average value of the two collector load
resistors on the input stage and Ig is the average of the two
collector currents.
Substituting Equation (2), this becomes
alcRL
Ay = —
VT kT
_ 9VRL
kT

®)

6)

The input referred drift is then

_ AVpg + R Alpg

= T_

where AVpg is the offset voltage drive of the operational
amplifier and Alpg is its offset current drift.

Using Equation (7),

AVIN

_ kT (AVos + RiAlps)

AV|N
avVRL

®)

With the circuit shown in Figure 8, Equation (8) gives a 25
w1V input-referred drift for every 10 mV of offset voltage drift
or for every 100 nA of offset current drift. It is obvious from
this that the offset current drift is most important if an opera-
tional amplifier with bipolar input transistors is used.

Another important consideration is the matching of the col-
lector load resistors on the preamplifier stage. A 0.1-percent
imbalance in the load resistors due to thermal mismatches
or any other cause will produce a 25 pV shift in offset. This
inciudes the balancing potentiometer which can introduce
an error that will depend on how far it is set off midpoint if it
has a different temperature coefficient than the resistors.

The most obvious use of this type of low drift amplifier is
with thermocouples, magnetometers, current shunts, wire
strain gauges or similar signal sources where very low drift
is required and the source resistance is low enough that the
bias currents do not cause a problem. The 0.5 to 1 uV/°C
drift* realized with this relatively simple amplifier over a
—55°C to + 125°C temperature range compares favorably
with the drift figures achieved with chopper amplifiers: 0.4
pV/°C for mechanical choppers, 0.5 uV/°C with photoelec-
tric choppers over a 0°C to 565°C temperature range and 2
rV/°C with field-effect-transistor choppers over a —55°C to
+ 125°C temperature range. In order to give some apprecia-
tion of the level of performance, it is interesting to note that
no substantial improvement in performance would be real-
ized by operating the amplifier in a temperature-controlled
oven. Any improvement would be masked by various ther-
mo-electric effects not directly associated with the amplifier
unless extreme care were taken in the choice of input lead
*Drifts of 0.05 uV/°C over a 0-50°C temperature range were reported in
Reference 3 using matched discrete transistors in one can.




material, the method of making connections and the balanc-
ing of thermal paths. These factors are, in fact, important
when making oven tests to verify the drift of the amplifier
since thermoelectric effects can easily produce drift volt-
ages larger than those of the ampilifier if they are not proper-
ly handled.

summary
A number of compensation circuits designed to increase the
DC resolution of monolithic operational amplifiers have
been presented. Both current compensation techniques for
high impedance levels as well as methods of achieving
chopper-stabilized drift performance at low impedance lev-
els have been covered.

Fairly-simple current compensation which requires that the
impedance levels be fixed have been described along with
compensation which is effective in cases where the source
impedance is not well defined. This latter category includes
long-interval  integrators,  sample-and-hold circuits,
switched-gain amplifiers or voltage followers which operate
from an unknown source. The application of these schemes
is generally limited to integrated amplifiers since modular
amplifiers almost always incorporate current compensation.
The drift-reduction techniques provide stabilities better than
0.5 uV/°C for low impedance sources, such as thermocou-
ples, current shunts or strain gauges. With a properly de-
signed circuit, compensation depends only on a single room
temperature adjustment, so excellent performance can be
obtained from a fairly-simple amplifier.
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introduction

Operational amplifiers are undoubtedly the easiest and best
way of performing a wide range of linear functions from sim-
ple amplification to complex analog computation. The cost
of monolithic amplifiers is now less than $2.00, in large
quantities, which makes it attractive to design them into cir-
cuits where they would not otherwise be considered. Yet
low cost is not the only attraction of monolithic amplifiers.
Since all components are simultaneously fabricated on one
chip, much higher circuit complexities than can be used with
discrete amplifiers are economical. This can be used to give
improved performance. Further, there are no insurmount-
able technical difficulties to temperature stabilizing the am-
plifier chip, giving chopper-stabilized performance with little
added cost.

Operational amplifiers are designed for high gain, low offset
voltage and low input current. As a result, dc biasing is con-
siderably simplified in most applications; and they can be
used with fairly simple design rules because many potential
error terms can be neglected. This article will give examples
demonstrating the range of usefulness of operational ampli-
fiers in linear circuit design. The examples are certainly not
all-inclusive, and it is hoped that they will stimulate even
more ideas from others. A few practical hints on preventing
oscillations in operational amplifiers will also be given since
this is probably the largest single problem that many engi-
neers have with these devices.

Although the designs presented use the LM101 operational
amplifier and the LM102 voltage follower produced by Na-
tional Semiconductor, most are generally applicable to all
monolithic devices if the manufacturer’s recommended fre-
quency compensation is used and differences in maximum
ratings are taken into account. A complete description of
the LM101 is given elsewhere;! but, briefly, it differs from
most other monolithic amplifiers, such as the LM709,2 in
that it has a £ 30V differential input voltage range, a +15V,
—12V common mode range with * 15V supplies and it can
be compensated with a single 30 pF capacitor. The
LM102,3 which is also used here, is designed specifically as
a voltage follower and features a maximum input current of
10 nA and a 10 V/pus slew rate.

operational-amplifier oscillator

The free-running multivibrator shown in Figure 17 is an excel-
lent example of an application where one does not normally
consider using an operational amplifier. However, this circuit
operates at low frequencies with relatively small capacitors
because it can use a longer portion of the capacitor time
constant since the threshold point of the operational amplifi-
er is well determined. In addition, it has a completely-sym-
metrical output waveform along with a buffered output, al-
though the symmetry can be varied by returning R2 to some
voltage other than ground.

National Semiconductor
Application Note 4
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TL/H/7357-1
Figure 1. Free-running muitivibrator

Another advantage of the circuit is that it will always self
start and cannot hang up since there is more dc negative
feedback than positive feedback. This can be a problem
with many “textbook” multivibrators.

Since the operational amplifier is used open loop, the usual
frequency compensation components are not required
since they will only slow it down. But even without the 30 pF
capacitor, the LM101 does have speed limitations which re-
strict the use of this circuit to frequencies below about 2
kHz.

The large input voltage range of the LM101 (both differential
and single ended) permits large voltage swings on the input
so that several time constants of the timing capacitor, C1,
can be used. With most other amplifiers, R2 must be re-
duced to keep from exceeding these ratings, which requires
that C1 be increased. Nonetheless, even when large values
are needed for C1, smaller polarized capacitors may be
used by returning them to the positive supply voltage in-
stead of ground.

level shifting amplifier

Frequently, in the design of linear equipment, it is necessary
to take a voltage which is referred to some dc level and
produce an amplified output which is referred to ground.
The most straight-forward way of doing this is to use a dif-
ferential amplifier similar to that shown in Figure 2a. This
circuit, however, has the disadvantages that the signal
source is loaded by current from the input divider, R3 and
R4, and that the feedback resistors must be very well
matched to prevent erroneous outputs from the common
mode input signal.




A circuit which does not have these problems is shown in
Figure 2b. Here, an FET transistor on the output of the oper-
ational amplifier produces a voltage drop across the feed-
back resistor, R1, which is equal to the input voltage. The
voltage across R2 will then be equal to the input voltage
multiplied by the ratio, R2/R1; and the common mode rejec-
tion will be as good as the basic rejection of the amplifier,
independent of the resistor tolerances. This voltage is buff-
ered by an LM102 voltage follower to give a low impedance
output.

An advantage of the LM101 in this circuit is that it will work
with input voltages up to its positive supply voltages as long
as the supplies are less than +15V.

voltage comparators

The LM101 is well suited to comparator applications for two
reasons: first, it has a large differential input voltage range
and, second, the output is easily clamped to make it com-
patible with various driver and logic circuits. It is true that it
doesn’t have the speed of the LM7104 (10 ps versus 40 ns,
under equivalent conditions); however, in many linear appli-
cations speed is not a problem and the lower input currents
along with higher voltage capability of the LM101 is a tre-
mendous benefit.

Two comparator circuits using the LM101 are shown in Fig-
ure 3. The one in Figure 3a shows a clamping scheme

vt
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INPUT

which makes the output signal directly compatible with DTL
or TTL integrated circuits. An LM103 breakdown diode
clamps the output at OV or 4V in the low or high states,
respectively. This particular diode was chosen because it
has a sharp breakdown and low equivalent capacitance.
When working as a comparator, the amplifier operates open
loop so normally no frequency compensation is needed.
Nonetheless, the stray capacitance between Pins 5 and 6 of
the amplifier should be minimized to prevent low level oscil-
lations when the comparator is in the active region. If this
becomes a problem a 3 pF capacitor on the normal com-
pensation terminals will eliminate it.

Figure 3b shows the connection of the LM101 as a compar-
ator and lamp driver. Q1 switches the lamp, with R2 limiting
the current surge resulting from turning on a cold lamp. R1
determines the base drive to Q1 while D1 keeps the amplifi-
er from putting excessive reverse bias on the emitter-base
junction of Q1 when it turns off.

more output current swing

Because almost all monolithic amplifiers use class-B output
stages, they have good loaded output voltage swings, deliv-
ering £10V at 5 mA with + 15V supplies. Demanding much
more current from the integrated circuit would require, for
one, that the output transistors be made considerably larg-

QUTPUT

TL/H/7357-2

a. standard differential amplifier

INPUT

10 pF

OUTPUT

TL/H/7357-3

b. level-isolation amplifier
Figure 2. Level-shifting amplifiers
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Figure 3. Voltage comparator circuits
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Figure 4. High current output buffer

er. In addition, the increased dissipation could give rise to
troublesome thermal gradients on the chip as well as exces-
sive package heating in high-temperature applications. It is
therefore advisable to use an external buffer when large
output currents are needed.

A simple way of accomplishing this is shown in Figure 4. A
pair of complementary transistors are used on the output of
the LM101 to get the increased current swing. Although this
circuit does have a dead zone, it can be neglected at fre-
quencies below 100 Hz because of the high gain of the
amplifier. R1 is included to eliminate parasitic oscillations
from the output transistors. In addition, adequate bypassing
should be used on the collectors of the output transistors to
insure that the output signal is not coupled back into the
amplifier. This circuit does not have current limiting, but it
can be added by putting 50Q resistors in series with the
collectors of Q1 and Q2.

an fet amplifier

For ambient temperatures less than about 70°C, junction
field effect transistors can give exceptionally low input cur-
rents when they are used on the input stage of an opera-
tional amplifier. However, monolithic FET amplifiers are not
now available since it is no simple matter to diffuse high
quality FET’s on the same chip as the amplifier. Nonethe-
less, it is possible to make a good FET amplifier using a
discrete FET pair in conjunction with a monolithic circuit.

Such a circuit is illustrated in Figure 5. A matched FET pair,
connected as source followers, is put in front of an integrat-
ed operational amplifier. The composite circuit has roughly
the same gain as the integrated circuit by itself and is com-
pensated for unity gain with a 30 pF capacitor as shown.
Although it works well as a summing amplifier, the circuit
leaves something to be desired in applications requiring
high common mode rejection. This happens both because
resistors are used for current sources and because the
FET’s by themself do not have good common mode rejec-
tion.

15V
INPUTS IN3955 s
+ a1 -
LM101 J ouTPUT
3 + 8
R1 R2 "1
120K 120K
c1
BAL 30 pF
-15V

TL/H/7357-7
Figure 5. FET operational amplifier

storage circuits

A sample-and-hold circuit which combines the low input cur-
rent of FET’s with the low offset voltage of monolithic ampli-
fiers is shown in Figure 6. The circuit is a unity gain amplifier
employing an operational amplifier and an FET source fol-
lower. In operation, when the sample switch, Q2, is turned
on, it closes the feedback loop to make the output equal to
the input, differing only by the offset voltage of the LM101.
When the switch is opened, the charge stored on C2 holds
the output at a level equal to the last value of the input
voltage.

Some care must be taken in the selection of the holding
capacitor. Certain types, including paper and mylar, exhibit a
polarization phenomenon which causes the sampled volt-
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30 pF

Figure 6. Low drift sample and hold

age to drop off by about 50 mV, and then stabilize, when the
capacitor is exercised over a 5V range during the sample
interval. This drop off has a time constant in the order of
seconds. The effect, however, can be minimized by using
capacitors with teflon, polyethylene, glass or polycarbonate
dielectrics.

Although this circuit does not have a particularly low output
resistance, fixed loads do not upset the accuracy since the
loading is automatically compensated for during the sample
interval. However, if the load is expected to change after
sampling, a buffer such as the LM102 must be added be-
tween the FET and the output.

A second pole is introduced into the loop response of the
amplifier by the switch resistance and the holding capacitor,
C2. This can cause problems with overshoot or oscillation if
it is not compensated for by adding a resistor, R1, in series
with the LM101 compensation capacitor such that the
breakpoint of the R1C1 combination is roughly equal to that
of the switch and the holding capacitor.

It is possible to use an MOS transistor for Q1 without worry-
ing about the threshold stability. The threshold voltage is
balanced out during every sample interval so only the short-
term threshold stability is important. When MOS transistors
are used along with mechanical switches, drift rates less
than 10 mV/min can be realized.

Additional features of the circuit are that the amplifier acts
as a buffer so that the circuit does not load the input signal.

QUTPUT ey LM102

b (2
= 0.01 uF

INPUT

<

TL/H/7357-9
Figure 7. Positive peak detector with buffered output

Ci
30 pF

2N3456
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c2°
0.1 puF
SAMPLE
— *Polycarbonate-dielectric capacitor

TL/H/7357-8

Further, gain can also be provided by feeding back to the
inverting input of the LM101 through a resistive divider in-
stead of directly.

The peak detector in Figure 7 is similar in many respects to
the sample-and-hold circuit. A diode is used in place of the
sampling switch. Connected as shown, it will conduct when-
ever the input is greater than the output, so the output will
be equal to the peak value of the input voltage. In this case,
an LM102 is used as a buffer for the storage capacitor,
giving low drift along with a low output resistance.

As with the sample and hold, the differential input voltage
range of the LM101 permits differences between the input
and output voltages when the circuit is holding.

non-linear amplifiers

When a non-linear transfer function is needed from an oper-
ational amplifier, many methods of obtaining it present
themself. However, they usually require diodes and are
therefore difficult to temperature compensate for accurate
breakpoints. One way of getting around this is to make the
output swing so large that the diode threshold is negligible
by comparison, but this is not always practical.

A method of producing very sharp, temperature-stable
breakpoints in the transfer function of an operational ampilifi-
er is shown in Figure 8. For small input signals, the gain is
determined by R1 and R2. Both Q2 and Q3 are conducting
to some degree, but they do not affect the gain because
their current gain is high and they do not feed any apprecia-
ble current back into the summing mode. When the output
voltage rises to 2V (determined by R3, R4 and V™), Q3
draws enough current to saturate, connecting R4 in parallel
with R2. This cuts the gain in half. Similarly, when the output
voltage rises to 4V, Q2 will saturate, again halving the gain.

Temperature compensation is achieved in this circuit by in-
cluding Q1 and Q4. Q4 compensates the emitter-base volt-
age of Q2 and Q3 to keep the voltage across the feedback
resistors, R4 and R6, very nearly equal to the output voltage
while Q1 compensates for the emitter base voltage of these
transistors as they go into saturation, making the voltage
across R3 and R5 equal to the negative supply voltage. A
detrimental effect of Q4 is that it causes the output resist-
ance of the amplifier to increase at high output levels. It may
therefore be necessary to use an output buffer if the circuit
must drive an appreciable load.

servo preamplifier

In certain servo systems, it is desirable to get the rate signal
required for loop stability from some sort of electrical, lead
network. This can, for example, be accomplished with reac-
tive elements in the feedback network of the servo pream-
plifier.
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Figure 8. Nonlinear operational amplifier with temperature-compensated breakpoints

Many saturating servo amplifiers operate over an extremely
wide dynamic range. For example, the maximum error signal
could easily be 1000 times the signal required to saturate
the system. Cases like this create problems with electrical
rate networks because they cannot be placed in any part of
the system which saturates. If the signal into the rate net-
work saturates, a rate signal will only be developed over a
narrow range of system operation; and instability will result
when the error becomes large. Attempts to place the rate
networks in front of the error amplifier or make the error
amplifier linear over the entire range of error signals fre-
quently gives rise to excessive dc error from signal attenua-
tion.

These problems can be largely overcome using the kind of
circuit shown in Figure 9. This amplifier operates in the lin-
ear mode until the output voltage reaches approximately 3V
with 30 pA output current from the solar cell sensors. At this
point the breakdown diodes in the feedback loop begin to
conduct, drastically reducing the gain. However, a rate sig-

LM103
o1 24V 02
R1
270 R3

100K

Prmeeee QUTPUT

c2
30pF

TL/H/7357-11

Figure 9. Saturating servo preamplifier with rate feed-
back

nal will still be developed because current is being fed back
into the rate network (R1, R2 and CH1) just as it would if the
amplifier had remained in the linear operating region. In fact,
the amplifier will not actually saturate until the error current
reaches 6 mA, which would be the same as having a linear
amplifier with a +600V output swing.

computing circuits

In analog computation it is a relatively simple matter to per-
form such operations as addition, subtraction, integration
and differentiation by incorporating the proper resistors and
capacitors in the feedback circuit of an amplifier. Many of
these circuits are described in reference 5. Multiplication
and division, however, are a bit more difficult. These opera-
tions are usually performed by taking the logarithms of the
quantities, adding or subtracting as required and then taking
the antilog.

At first glance, it might appear that obtaining the log of a
voltage is difficult; but it has been shown® that the emitter-
base voltage of a silicon transistor follows the log of its col-
lector current over as many as nine decades. This means
that common transistors can be used to perform the log and
antilog operations.

A circuit which performs both multiplication and division in
this fashion is shown in Figure 10. It gives an output which is
proportional to the product of two inputs divided by a third,
and it is about the same complexity as a divider alone.

The circuit consists of three log converters and an antilog
generator. Log converters similar to these have been de-
scribed elsewhere,” but a brief description follows. Taking
amplifier A1, a logging transistor, Q1, is inserted in the feed-
back loop such that its collector current is equal to the input
voltage divided by the input resistor, R1. Hence, the emitter-
base voltage of Q1 will vary as the log of the input voltage
E1.

A2 is a similar amplifier operating with logging transistor,
Q2. The emitter-base junctions of Q1 and Q2 are connected
in series, adding the log voltages. The third log converter
produces the log of E3. This is series-connected with the
antilog transistor, Q4; and the combination is hooked in par-
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Figure 10. Analog multiplier/divider

allel with the output of the other two log convertors. There-
fore, the emitter-base of Q4 will see the log of E3 subtracted
from the sum of the logs of E1 and E2. Since the collector
current of a transistor varies as the exponent of the emitter-
base voltage, the collector current of Q4 will be proportional
to the product of E1 and E2 divided by E3. This current is
fed to the summing amplifier, A4, giving the desired output.
This circuit can give 1-percent accuracy for input voltages
from 500 mV to 50V. To get this precision at lower input
voltages, the offset of the amplifiers handling them must be
individually balanced out. The zener diode, D4, increases
the the collector-base voltage across the logging transistors
to improve high current operation. It is not needed, and is in
fact undesirable, when these transistors are running at cur-
rents less than 0.3 mA. At currents above 0.3 mA, the lead
resistances of the transistors can become important (0.25Q
is 1-percent at 1 mA) so the transistors should be installed
with short leads and no sockets.

An important feature of this circuit is that its operation is
independent of temperature because the scale factor
change in the log converter with temperature is compensat-
ed by an equal change in the scale factor of the antilog
generator. It is only required that Q1, Q2, Q3 and Q4 be at
the same temperature. Dual transistors should be used and
arranged as shown in the figure so that thermal mismatches

between cans appear as inaccuracies in scale factor (0.3-
percent/°C) rather than a balance error (8-percent/°C). R12
is a balance potentiometer which nulls out the offset volt-
ages of all the logging transistors. It is adjusted by setting all
input voltages equal to 2V and adjusting for a 2V output
voltage.

The logging transistors provide a gain which is dependent
on their operating level, which complicates frequency com-
pensation. Resistors (R3, R6 and R7) are put in the amplifier
output to limit the maximum loop gain, and the compensa-
tion capacitor is chosen to correspond with this gain. As a
result, the amplifiers are not especially designed for speed,
but techniques for optimizing this parameter are given in
reference 6.

Finally, clamp diodes D1 through D3, prevent exceeding the
maximum reverse emitter-base voltage of the logging tran-
sistors with negative inputs.

root extractor*

Taking the root of a number using log converters is a fairly
simple matter. All that is needed is to take the log of a
voltage, divide it by, say Y., for the square root, and then

*The “extraction” used here doubtless has origin in the dental operation
most of us would fear less than having to find even a square root without
tables or other aids.
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a. measuring loop gain
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b. typical response

Figure 12. lllustrating loop gain

take the antilog. A circuit which accomplishes this is shown
in Figure 11. A1 and Q1 form the log converter for the input
signal. This feeds Q2 which produces a level shift to give
zero voltage into the R4, R5 divider for a 1V input. This
divider reduces the log voltage by the ratio for the root de-
sired and drives the buffer amplifier, A2. A2 has a second
level shifting diode, Q3, its feedback network which gives
the output voltage needed to get a 1V output from the anti-
log generator, consisting of A3 and Q4, with a unity input.
The offset voltages of the transistors are nulled out by im-
balancing R6 and R8 to give 1V output for 1V input, since
any root of one is one.

Q2 and Q3 are connected as diodes in order to simplify the
circuitry. This doesn’t introduce problems because both op-
erate over a very limited current range, and it is really only
required that they match. R7 is a gain-compensating resis-
tor which keeps the currents in Q2 and Q3 equal with
changes in signal level.

As with the multiplier/divider, the circuit is insensitive to
temperature as long as all the transistors are at the same
temperature. Using transistor pairs and matching them as
shown minimizes the effects of gradients.

The circuit has 1-percent accuracy for input voltages be-
tween 0.5 and 50V. For lower input voltages, A1 and A3
must have their offsets balanced out individually.

frequency compensation hints

The ease of designing with operational amplifiers some-
times obscures some of the rules which must be followed
with any feedback amplifier to keep it from oscillating. In
general, these problems stem from stray capacitance, ex-
cessive capacitive loading, inadequate supply bypassing or
improper frequency compensation.

In frequency compensating an operational amplifier, it is
best to follow the manufacturer’s recommendations. How-
ever, if operating speed and frequency response is not a
consideration, a greater stability margin can usually be ob-
tained by increasing the size of the compensation capaci-
tors. For example, replacing the 30 pF compensation ca-
pacitor on the LM101 with a 300 pF capacitor will make it
ten times less susceptible to oscillation problems in the uni-
ty-gain connection. Similarly, on the LM709, using 0.05 pF,
1.5 k2, 2000 pF and 512 components instead of 5000 pF,
1.5 k2, 200 pF and 510 will give 20 dB more stability mar-
gin. Capacitor values less than those specified by the manu-
facturer for a particular gain connection should not be used
since they will make the amplifier more sensitive to strays

and capacitive loading, or the circuit can even oscillate with
worst-case units.

The basic requirement for frequency compensating a feed-
back ampilifier is to keep the frequency roll-off of the loop
gain from exceeding 12 dB/octave when it goes through
unity gain. Figure 12a shows what is meant by loop gain.
The feedback loop is broken at the output, and the input
sources are replaced by their equivalent impedance. Then
the response is measured such that the feedback network
is included.

Figure 12b gives typical responses for both uncompensated
and compensated amplifiers. An uncompensated amplifier
generally rolls off at 6 dB/octave, then 12 dB/octave and
even 18 dB/octave as various frequency-limiting effects
within the amplifier come into play. If a loop with this kind of
response were closed, it would oscillate. Frequency com-
pensation causes the gain to roll off at a uniform 6 dB/oc-
tave right down through unity gain. This allows some margin
for excess rolloff in the external circuitry.

Some of the external influences which can affect the stabili-
ty of an operational amplifier are shown in Figure 13. One is
the load capacitance which can come from wiring, cables or
an actual capacitor on the output. This capacitance works
against the output impedance of the amplifier to attenuate
high frequencies. If this added rolloff occurs before the loop
gain goes through zero, it can cause instability. It should be
remembered that this single rolloff point can give more than
6 dB/octave rolloff since the output impedance of the ampli-
fier can be increasing with frequency.
R3
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Figure 13. External capacitances that affect stability
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A second source of excess rolloff is stray capacitance on
the inverting input. This becomes extremely important with
large feedback resistors as might be used with an FET-input
amplifier. A relatively simple method of compensating for
this stray capacitance is shown in Figure 74: a lead capaci-
tor, C1, put across the feedback resistor. Ideally, the ratio of
the stray capacitance to the lead capacitor should be equal
to the closed-loop gain of the amplifier. However, the lead
capacitor can be made larger as long as the amplifier is
compensated for unity gain. The only disadvantage of doing
this is that it will reduce the bandwidth of the amplifier. Os-
cillations can also result if there is a large resistance on the
non-inverting input of the amplifier. The differential input im-
pedance of the amplifier falls off at high frequencies (espe-
cially with bipolar input transistors) so this resistor can pro-
duce troublesome rolloff if it is much greater than 10K, with
most amplifiers. This is easily corrected by bypassing the
resistor to ground.

When the capacitive load on an integrated amplifier is much
greater than 100 pF, some consideration must be given to
its effect on stability. Even though the amplifier does not
oscillate readily, there may be a worst-case set of condi-
tions under which it will. However, the amplifier can be stabi-
lized for any value of capacitive loading using the circuit

Ein

TL/H/7357-17

Figure 14. Compensating stray input capacitance
shown in Figure 15. The capacitive load is isolated from the
output of the amplifier with R4 which has a value of 50Q to
1000 for both the LM101 and the LM7089. At high frequen-
cies, the feedback path is through the lead capacitor, C1, so
that the lag produced by the load capacitance does not

TL/H/7357-18
Figure 15. Compensating for very large capacitive loads

cause instability. To use this circuit, the amplifier must be
compensated for unity gain, regardiess of the closed loop
dc gain. The value of C1 is not too important, but at a mini-
mum its capacitive reactance should be one-tenth the re-
sistance of R2 at the unity-gain crossover frequency of the
amplitier.

When an operational amplifier is operated open loop, it
might appear at first glance that it needs no frequency com-
pensation. However, this is not always the case because
the external compensation is sometimes required to stabi-
lize internal feedback loops.

The LM101 will not oscillate when operated open loop, al-
though there may be problems if the capacitance between
the balance terminal on pin 5§ and the output is not held to
an absolute minimum. Feedback between these two points
is regenerative if it is not balanced out with a larger feed-
back capacitance across the compensation terminals. Usu-
ally a 3 pF compensation capacitor will completely eliminate
the problem. The LM709 will oscillate when operated open
loop unless a 10 pF capacitor is connected across the input
compensation terminals and a 3 pF capacitor is connected
on the output compensation terminals.

Problems encountered with supply bypassing are insidious
in that they will hardly ever show up in a Nyquist plot. This
problem has not really been thoroughly investigated, proba-
bly because one sure cure is known: bypass the positive
and negative supply terminals of each amplifier to ground
with at least a 0.01 uF capacitor.

For example, a LM101 can take over 1 mH inductance in
either supply lead without oscillation. This should not sug-
gest that they should be run without bypass capacitors. It
has been established that 100 LM101’s on a single printed
circuit board with common supply busses will oscillate if the
supplies are not bypassed about every fifth device. This
happens even though the inputs and outputs are completely
isolated.

The LM709, on the other hand, will oscillate under many
load conditions with as little as 18 inches of wire between
the negative supply lead and a bypass capacitor. Therefore,
it is almost essential to have a set of bypass capacitors for
every device.

Operational amplifiers are specified for power supply rejec-
tion at frequencies less than the first break frequency of the
open loop gain. At higher frequencies, the rejection can be
reduced depending on how the amplifier is frequency com-
pensated. For both the LM101 and LM709, the rejection of
high frequency signals on the positive supply is excellent.
However, the situation is different for the negative supplies.
These two amplifiers have compensation capacitors from
the output down to a signal point which is referred to the
negative supply, causing the high frequency rejection for the
negative supply to be much reduced. It is therefore impor-
tant to have sufficient bypassing on the negative supply to
remove transients if they can cause trouble appearing on
the output. One fairly large (22 nF) tantalum capacitor on
the negative power lead for each printed-circuit card is usu-
ally enough to solve potential problems.

When high-current buffers are used in conjunction with op-
erational amplifiers, supply bypassing and decoupling are
even more important since they can feed a considerable
amount of signal back into the supply lines. For reference,
bypass capacitors of at least 0.1 uF are required for a
50 mA buffer.

When emitter followers are used to drive long cables, addi-
tional precautions are required. An emitter follower by it-




self—which is not contained in a feedback loop—will fre-
quently oscillate when connected to a long length of cable.
When an emitter follower is connected to the output of an
operational amplifier, it can produce oscillations that will
persist no matter how the loop gain is compensated. An
analysis of why this happens is not very enlightening, so
suffice it to say that these oscillations can usually be elimi-
nated by putting a ferrite bead8 between the emitter follower
and the cable.

Considering the loop gain of an amplifier is a valuable tool in
understanding the influence of various factors on the stabili-
ty of feedback amplifiers. But it is not too helpful in deter-
mining if the amplifier is indeed stable. The reason is that
most problems in a well-designed system are caused by
secondary effects—which occur only under certain condi-
tions of output voltage, load current, capacitive loading,
temperature, etc. Making frequency-phase plots under all
these conditions would require unreasonable amounts of
time, so it is invariably not done.

A better check on stability is the small-signal transient re-
sponse. It can be shown mathematically that the transient
response of a network has a one-for-one correspondence
with the frequency domain response.t The advantage of
transient response tests is that they are displayed instanta-
neously on an oscilloscope, so it is reasonable to test a
circuit under a wide range of conditions.

Exact methods of analysis using transient response will not
be presented here. This is not because these methods are
difficult, although they are. Instead, it is because it is very
easy to determine which conditions are unfavorable from
the overshoot and ringing on the step response. The stabili-
ty margin can be determined much more easily by how
much greater the aggravating conditions can be made be-
fore the circuit oscillates than by analysis of the response
under given conditions. A little practice with this technique
can quickly yield much better results than classical methods
even for the inexperienced engineer.

summary
A number of circuits using operational amplifiers have been
proposed to show their versatility in circuit design. These
have ranged from low frequency oscillators through circuits
for complex analog computation. Because of the low cost of

monolithic amplifiers, it is almost foolish to design dc ampli-
fiers without integrated circuits. Moreover, the price makes it
practical to take advantage of operational-amplifier perform-
ance in a variety of circuits where they are not normally
used.

Many of the potential oscillation problems that can be en-
countered in both discrete and integrated operational ampli-
fiers were described, and some conservative solutions to
these problems were presented. The areas discussed in-
cluded stray capacitance, capacitive loading and supply by-
passing. Finally, a simplified method of quickly testing the
stability of amplifier circuits over a wide range of operating
conditions was suggested.

The frequency-domain characteristics can be determined from the impulse
response of a network and this is directly relatable to the step response
through the convolution integral.
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Application of the LH0002
Current Amplifier

INTRODUCTION

The LH0002 Current Amplifier integrated building block pro-
vides a wide band unity gain amplifier capable of providing
peak currents of up to £200 mA into a 50Q load.

The circuit uses thick film technology to integrate 2 NPN
and 2 PNP complementary matched silicon transistors with
4 cermet resistors on a single alumina ceramic substrate. A
circuit schematic is shown in Figure 1. The negative thermal
feedback provided by the close proximity of the compo-
nents on a single substrate eliminates any thermal runaway
problem that could occur if this circuit were constructed us-
ing discrete components.

A typical circuit features a dynamic input impedance of
200 k£, an output impedance of 62, DC to 50 MHz band-
width, and an output voltage swing that approaches supply
voltage. A complete list of the guaranteed and typical values
for the electrical characteristics under the stated conditions
is given in Table I. These features make the LHO002 ideal
for integration with an operational amplifier inside a closed
loop configuration to increase its current output. The sym-
metrical class AB output portion of the circuit also provides
a constant low output impedance for both the positive and
negative slopes of output pulses.

CIRCUIT OPERATION
The maijority of circuit applications will use symmetrical pow-

National Semiconductor
Application Note 13
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er supplies, with equal positive voltage being applied to pins o . TL/K/7315-1
1 and 2, and equal negative voltage applied to pins 6 and 7. FIGURE 1. Circuit Schematic
TABLE . Electrical characteristics, specification applies for Ty = 25°C
with +12.0V on pins 1and 2; —12.0V on pins 6 and 7.
Parameters Conditions Min Typ Max Units

Voltage Gain Rs = 10kQ, R = 1.0k

VIN = 3.0 Vpp, f = 1.0 kHz 0.95 0.97

Ta = 55°Cto 125°C
Input Impedance Rs = 200 kQ, V|Ny = 1.0 Vims,

f = 1.0 kHz, R = 1.0 kQ 180 200 - ka
Output Impedance VIN = 1.0 Vipg, f = 1.0 kHz 6 10 Q

RL = 500, Rg = 10 k)
Output Voltage Swing RL =1.0kQ, f = 1.0kHz +10 11 —_ \
DC Input Offset Voltage Rs =10k, R = 1.0k

— + +

T = —55°Cto 125°C =40 =100 mv

DC Input Offset Current Rs = 10k, RL = 1.0kQ
! — +6. * A

Tp = —55°Cto 125°C 6.0 10 H
Harmonic Distortion VIN = 5.0 Vimg, f = 1.0 kHz — 0.1 — %
Bandwidth ViN = 1.0 Vims, RL = 500

Re = 1000 30 50 MHz
Positive Supply Current Rs = 10kQ, R = 1 kO —_ +6.0 +10.0 mA
Negative Supply Current Rs = 10kQ, R = 1kQ — -6.0 —-10.0 mA




The reason that pin 2 and pin 6 are not connected internally
to pin 1 and pin 7, respectively, is to increase the versatility
of circuit operation by allowing a decreased voltage to be
applied to pins 2 and 6 to minimize the power dissipation in
Q3 and Q4. The larger voltage applied to the input stage
also provides increased current drive as required to the out-
put stage.

The operation of the circuit can be understood by consider-
ing that the input pin 8 is at ViN. The emitter of Q1 will be
approximately 0.6V more positive than V|y at 25°C, and the
converse is true for Q2. This 0.6V will provide a forward bias
on Q3 to cancel out the Q1 base to emitter drop which in
turn would provide V| at the output if all junctions, resistors,
power supplies, etc., were electrically identical. The greatest
error is introduced because the forward drops in the base-
emitter junctions for the NPN and PNP devices are slightly
different. For example, the Vgg of the NPN will be typically
0.6V and the Vgg of the PNP will be typically 0.64V under
the same conditions of Ic = 2.4 mA at Vgg = 12.0V at
25°C. These are the approximate input stage circuit condi-
tions for Q1 and Q2 for plus and minus 12V supplies. Fortu-
nately, this error in both input and output offset voltage is
almost always negligible when it is used inside the closed
loop of a high gain operational amplifier.

A plot of input impedance vs frequency is shown in Figure 2.
Inspection of this plot shows that the input impedance can
be closely approximated to that of a simple first order linear
network with a 45° phase lag at 0.6 MHz and a 90° phase
lag at approximately one decade higher in frequency. This
information is very useful for designers who have to inte-
grate circuits which have large source impedances over a
wide frequency range. The output impedance of the amplifi-
er is very low, 69 typically, and in conjunction with a voltage
bandwidth of approximately 50 MHz can be considered to
be insignificant for most applications for this type of device.

A plot of the voltage bandwidth is shown in Figure 3. Inspec-
tion of this plot shows that phase information as well as gain
information was included to assist users of this device. For
example, at 10 MHz, less than an 8° phase lag would be
subtracted from the phase margin of an operational amplifi-
er when it is integrated with this device. The open loop gain
of the operational amplifier would be decreased by less than
10% at 10 MHz and therefore can be considered to be in-
significant for most applications.

INPUT IMPEDANCE (MAGNITUDE AND PHASE) Lt -100

Vin= 0.3V rms, Ry = 50 ohms, Vy = + 12,0V
— ‘onn Ry = 10K ohms, To = 25°C
% -80
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@
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= ™ @
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TL/K/7316-2

FIGURE 2. Input Impedance vs Frequency
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FIGURE 3. Frequency Response

APPLICATIONS

Figure 4 shows the LH0002 integrated with the LH0005 to
provide differential inputs and outputs. In order for this cir-
cuit to function properly, a load must be floated between the
outputs of the two devices to provide a complete loop of
feedback. A differential head on a scope across the load
presents a true waveform of the actual signal being applied
to it. If only one end of the load is displayed, it will appear
distorted because this information is being fed back nega-
tively to the input in order to cancel out the loop distortion of
the overall amplifier. With the compensation shown, a 20V
peak to peak signal can be applied to a 1009 load to 80
kHz. The overall circuit is approximately 33% efficient under
these conditions. A derating factor and/or heat sink must be
used at higher temperatures, as shown by the LH0002 and
LHO005 data sheets.

Additional output power could also be obtained by connect-
ing another LHO002 to pin 9 of the operational amplifier.
The overall load distortion under high circuit voltage gain
configurations would also be reduced using two LH0002's
because the LHO002 is more linear than the simple output
circuits of these particular operational amplifiers.

Figure 5 shows the LH0002 integrated with the LM101 in a
booster follower configuration. The configuration is stable
without the requirement for any external compensation;
however, it would behoove the designer to be conservative
and bypass both the negative and positive power supplies
with at least a 0.01 uf capacitor to cancel out any power
supply lead inductance. A 10092 damping resistor, located
right at the input of the LH0002, might also be required be-
tween the operational amplifier and the booster amplifier.
The physical layout will determine the requirement for this
type of oscillation suppression. Current limiting can be add-
ed by incorporating series resistors from pins 2 and 6 to
their respective power supplies. The exact value would be a
function of power supply voltage and required operating
temperature.

A breadboard of this configuration was assembled to empiri-
cally check the increase in offset voltage due to the addition
of the LHO002. The offset voltage was measured with and
without an LHO002 inside the loop with a voltage gain of
100, at —55°C, 25°C and 125°C. The additional offset volt-
age was less than 0.3% for all three temperature conditions
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FIGURE 4. Differential Input-Output Operational Amplifier Integration

even though the offset voltage of the LH0002 is much high-
er than that of the LM101. The high open loop gain of the
LM101 divides out this source of circuit error. The integra-
tion of this device also allows higher closed loop circuit gain
without excessive cross-over distortion than would be ob-
tainable with the simple booster amplifier shown in Figure 6.

Figure 7 shows the LH0002 being used as a level shifter
with a high pass filter on the input in order to reference the
output to zero quiescent volts. The purpose of the 10 k2
resistor is to provide current bias to the circuit’s input tran-
sistors to reduce the output offset voltage. Figure 3, Input

Impedance vs Frequency, provides a useful design aid in
order to determine the value of the capacitor for the particu-
lar application. The 10 kQ resistor, of course, has to be
considered as being in parallel with the circuit’s input imped-
ance.

For a pulse input signal, the output impedance of the circuit
remains low for both the positive and negative portions of
the output pulse. This circuit provides both fast rise and fall
times for pulse signals, even with capacitive loading. The
LH0002 data sheet shows typical rise and fall times for both
positive and negative pulses into a 509 load.

vt

Vin Vour

TL/K/7315-5

FIGURE 5. LM101-LH0002 Booster Amplifier Integration

v-
TL/K/7315-6
FIGURE 6. Simple Booster Amplifier
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FIGURE 7. Level Shifter
Figure 8 shows the LH0002 being used to drive a pulse-
transformer. The low output offset voltage allows the pulse
transformer to be directly coupled to the amplifier without
using a coupling capacitor to prevent saturation. The pulse
transformer can be used to change the amplitude and im-

TL/K/7315-7

Vour

TL/K/7315-8
FIGURE 8. Driver for a Pulse-Transformer

pedance level of the pulse, the polarity of the pulses, or,
with the aid of a center-tapped winding, positive and nega-
tive pulses simultaneously.

The LHO002 can also be used to drive long transmission
lines. Figure 9 shows a circuit configuration to match the
output impedance of the amplifier to the load and coaxial
cable for proper line termination to minimize reflections. A
capacitor can be added to empirically adjust the time re-
sponse of the waveform.

Select capacitor to adjust time response of pulse.

5052 CABLE

TL/K/7315-9
FIGURE 9. Transmission Line Driver

SUMMARY

The multitude of different applications suggested in this arti-
cle shows the versatility of the LH0002. The applications
specially covered were for a differential input-output opera-
tional amplifier, booster amplifier, level shifter, driver for a
pulse-transformer, and transmission line driver.
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An Applications Guide for
Op Amps

INTRODUCTION

The general utility of the operational amplifier is derived
from the fact that it is intended for use in a feedback loop
whose feedback properties determine the feed-forward
characteristics of the amplifier and loop combination. To suit
it for this usage, the ideal operational amplifier would have
infinite input impedance, zero output impedance, infinite
gain and an open-loop 3 dB point at infinite frequency rolling
off at 6 dB per octave. Unfortunately, the unit cost-in quan-
tity-would also be infinite.

Intensive development of the operational amplifier, particu-
larly in integrated form, has yielded circuits which are quite
good engineering approximations of the ideal for finite cost.
Quantity prices for the best contemporary integrated amplifi-
ers are low compared with transistor prices of five years
ago. The low cost and high quality of these amplifiers allows
the implementation of equipment and systems functions im-
practical with discrete components. An example is the low
frequency function generator which may use 15 to 20 opera-
tional amplifiers in generation, wave shaping, triggering and
phase-locking.

The availability of the low-cost integrated amplifier makes it
mandatory that systems and equipments engineers be fa-
miliar with operational amplifier applications. This paper will
present amplifier usages ranging from the simple unity-gain
buffer to relatively complex generator and wave shaping cir-
cuits. The general theory of operational amplifiers is not
within the scope of this paper and many excellent refer-
ences are available in the literature.1.2.3.4 The approach will
be shaded toward the practical, amplifier parameters will be
discussed as they affect circuit performance, and applica-
tion restrictions will be outlined.

The applications discussed will be arranged in order of in-
creasing complexity in five categories: simple ampilifiers, op-
erational circuits, transducer amplifiers, wave shapers and
generators, and power supplies. The integrated amplifiers
shown in the figures are for the most part internally compen-

National Semiconductor
Application Note 20

sated so frequency stabilization components are not shown;
however, other amplifiers may be used to achieve greater
operating speed in many circuits as will be shown in the text.
Amplifier parameter definitions are contained in Appendix I.

THE INVERTING AMPLIFIER

The basic operational amplifier circuit is shown in Figure 1.
This circuit gives closed-loop gain of R2/R1 when this ratio
is small compared with the amplifier open-loop gain and, as
the name implies, is an inverting circuit. The input imped-
ance is equal to R1. The closed-loop bandwidth is equal to
the unity-gain frequency divided by one plus the closed-loop
gain.

The only cautions to be observed are that R3 should be
chosen to be equal to the parallel combination of R1 and R2
to minimize the offset voltage error due to bias current and
that there will be an offset voltage at the amplifier output
equal to closed-loop gain times the offset voltage at the
amplifier input.

R2

Vour

Vour = B2y,
ouT R1 IN
R3 = R1 || R2

For minimum error due
to input bias current

TL/H/6822-1

FIGURE 1. Inverting Amplifier

Offset voltage at the input of an operational amplifier is
comprised of two components, these components are iden-
tified in specifying the amplifier as input offset voltage and
input bias current. The input offset voltage is fixed for a
particular amplifier, however the contribution due to input
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bias current is dependent on the circuit configuration used.
For minimum offset voltage at the amplifier input without
circuit adjustment the source resistance for both inputs
should be equal. In this case the maximum offset voltage
would be the algebraic sum of amplifier offset voltage and
the voltage drop across the source resistance due to offset
current. Amplifier offset voltage is the predominant error
term for low source resistances and offset current causes
the main error for high source resistances.

In high source resistance applications, offset voltage at the
amplifier output may be adjusted by adjusting the value of
R3 and using the variation in voltage drop across it as an
input offset voltage trim.

Offset voltage at the amplifier output is not as important in
AC coupled applications. Here the only consideration is that
any offset voltage at the output reduces the peak to peak
linear output swing of the amplifier.

The gain-frequency characteristic of the amplifier and its
feedback network must be such that oscillation does not
occur. To meet this condition, the phase shift through ampli-
fier and feedback network must never exceed 180° for any
frequency where the gain of the amplifier and its feedback
network is greater than unity. In practical applications, the
phase shift should not approach 180° since this is the situa-
tion of conditional stability. Obviously the most critical case
occurs when the attenuation of the feedback network is
zero.

Amplifiers which are not internally compensated may be
used to achieve increased performance in circuits where
feedback network attenuation is high. As an example, the
LM101 may be operated at unity gain in the inverting amplifi-
er circuit with a 15 pF compensating capacitor, since the
feedback network has an attenuation of 6 dB, while it re-
quires 30 pF in the non-inverting unity gain connection
where the feedback network has zero attenuation. Since
amplifier slew rate is dependent on compensation, the
LM101 slew rate in the inverting unity gain connection will
be twice that for the non-inverting connection and the in-
verting gain of ten connection will yield eleven times the
slew rate of the non-inverting unity gain connection. The
compensation trade-off for a particular connection is stabili-
ty versus bandwidth, larger values of compensation capaci-
tor yield greater stability and lower bandwidth and vice
versa.

The preceding discussion of offset voltage, bias current and
stability is applicable to most amplifier applications and will
be referenced in later sections. A more complete treatment
is contained in Reference 4.

THE NON-INVERTING AMPLIFIER

Figure 2 shows a high input impedance non-inverting circuit.
This circuit gives a closed-loop gain equal to the ratio of the
sum of R1 and R2 to R1 and a closed-loop 3 dB bandwidth
equal to the amplifier unity-gain frequency divided by the
closed-loop gain.

The primary differences between this connection and the
inverting circuit are that the output is not inverted and that
the input impedance is very high and is equal to the differen-
tial input impedance multiplied by loop gain. (Open loop
gain/Closed loop gain.) In DC coupled applications, input
impedance is not as important as input current and its volt-
age drop across the source resistance.

Applications cautions are the same for this amplifier as for
the inverting amplifier with one exception. The amplifier out-
put will go into saturation if the input is allowed to float. This
may be important if the amplifier must be switched from
source to source. The compensation trade off discussed for
the inverting amplifier is also valid for this connection.

Vin

Vour

_R1+R2
R1
R1 | R2 = Rsource

For minimum error due
[—J to input bias current

Vourt VIN

R1

TL/H/6822-2
FIGURE 2. Non-Inverting Amplifier

THE UNITY-GAIN BUFFER

The unity-gain buffer is shown in Figure 3. The circuit gives
the highest input impedance of any operational amplifier cir-
cuit. Input impedance is equal to the differential input imped-
ance multiplied by the open-loop gain, in parallel with com-
mon mode input impedance. The gain error of this circuit is
equal to the reciprocal of the amplifier open-loop gain or to
the common mode rejection, whichever is less.

3
Vin

Vour
Vout = ViIN
R1 = Rsource
For minimum error due
to input bias current
TL/H/6822-3
FIGURE 3. Unity Gain Buffer
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Input impedance is a misleading concept in a DC coupled
unity-gain buffer. Bias current for the amplifier will be sup-
plied by the source resistance and will cause an error at the
amplifier input due to its voliage drop across the source
resistance. Since this is the case, a low bias current amplifi-
er such as the LH1026 should be chosen as a unity-gain
buffer when working from high source resistances. Bias cur-
rent compensation techniques are discussed in Reference
5.

The cautions to be observed in applying this circuit are
three: the amplifier must be compensated for unity gain op-
eration, the output swing of the amplifier may be limited by
the amplifier common mode range, and some amplifiers ex-
hibit a latch-up mode when the amplifier common mode
range is exceeded. The LM107 may be used in this circuit
with none of these problems; or, for faster operation, the
LM102 may be chosen.

Vi
V2

Vi

Vour

Vi, V2 V3
= - a,2,.3
Vour = ~Rd (m R2 " R3
R5 = R1 || R2 | R3 || R4
For minimum offset error due
to input bias current

TL/H/6822-4

FIGURE 4. Summing Amplifier

SUMMING AMPLIFIER

The summing amplifier, a special case of the inverting am-
plifier, is shown in Figure 4. The circuit gives an inverted
output which is equal to the weighted algebraic sum of all
three inputs. The gain of any input of this circuit is equal to
the ratio of the appropriate input resistor to the feedback
resistor, R4. Amplifier bandwidth may be calculated as in
the inverting amplifier shown in Figure 1 by assuming the
input resistor to be the parallel combination of R1, R2, and
R3. Application cautions are the same as for the inverting
amplifier. If an uncompensated amplifier is used, compensa-
tion is calculated on the basis of this bandwidth as is dis-
cussed in the section describing the simple inverting amplifi-
er.

The advantage of this circuit is that there is no interaction
between inputs and operations such as summing and
weighted averaging are implemented very easily.

THE DIFFERENCE AMPLIFIER

The difference amplifier is the complement of the summing
amplifier and allows the subtraction of two voltages or, as a
special case, the cancellation of a signal common to the
two inputs. This circuit is shown in Figure 5 and is useful as
a computational amplifier, in making a differential to single-
ended conversion or in rejecting a common mode signal.

)

Vour

v _(R1+R2)y _R2,
OUT~ \Rs+R4/RT 2RI

For R1 = R3 and R2 = R4
R2
= — (Vo —
Vout = g7 (V2 Vi)

R1||R2 = R3 | R4
For minimum offset error
due to input bias current

TL/H/6822-5

FIGURE 5. Difference Amplifier

Circuit bandwidth may be calculated in the same manner as
for the inverting amplifier, but input impedance is somewhat
more complicated. Input impedance for the two inputs is not
necessarily equal; inverting input impedance is the same as
for the inverting amplifier of Figure 7 and the non-inverting
input impedance is the sum of R3 and R4. Gain for either
input is the ratio of R1 to R2 for the special case of a differ-
ential input single-ended output where R1 = R3 and R2 =
R4. The general expression for gain is given in the figure.
Compensation should be chosen on the basis of amplifier
bandwidth.

Care must be exercised in applying this circuit since input
impedances are not equal for minimum bias current error.

DIFFERENTIATOR

The differentiator is shown in Figure 6 and, as the name
implies, is used to perform the mathematical operation of
differentiation. The form shown is not the practical form, it is
a true differentiator and is extremely susceptible to high fre-
quency noise since AC gain increases at the rate of 6 dB
per octave. In addition, the feedback network of the differ-
entiator, R1C1, is an RC low pass filter which contributes
90° phase shift to the loop and may cause stability problems
even with an amplifier which is compensated for unity gain.

R1
]

c1

Vour

d
Vout = —R1C1 — (Vin)
R2 dt

R1 = R2
For minimum offset error
- due to input bias current

TL/H/6822-6
FIGURE 6. Differentiator
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FIGURE 7. Practical Differentiator

TL/H/6822-7

A practical differentiator is shown in Figure 7. Here both the
stability and noise problems are corrected by addition of two
additional components, R1 and C2. R2 and C2 form a 6 dB
per octave high frequency roll-off in the feedback network
and R1C1 form a 6 dB per octave roll-off network in the
input network for a total high frequency roll-off of 12 dB per
octave to reduce the effect of high frequency input and am-
plifier noise. In addition R1C1 and R2C2 form lead networks
in the feedback loop which, if placed below the amplifier
unity gain frequency, provide 90° phase lead to compensate
the 90° phase lag of R2C1 and prevent loop instability. A
gain frequency plot is shown in Figure 8 for clarity.

s '\ OPEN LOOP GAIN CURVE
N\,
40
\\
s fn \\
z 7 —
g N,
%
] -
-20
f 100 100f  1000f  10000f

RELATIVE FREQUENCY
TL/H/6822-8
FIGURE 8. Differentiator Frequency Response

INTEGRATOR

The integrator is shown in Figure 9 and performs the mathe-
matical operation of integration. This circuit is essentially

Vour = — '[-tzv dt
ouT R1C1 4 IN

fo= — -
¢ 2mRICH
R1 = R2

For minimum offset error
due to input bias current

FIGURE 9. Integrator

TL/H/6822-9

a low-pass filter with a frequency response decreasing at
6 dB per octave. An amplitude-frequency plot is shown in
Figure 10.

GAIN (dB)

t 10 100f 1000f  10000f
RELATIVE FREQUENCY
TL/H/6822-10

FIGURE 10. Integrator Frequency Response

The circuit must be provided with an external method of
establishing initial conditions. This is shown in the figure as
S1. When Sy is in position 1, the amplifier is connected in
unity-gain and capacitor C1 is discharged, setting an initial
condition of zero volts. When Sj is in position 2, the amplifi-
er is connected as an integrator and its output will change in
accordance with a constant times the time integral of the
input voltage.

The cautions to be observed with this circuit are two: the
amplifier used should generally be stabilized for unity-gain
operation and R2 must equal R1 for minimum error due to
bias current.

SIMPLE LOW-PASS FILTER

The simple low-pass filter is shown in Figure 71. This circuit
has a 6 dB per octave roll-off after a closed-loop 3 dB point
defined by fc. Gain below this corner frequency is defined by
the ratio of R3 to R1. The circuit may be considered as an
AC integrator at frequencies well above fs; however, the
time domain response is that of a single RC rather than an
integral.

Vour

1
= 2rRict
PR
2mR3C1

R3
LR

FIGURE 11. Simple Low Pass Filter

TL/H/6822-11

R2 should be chosen equal to the parallel combination of
R1 and R3 to minimize errors due to bias current. The ampli-
fier should be compensated for unity-gain or an internally
compensated amplifier can be used.
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FIGURE 12. Low Pass Filter Response

A gain frequency plot of circuit response is shown in Figure
12 to illustrate the difference between this circuit and the
true integrator.

THE CURRENT-TO-VOLTAGE CONVERTER

Current may be measured in two ways with an operational
amplifier. The current may be converted into a voltage with
a resistor and then amplified or the current may be injected
directly into a summing node. Converting into voltage is un-
desirable for two reasons: first, an impedance is inserted
into the measuring line causing an error; second, amplifier
offset voltage is also amplified with a subsequent loss of
accuracy. The use of a current-to-voltage transducer avoids
both of these problems.

The current-to-voltage transducer is shown in Figure 13.
The input current is fed directly into the summing node and
the amplifier output voltage changes to extract the same
current from the summing node through R1. The scale fac-
tor of this circuit is R1 volts per amp. The only conversion
error in this circuit is Ipjas Which is summed algebraically with
IIN-

Vour = In R1

TL/H/6822-13
FIGURE 13. Current to Voltage Converter

This basic circuit is useful for many applications other than
current measurement. It is shown as a photocell amplifier in
the following section.

The only design constraints are that scale factors must be
chosen to minimize errors due to bias current and since
voltage gain and source impedance are often indeterminate
(as with photocells) the amplifier must be compensated for
unity-gain operation. Valuable techniques for bias current
compensation are contained in Reference 5.

lcewe a1
P
PC1
LD
L
” 3 Vour
R2
V- -

TL/H/6822-14
FIGURE 14. Amplifier for Photoconductive Cell

PHOTOCELL AMPLIFIERS

Amplifiers for photoconductive, photodiode and photovolta-
ic cells are shown in Figures 14, 15 and 76 respectively.

All photogenerators display some voltage dependence of
both speed and linearity. It is obvious that the current
rhough a photoconductive cell will not display strict propor-
tionality to incident light if the cell terminal voltage is allowed
to vary with cell conductance. Somewhat less obvious is the
fact that photodiode leakage and photovoltaic cell internal
losses are also functions of terminal voltage. The current-to-
voltage converter neatly sidesteps gross linearity problems
by fixing a constant terminal voltage, zero in the case of
photovoltaic cells and a fixed bias voltage in the case of
photoconductors or photodiodes.

lo

- R1
D1
2
J \
3 ouTr
v-
g Vout = R1lp

TL/H/6822-15
FIGURE 15. Photodiode Amplifier

Photodetector speed is optimized by operating into a fixed
low load impedance. Currently available photovoltaic detec-
tors show response times in the microsecond range at zero
load impedance and photoconductors, even though slow,
are materially faster at low load resistances.

Vour

— — Vour = lceLL R1

TL/H/6822-16
FIGURE 16. Photovoltaic Cell Amplifier
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The feedback resistance, R1, is dependent on cell sensitivi-
ty and should be chosen for either maximum dynamic range
or for a desired scale factor. R2 is elective: in the case of
photovoltaic cells or of photodiodes, it is not required in the
case of photoconductive cells, it should be chosen to mini-
mize bias current error over the operating range.

PRECISION CURRENT SOURCE

The precision current source is shown in Figures 17 and 18.
The configurations shown will sink or source conventional
current respectively.

v

‘|o

Vin

at
2N3456

Q2
282219

lo=

ViN = OV

TL/H/6822-17
FIGURE 17. Precision Current Sink

Caution must be exercised in applying these circuits. The
voltage compliance of the source extends from BVggR of
the external transistor to approximately 1 volt more negative
than V|n. The compliance of the current sink is the same in
the positive direction.

The impedance of these current generators is essentially
infinite for small currents and they are accurate so long as
VN is much greater than Vg and Ig is much greater than
Ibias-

The source and sink illustrated in Figures 17 and 18 use an
FET to drive a bipolar output transistor. It is possible to use
a Darlington connection in place of the FET-bipolar combi-
nation in cases where the output current is high and the
base current of the Darlington input would not cause a sig-
nificant error.

R1

Q2
2N2219

ViN
lo =—
O~ Rt
VN S OV

TL/H/6822-18
FIGURE 18. Precision Current Source

The amplifiers used must be compensated for unity-gain
and additional compensation may be required depending on
load reactance and external transistor parameters.

01
1N4611
6.6V

TL/H/6822-19
FIGURE 19a. Positive Voltage Reference

ADJUSTABLE VOLTAGE REFERENCES

Adjustable voltage reference circuits are shown in Figures
79 and 20. The two circuits shown have different areas of
applicability. The basic difference between the two is that
Figure 19 illustrates a voltage source which provides a volt-
age greater than the reference diode while Figure 20 illus-
trates a voltage source which provides a voltage lower than
the reference diode. The figures show both positive and
negative voltage sources.
D1

1N4611
6.6V

TL/H/6822-20
FIGURE 19b. Negative Voltage Reference

High precision extended temperature applications of the cir-
cuit of Figure 19 require that the range of adjustment of
Vour be restricted. When this is done, R1 may be chosen to
provide optimum zener current for minimum zener T.C.
Since Iz is not a function of V+, reference T.C. will be inde-
pendent of V+.
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FIGURE 20a. Positive Voltage Reference

VOUT

TL/H/6822-22
FIGURE 20b. Negative Volitage Reference

The circuit of Figure 20 is suited for high precision extended
temperature service if V+ is reasonably constant since Iz is
dependent on V+. R1, R2, R3, and R4 are chosen to pro-
vide the proper Iz for minimum T.C. and to minimize errors
due to lpjas.

The circuits shown should both be compensated for unity-
gain operation or, if large capacitive loads are expected,
should be overcompensated. Output noise may be reduced
in both circuits by bypassing the amplifier input.

The circuits shown employ a single power supply, this re-
quires that common mode range be considered in choosing
an amplifier for these applications. If the common mode
range requirements are in excess of the capability of the
amplifier, two power supplies may be used. The LH101 may
be used with a single power supply since the common mode
range is from V+ to within approximately 2 volts of V—.

THE RESET STABILIZED AMPLIFIER

The reset stabilized amplifier is a form of chopper-stabilized
amplifier and is shown in Figure 21. As shown, the amplifier
is operated closed-loop with a gain of one.

R1
100K

Vour

*SEE TEXT

TL/H/6822-23
FIGURE 21. Reset Stabilized Amplifier

The connection is useful in eliminating errors due to offset
voltage and bias current. The output of this circuit is a pulse
whose amplitude is equal to V|N. Operation may be under-
stood by considering the two conditions corresponding to
the position of S1. When Sy is in position 2, the amplifier is
connected in the unity gain connection and the voltage at
the output will be equal to the sum of the input offset volt-
age and the drop across R2 due to input bias current. The
voltage at the inverting input will be equal to input offset
voltage. Capacitor C1 will charge to the sum of input offset
voltage and V|y through R1. When C1 is charged, no cur-
rent flows through the source resistance and R1 so there is
no error due to input resistance. Sy is then changed to posi-
tion 1. The voltage stored on C1 is inserted between the
output and inverting input of the amplifier and the output of
the amplifier changes by VN to maintain the amplifier input
at the input offset voltage. The output then changes from
(Vos t+ IpiasR2) to (VIN + IpiasR2) as Sq is changed from
position 2 to position 1. Amplifier bias current is supplied
through R2 from the output of the amplifier or from C2 when
S4 is in position 2 and position 1 respectively. R3 serves to
reduce the offset at the amplifier output if the amplifier must
have maximum linear range or if it is desired to DC couple
the amplifier.

An additional advantage of this connection is that input re-
sistance approaches infinity as the capacitor C1 ap-
proaches full charge, eliminating errors due to loading of the
source resistance. The time spent in position 2 should be
long with respect to the charging time of C1 for maximum
accuracy.

The amplifier used must be compensated for unity gain op-
eration and it may be necessary to overcompensate be-
cause of the phase shift across R2 due to C1 and the ampli-
fier input capacity. Since this connection is usually used at
very low switching speeds, slew rate is not normally a practi-
cal consideration and overcompensation does not reduce
accuracy.
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FIGURE 22.

THE ANALOG MULTIPLIER

A simple embodiment of the analog multiplier is shown in
Figure 22. This circuit circumvents many of the problems
associated with the log-antilog circuit and provides three
quadrant analog multiplication which is relatively tempera-
ture insensitive and which is not subject to the bias current
errors which plague most multipliers.

Circuit operation may be understood by considering A2 as a
controlled gain amplifier, amplifying Vo, whose gain is de-
pendent on the ratio of the resistance of PC2 to R5 and by
considering A1 as a control amplifier which establishes the
resistance of PC2 as a function of V4. In this way it is seen
that Voyr is a function of both V4 and V.

A1, the control amplifier, provides drive for the lamp, L1.
When an input voltage, V4, is present, L1 is driven by A1
until the current to the summing junction from the negative
supply through PC1 is equal to the current to the summing
junction from V4 through R1. Since the negative supply volt-
age is fixed, this forces the resistance of PC1 to a value
proportional to R1 and to the ratio of V4 to V—. L1 also
illuminates PC2 and, if the photoconductors are matched,
causes PC2 to have a resistance equal to PC1.

A2, the controlled gain amplifier, acts as an inverting amplifi-
er whose gain is equal to the ratio of the resistance of PC2
to R5. If R5 is chosen equal to the product of R1 and V—,
then Voyt becomes simply the product of V4 and Va. RS
may be scaled in powers of ten to provide any required
output scale factor.

PC1 and PC2 should be matched for best tracking over tem-
perature since the T.C. of resistance is related to resistance
match for cells of the same geometry. Small mismatches
may be compensated by varying the value of R5 as a scale
factor adjustment. The photoconductive cells should re-
ceive equal illumination from L1, a convenient method is to

TL/H/6822-24

Analog Multiplier

mount the cells in holes in an aluminum block and to mount
the lamp midway between them. This mounting method pro-
vides controlled spacing and also provides a thermal bridge
between the two cells to reduce differences in cell tempera-
ture. This technique may be extended to the use of FET’s or
other devices to meet special resistance or environment re-
quirements.

The circuit as shown gives an inverting output whose magni-
tude is equal to one-tenth the product of the two analog
inputs. Input V is restricted to positive values, but Vo may
assume both positive and negative values. This circuit is
restricted to low frequency operation by the lamp time con-
stant.

R2 and R4 are chosen to minimize errors due to input offset
current as outlined in the section describing the photocell
amplifier. R3 is included to reduce in-rush current when first
turning on the lamp, L1.

THE FULL-WAVE RECTIFIER

AND AVERAGING FILTER

The circuit shown in Figure 23 is the heart of an average
reading, rms calibrated AC voltmeter. As shown, itis a recti-
fier and averaging filter. Deletion of C2 removes the averag-
ing function and provides a precision full-wave rectifier, and
deletion of C1 provides an absolute value generator.

Circuit operation may be understood by following the signal
path for negative and then for positive inputs. For negative
signals, the output of amplifier A1 is clamped to +0.7V by
D1 and disconnected from the summing point of A2 by D2.
A2 then functions as a simple unity-gain inverter with input
resistor, R1, and feedback resistor, R2, giving a positive go-
ing output.

For positive inputs, A1 operates as a normal amplifier con-
nected to the A2 summing point through resistor, R5. Ampli-
fier A1 then acts as a simple unity-gain inverter with input
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FIGURE 23. Full-Wave Rectifier and Averaging Filter

resistor, R3, and feedback resistor, R5. A1 gain accuracy is
not affected by D2 since it is inside the feedback loop. Posi-
tive current enters the A2 summing point through resistor,
R1, and negative current is drawn from the A2 summing
point through resistor, R5. Since the voltages across R1 and
R5 are equal and opposite, and R5 is one-half the value of
R1, the net input current at the A2 summing point is equal to
and opposite from the current through R1 and amplifier A2
operates as a summing inverter with unity gain, again giving
a positive output.

The circuit becomes an averaging filter when C2 is connect-
ed across R2. Operation of A2 then is similar to the Simple
Low Pass Filter previously described. The time constant
R2C2 should be chosen to be much larger than the maxi-
mum period of the input voltage which is to be averaged.
Capacitor C1 may be deleted if the circuit is to be used as

thia A tha i
an absolute value generator. When this is done, the circuit

output will be the positive absolute value of the input volt-
age.

The amplifiers chosen must be compensated for unity-gain
operation and R6 and R7 must be chosen to minimize out-
put errors due to input offset current.

SINE WAVE OSCILLATOR

An amplitude-stabilized sine-wave oscillator is shown in Fig-
ure 24. This circuit provides high purity sine-wave output
down to low frequencies with minimum circuit complexity.
An important advantage of this circuit is that the traditional
tungsten filament lamp amplitude regulator is eliminated
along with its time constant and linearity problems.

In addition, the reliability problems associated with a lamp
are eliminated.

The Wien Bridge oscillator is widely used and takes advan-
tage of the fact that the phase of the voltage across the
parallel branch of a series and a parallel RC network con-
nected in series, is the same as the phase of the applied
voltage across the two networks at one particular frequency
and that the phase lags with increasing frequency and leads

with decreasing frequency. When this network—the Wien
Bridge—is used as a positive feedback element around an
amplifier, oscillation occurs at the frequency at which the
phase shift is zero. Additional negative feedback is provided
to set loop gain to unity at the oscillation frequency. To sta-
bilize the frequency of oscillation, and to reduce harmonic
distortion.

c1

w2 c2
2. 0.068 uF
2uf 300K s

Vour = 165 Vpp

10 Hz
1N4s7
o 02
< 2N3819 ;';355
R4* .
500K S
RS
™

*See Text

TL/H/6822-26
FIGURE 24. Wien Bridge Sine Wave Oscillator

The circuit presented here differs from the classic usage
only in the form of the negative feedback stabilization
scheme. Circuit operation is as follows: negative peaks in
excess of —8.25V cause D1 and D2 to conduct, charging
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C4. The charge stored in C4 provides bias to Q1, which
determines amplifier gain. C3 is a low frequency roll-off ca-
pacitor in the feedback network and prevents offset voltage
and offset current errors from being multiplied by amplifier
gain.

Distortion is determined by amplifier open-loop gain and by
the response time of the negative feedback loop filter, RS
and C4. A trade-off is necessary in determining amplitude
stabilization time constant and oscillator distortion. R4 is
chosen to adjust the negative feedback loop so that the
FET is operated at a small negative gate bias. The circuit
shown provides optimum values for a general purpose oscil-
lator.

TRIANGLE-WAVE GENERATOR

A constant amplitude triangular-wave generator is shown in

Figure 25. This circuit provides a variable frequency triangu-

lar wave whose amplitude is independent of frequency.
INTEGRATOR

4]
0.1 uf

THRESHOLD DETECTOR

Powee Vout

10K ™M

TL/H/6822-27
FIGURE 25. Triangular-Wave Generator

The generator embodies an integrator as a ramp generator
and a threshold detector with hysterisis as a reset circuit.
The integrator has been described in a previous section and
requires no further explanation. The threshold detector is
similar to a Schmitt Trigger in that it is a latch circuit with a
large dead zone. This function is implemented by using pos-
itive feedback around an operational amplifier. When the
amplifier output is in either the positive or negative saturated
state, the positive feedback network provides a voltage at
the non-inverting input which is determined by the attenua-
tion of the feed-back loop and the saturation voltage of the
amplifier. To cause the amplifier to change states, the volt-
age at the input of the amplifier must be caused to change
polarity by an amount in excess of the amplifier input offset
voltage. When this is done the amplifier saturates in the
opposite direction and remains in that state until the voltage
at its input again reverses. The complete circuit operation
may be understood by examining the operation with the out-
put of the threshold detector in the positive state. The de-
tector positive saturation voltage is applied to the integrator
summing junction through the combination R3 and R4 caus-
ing a current |11 to flow.

The integrator then generates a negative-going ramp with a
rate of 11 /C1 volts per second until its output equals the
negative trip point of the threshold detector. The threshold
detector then changes to the negative output state and sup-
plies a negative current, | —, at the integrator summing point.
The integrator now generates a positive-going ramp with a
rate of 1=/C1 volts per second until its output equals the
positive trip point of the threshold detector where the detec-
tor again changes output state and the cycle repeats.

Triangular-wave frequency is determined by R3, R4 and C1
and the positive and negative saturation voltages of the am-
plifier A1. Amplitude is determined by the ratio of R5 to the
combination of R1 and R2 and the threshold detector satu-
ration voltages. Positive and negative ramp rates are equal
and positive and negative peaks are equal if the detector
has equal positive and negative saturation voltages. The
output waveform may be offset with respect to ground if the
inverting input of the threshold detector, A1, is offset with
respect to ground.

The generator may be made independent of temperature
and supply voltage if the detector is clamped with matched
zener diodes as shown in Figure 26.

The integrator should be compensated for unity-gain and
the detector may be compensated if power supply imped-
ance causes oscillation during its transition time. The cur-
rent into the integrator should be large with respect to lpjag
for maximum symmetry, and offset voltage should be small
with respect to Voyt peak.

(MATCHED ZENERS)

F’ TO INTEGRATOR INPUT

ROM INTEGRATOR
TPUT

TL/H/6822-28
FIGURE 26. Threshold Detector with Regulated Output

TRACKING REGULATED POWER SUPPLY

A tracking regulated power supply is shown in Figure 27.
This supply is very suitable for powering an operational am-
plifier system since positive and negative voltages track,
eliminating common mode signals originating in the supply
voltage. In addition, only one voltage reference and a mini-
mum number of passive components are required.
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+35V.
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TL/H/6822-29

FIGURE 27. Tracking Power Supply

-40V UNREGULATED

Power supply operation may be understood by considering
first the positive regulator. The positive regulator compares
the voltage at the wiper of R4 to the voltage reference, D2.
The difference between these two voltages is the input volt-
age for the amplifier and since R3, R4, and R5 form a nega-
tive feedback loop, the amplifier output voltage changes in
such a way as to minimize this difference. The voltage refer-
ence current is supplied from the amplifier output to in-
crease power supply line regulation. This allows the regula-
tor to operate from supplies with large ripple voltages. Reg-
ulating the reference current in this way requires a separate
source of current for supply start-up. Resistor R1 and diode
D1 provide this start-up current. D1 decouples the reference
string from the amplifier output during start-up and R1 sup-
plies the start-up current from the unregulated positive sup-
ply. After start-up, the low amplifier output impedance re-
duces reference current variations due to the current
through R1.

The negative regulator is simply a unity-gain inverter with
input resistor, R6, and feedback resistor, R7.

The amplifiers must be compensated for unity-gain opera-
tion.

The power supply may be modulated by injecting current
into the wiper of R4. In this case, the output voltage varia-
tions will be equal and opposite at the positive and negative
outputs. The power supply voltage may be controlled by
replacing D1, D2, R1 and R2 with a variable voltage refer-
ence.

PROGRAMMABLE BENCH POWER SUPPLY

The complete power supply shown in Figure 28 is a pro-
grammable positive and negative power supply. The regula-
tor section of the supply comprises two voltage followers
whose input is provided by the voltage drop across a refer-
ence resistor of a precision current source.
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FIGURE 28. Low-Power Supply for
Integrated Circuit Testing
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Programming sensitivity of the positive and negative supply
is 1V/10009 of resistors R6 and R12 respectively. The out-
put voltage of the positive regulator may be varied from ap-
proximately +2V to + 38V with respect to ground and the
negative regulator output voltage may be varied from —38V
to OV with respect to ground. Since LM107 amplifiers are
used, the supplies are inherently short circuit proof. This
current limiting feature also serves to protect a test circuit if
this supply is used in integrated circuit testing.

Internally compensated amplifiers may be used in this appli-
cation if the expected capacitive loading is small. If large
capacitive loads are expected, an externally compensated
amplifier should be used and the amplifier should be over-
compensated for additional stability. Power supply noise
may be reduced by bypassing the amplifier inputs to ground
with capacitors in the 0.1 to 1.0 uF range.

CONCLUSIONS
The foregoing circuits are illustrative of the versatility of the
integrated operational amplifier and provide a guide to a
number of useful applications. The cautions noted in each
section will show the more common pitfalls encountered in
amplifier usage.

APPENDIX |

DEFINITION OF TERMS

Input Offset Voltage: That voltage which must be applied
between the input terminals through two equal resistances
to obtain zero output voltage.

Input Offset Current: The difference in the currents into
the two input terminals when the output is at zero.

Input Bias Current: The average of the two input currents.
Input Voltage Range: The range of voltages on the input
terminals for which the amplifier operates within specifica-
tions.

Common Mode Rejection Ratio: The ratio of the input
voltage range to the peak-to-peak change in input offset
voltage over this range.

Input Resistance: The ratio of the change in input voltage
to the change in input current on either input with the other
grounded.

Supply Current: The current required from the power sup-

ply to operate the amplifier with no load and the output at

zero.

Output Voitage Swing: The peak output voltage swing, re-

ferred to zero, that can be obtained without clipping.

Large-Signal Voltage Gain: The ratio of the output voltage

swing to the change in input voltage required to drive the

output from zero to this voltage.

Power Supply Rejection: The ratio of the change in input

offset voltage to change in power supply voltage producing

it.

Slew Rate: The internally-limited rate of change in output

voltage with a large-amplitude step function applied to the

input.
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Designs for Negative
Voltage Regulators

Robert J. Widlar
Apartado Postal 541
Puerto Vallarta, Jalisco
Mexico

introduction

A number of IC voltage regulators have been introduced to
date, but these have been designed primarily to regulate
positive voltages. Most can be adapted as negative regula-
tors, at some sacrifice in complexity, performance and flexi-
bility. This note, however, describes an IC, which is de-
signed specifically as a negative regulator. It is intended to
complement the LM100 and LM105 positive regulators, pro-
viding a line of IC's for practically every regulator
application.

Unique features of the circuit are that it supplies any output
voltage from OV down to —40V, while operating from a sin-
gle unregulated supply. The output voltage is proportional to
a single programming resistor, and remote sensing can be
done at the load. It also regulates within 0.01% in circuits
using a separate, floating bias supply, where the maximum
output voltage is limited only by the breakdown of external
pass transistors. The device is designed for either linear or
switching regulator applications.

In the circuits described, emphasis is placed on practical
considerations for the design of reliable regulators. Many of
the pitfalls which cause unexpected failures are explained,
and protection schemes for many of the hazards facing reg-
ulators are given. Most of the design hints are sufficiently
general to apply equally to other IC’s or even regulators
designed entirely with discrete components.

Raoy

lnes

% Rum

5
- — = INPUT
TL/H/7039-1

A functional diagram of the LM104 regulator and external
circuitry (dash line) is shown in the figure. The internal refer-
ence is a temperature compensated current source, lref. A
voltage which is proportional to an external programming
resistor, Ragj, is fed into an error amplifier, A1. This drives
an internal series pass transistor, Q1, to supply an output
voltage equal to twice the voltage across the programming
resistor. External pass transistors can be added, as is Q3, to

National Semiconductor
Application Note 21

increase the output-current capability. Short-circuit protec-
tion makes the circuit exhibit a constant-current characteris-
tic when Q2 is turned or by the voltage drop across an
external current-limit resistor, Rj;. A more complete de-
scription of the integrated circuit itself is given in the back of
the text.

low power regulator or bias supply

This circuit can provide output voltages between OV and
—40V at currents up to 25 mA. The output voltage is linearly
dependent on the value of R2, giving approximately 2V for
each 1 KQ of resistance. The exact scale factor can be set
up by trimming R1. This should be done at the maximum
output voltage setting in order to compensate for any mis-
match in the internal divider resistors of the integrated cir-
cuit.

Short-circuit protection is provided by R3. The value of this
resistor should be chosen so that the voltage drop across it
is 300 mV at the maximum load current. This insures worst-
case operation up to full load over a —55°C to 125°C tem-
perature range. With a lower maximum operating tempera-
ture, the design value for this voltage can be increased lin-
early to 525 mV at 25°C.

For an output voltage setting of 15V, the regulation, no load
to full load, is better than 0.05%; and the line regulation is
better than 0.2% for a +20% input voltage variation. Noise
and ripple can be greatly reduced by bypassing R2 with a 10
wF capacitor. This will keep the ripple on the output less
than 0.5 mV for a 1V, 120 Hz ripple on the unregulated
input. line-transient re-
sponse by a factor of five.

An output capacitor of at least 1 uF is required to keep the
regulator from oscillating. This should be a low inductance
capacitor, preferably solid tantalum, installed with short
leads. It is not usually necessary to bypass the input, but at
least a 0.01 pF bypass is advisable when there are long
leads connecting the circuit to the unregulated power
source.
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It is important to watch power dissipation in the integrated
circuit even with load currents of 25 mA or less. The dissipa-
tion can be in excess of 1W with large input-output voltage
differentials, and this is above ratings for the device.

increased output current

When output currents above 25 mA are required or when
the dissipation in the series pass transistor can be higher
than about 0.2W, under worst-case conditions, it is advisa-
ble to add an external transistor to the LM104 to handle the
power. The connection of an external booster transistor is
shown here. The output current capability of the regulator is
increased by the current gain of the added PNP transistor,
but it is still necessary to watch dissipation in the external
pass transistor. Excessive dissipation can burn out both the
series pass transistor and the integrated circuit.

Vour = -15V
lour < 200 mA

a
2N3740

*Solid Tantalum

a g Vin< -18V
TL/H/7039-3

For example, with the circuit shown, the worst-case input
voltage can be 25V. With a shorted output at 125°C, the
current through the pass transistor will be 300 mA; and the
dissipation in it will be 7.5W. This clearly establishes the
need for an efficient heat sink.

For lower-power operation, a 2N2905 with a clip on heat
sink can be used for the external pass transistor. However,
when the worst case dissipation is above 0.5W, it is advisa-
ble to employ a power device such as the 2N3740 with a
good heat sink.

The current limit resistor is chosen so that the voltage drop
across it is 300 mV, with maximum load current, for opera-
tion to 125°C. With lower maximum ambients this voltage
drop could be increased by 2.2 mV/°C. If possible, a fast-
acting fuse rated about 25% higher than the maximum load
current should be included in series with the unregulated
input.

When a booster transistor is used, the minimum input-output
voltage differential of the regulator will be increased by the
emitter-base voltage of the added transistor. This establish-
es the minimum differential at 2 to 3V, depending on the
base drive required by the external transistor.

high current regulator

When output currents in the ampere range are needed, it is
necessary to add a second booster transistor to the LM104
circuitry. This connection is shown in the accompanying fig-
ure. The output current capability of the LM104 is increased
by the product of the current gains of Q1 and Q2. However,
it is still necessary to watch the dissipation in both the series
pass transistor, Q2, and its driver, Q1. A clip-on heat sink is
definitely required for Q1, and it is advisable to replace the
2N2905 with a 2N3740 which has a good heat sink when

output currents greater than 1A are needed. A 1000 pF ca-
pacitor should also be added between Pins 4 and 5 to com-
pensate for the poorer frequency response of the 2N3740.
The need for an efficient heat sink on Q2 should be obvious.

Experience shows that a single-diffused transistor such as a
2N3055 (or a 2N3772 for higher currents) is preferred over a
double diffused, high-frequency transistor for the series
pass element. The slower, single-diffused devices are less
prone to secondary breakdown and oscillations in linear
regulator applications.

As with the lower-current regulators, C1 is required to fre-
quency compensate the regulator and prevent oscillations.
Itis also advisable to bypass the input with C2 if the regula-
tor is located any distance from the output filter of the
unregulated supply. The resistor across the emitter base
junction of Q2 fixes the minimum collector current of Q1 to
minimize oscillation problems with light loads. It is still possi-
ble to experience oscillations with certain physical layouts,
but these can almost always be eliminated by stringing a
ferrite bead, such as a Ferroxcube K5-001-00/3B, on the
emitter lead of Q2.

The use of two booster transistors does not appreciably in-
crease the minimum input-output voltage differential over
that for a single transistor. The minimum differential will be 2
to 3V, depending on the drive current required from the inte-
grated circuit.

With high current regulators, remote sensing is sometimes
required to eliminate the effect of line resistance between
the regulator and the load. This can be accomplished by
returning R2 and Pin 9 of the LM104 to the ground end of
the load and connecting Pin 8 directly to the high end of the
load.

The low resistance values required for the current limit re-
sistor, R3, are sometimes not readily available. A suitable
resistor can be made using a piece of resistance wire or
even a short length of kovar lead wire from a standard TO-5
transistor.

The current limit sense voltage can be reduced to about 400
mV by inserting a germanium diode (or a diode-connected
germanium transistor) in series with Pin 6 of the LM104.
This diode will also compensate the sense voltage and
make the short circuit current essentially independent of
temperature.

. 2 . 2 . 4 GND

ot .L

. T

Vour = -10V
lour<1A

Qa2
2N3055

AAA -
V
El
=

AA

VWV
oxn
o8

Vin<-12v

1Solid Tantalum TL/H/7039-4

33

LZ-NV



AN-21

With high current regulators it is especially important to use
a low-inductance capacitor on the output. The lead length
on this capacitor must also be made short. Otherwise, the
capacitor leads can resonate with smaller bypass capaci-
tors (like 0.1 uF ceramic) which may be connected to the
output. These resonances can lead to oscillations. With
short leads on the output capacitor, the Q of the tuned cir-
cuit can be made low enough so that it cannot cause
trouble.

foldback current limiting

High current regulators dissipate a considerable amount of
power in the series pass transistor under full-load condi-
tions. When the output is shorted, this dissipation can easily
increase by a factor of four. Hence, with normal current lim-
iting, the heat sink must be designed to handle much more
power than the worst case full load dissipation if the circuit
is to survive short-circuit conditions. This can increase the
bulk of the regulator substantially.
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This situation can be eased considerably by using foldback
current limiting. With this method of current limiting, the
available output current actually decreases as the maximum
load on the regulator is exceeded and the output voltage
falls off. The short-circuit current can be adjusted to be a
fraction of the full load current, minimizing dissipation in the
pass transistor.

The circuit shown here accomplishes just this. Normally Q3
is held in a non-conducting state by the voltage developed
across R4. However, when the voltage across the current
limit resistor, R7, increases to where it equals the voltage
across R4 (about 1V), Q3 turns on and begins to rob base
drive from the driver transistor, Q1. This causes an increase
in the output current of the LM104, and it will go into current
limiting at a current determined by R5. Since the base drive
to Q1 is clamped, the output voltage will drop with heavier
loads. This reduces the voltage drop across R4 and, there-
fore, the available output current. With the output complete-
ly shorted, the current will be about one-fifth the full-load
current.

In design, R7 is chosen so that the voltage drop across it
will be 1 to 2V under full load conditions. The resistance of
R3 should be one-thousand times the output voltage. R4 is
then determined from the following equation, where If is
the load current at which limiting will occur.

_ R7RslpL

4= Vout + 0.5

If it is desired to reduce the ratio of full load to short circuit
current, this can be done by connecting a resistance of 2 to
10 kQ across the emitter-base of Q3.

symmetrical power supplies

In many applications, such as powering operational amplifi-
ers, there is a need for symmetrical positive and negative
supply voltages. A circuit which is a particularly-economical
solution  to this design problem is shown in the adjoining
figure. It uses a minimum number of components, and the
voltage at both outputs can be set up within +1.5% by a
single adjustment. Further, the output voltages will tend to
track with temperature and variations on the unregulated
supply.

The positive voltage is regulated by an LM105, while an
LM104 regulates the negative supply. The unusual feature
is that the two regulators are interconnected by R3. This not
only eliminates one precision resistor, but the reference cur-
rent of the LM104 stabilizes the LM105 so that a +10%
variation in its reference voltage is only seen as a +3%
change in output voltage. This means that in many cases
the output voltage of both regulators can be set up with
sufficient accuracy by trimming a single resistor, R1.

The line regulation and temperature drift of the circuit is
determined primarily by the LM104, so both output voltages
will tend to track. Output ripple can be reduced by about a
factor of five to less than 2 mV/V by bypassing Pin 1 of the
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LM104 to ground with a 10 uF capacitor. A center-tapped
transformer with a bridge rectifier can be used for the
unregulated power source.

adjustable current limiting

In laboratory power supplies, it is often necessary to adjust
the limiting current of a regulator. This, of course, can be
done by using a variable resistance for the current limit re-
sistor. However, the current-limit resistor can easily have a
value below that of commercially-available potentiometers.
Discrete resistance values can be switched to vary the limit-
ing current, but this does not provide continuously-variable
adjustment.
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The circuit shown here solves this problem, giving a linear
adjustment of limiting current over a five-to-one range. A
silicon diode, D1, is included to reduce the current limit
sense voltage to approximately 50 mV. Approximately 1.3
mA from the reference supply is passed through a potenti-
ometer, R4, to buck out the diode voltage. Therefore, the
effective current limit sense voltage is nearly proportional to
the resistance of R4. The current through R4 is fairly insen-
sitive to changes in ambient temperature, and D1 compen-
sates for temperature variations in the current limit sense
voltage of the LM104. Therefore, the limiting current will not
be greatly affected by temperature.

It is important that a potentiometer be used for R4 and con-
nected as shown. If a rheostat connection were used, it
could open while it was being adjusted and momentarily
increase the current limit sense voltage to many times its
normal value. This could destroy the series pass transistors
under short-circuit conditions.

The inclusion of R4 will soften the current limiting character-
istics of the LM104 somewhat because it acts as an emitter-
degeneration resistor for the current-limit transistor. This
can be avoided by reducing the value of R4 and developing
the voltage across R4 with additional bleed current to
ground.

improving line regulation

The line regulation for voltage variations on the reference
supply terminal of the LM104 is about five times worse than
it is for changes on the unregulated input. Therefore, a ze-
ner-diode preregulator can be used on the reference supply
to improve line regulation. This is shown in the figure below.
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The design of this circuit is fairly simple. It is only necessary
that the minimum current through R4 be greater than 2 mA
with low input voltage. Further, the zener voltage of D1 must
be five volts greater than one-half the maximum output voit-
age to keep the transistors in the reference current source
from saturating.

using protective diodes

It is a little known fact that most voltage regulators can be
damaged by shorting out the unregulated input voltage
while the circuit is operating—even though the output may
have short-circuit protection. When the input voltage to the
regulator falls instantaneously to zero, the output capacitor
is still charged to the nominal output voltage. This applies
voltage of the wrong polarity across the series pass transis-
tor and other parts of the regulator, and they try to dis-
charge the output capacitor into the short. The resulting cur-
rent surge can damage or destroy these parts.

When the LM104 is used as the control element of the regu-
lator, the discharge path is through internal junctions for-
ward biased by the voltage reversal. If the charge on the
output capacitor is in the order of 40 volt ® uF, the circuit
can be damaged during the discharge interval. However, the
problem is not only seen with integrated circuit regulators. It
also happens with discrete regulators where the series-pass
transistor usually gets blown out.

The problem can be eliminated by connecting a diode be-
tween the output and the input such that it discharges the
output capacitor when the input is shorted. The diode
should be capable of handling large current surges without
excessive voltage drop, but it does not have to be a power
diode since it does not carry current continuously. It should
also be relatively fast. Ordinary rectifier diodes will not do
because they look like an open circuit in the forward direc-
tion until minority carriers are injected into the intrinsic base
region of the PIN structure.

This problem is not just caused by accidental physical
shorts on the input. It has shown up more than once when
regulators are driven from high-frequency dc-dc converters.
Tantalum capacitors are frequently used as output filters for
the rectifiers. When these capacitors are operated near
their maximum voltage ratings with excessive high frequen-
cy ripple across them, they have a tendency to sputter—that
is, short momentarily and clear themselves. When they
short, they can blow out the regulator; but they look inno-
cent after the smoke has cleared.

The solution to this problem is to use capacitors with con-
servative voltage ratings, to observe the maximum ripple
ratings for the capacitor and to include a protective diode
between the input and output of the regulator to protect it in
case sputtering does occur.

Heavy loads operating from the unregulated supply can also
destroy a voltage regulator. When the input power is
switched off, the input voltage can drop faster than the out-
put voltage, causing a voltage reversal across the regulator,
especially when the output of the regulator is lightly loaded.
Inductive loads such as a solenoid are particularly trouble-
some in this respect. In addition to causing a voltage rever-
sal between the input and the output, they can reverse the
input voltage causing additional damage.

In cases like this, it is advisable to use a multiple-pole switch
or relay to disconnect the regulator from the unregulated
supply separate from the other loads. If this cannot be done,
it is necessary to put a diode across the input of the regula-
tor to clamp any reverse voltages, in addition to the protec-
tive diode between the input and the output.
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Yet another failure mode can occur if the regulated supply
drives inductive loads. When power is shut off, the inductive
current can reverse the output voltage polarity, damaging
the regulator and the output capacitor. This can be cured
with a clamp diode on the output. Even without inductive
loads it is usually good practice to include this clamp diode
to protect the regulator if its output is accidentally shorted to
a negative supply.

A regulator with all these protective diodes is shown here.
D1 protects against output voltage reversal. D2 prevents a
voltage reversal between the input and the output of the
regulator. And D3 prevents a reversal of the input-voltage
polarity. In many cases, D3 is not needed if D1 and D2 are
used, since these diodes will clamp the input voltage within
two diode drops of ground. This is adequate if the input
voltage reversals are of short duration.

high voltage regulator

In the design of commercial power supplies, it is common
practice to use a floating bias supply to power the control
circuitry of the regulator. As shown here, this connection
can be used with the LM104 to regulate output voltages that
are higher than the ratings of the integrated circuit. Better
regulation can also be obtained because it is a simple mat-
ter to preregulate the low current bias supply so that the
integrated circuit does not see ripple or line voltage varia-
tions and because the reduced operating voltage minimizes
power dissipation and associated thermal effects from the
current delivered to the booster transistor.
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The bias for the LM104, which is normally obtained from a
separate winding on the main power transformer, is pre-
regulated by D1. R4 is selected so that it can provide the 3
mA operating current for the integrated circuit as well as the
base drive of the booster transistor, Q1, with full load and
minimum line voltage. The booster transistor regulates the
voltage from the main supply, and its breakdown voltage will
determine the maximum operating voltage of the complete
regulator.

The connection of the LM104 is somewhat different than
usual: the internal divider for the error amplifier is shorted
out by connecting Pins 8 and 9 together. This makes the
output voltage equal to the voltage drop across the adjust-
ment resistor, R2, instead of twice this voltage as is normal-
ly the case. C2 and C3 must also be added to prevent oscil-
lation. The value of C3 can be increased to 4.7 uF to reduce
noise on the output.

It is necessary to add Q2 and R5 to provide current limiting.
When the output current becomes high enough to turn on
Q2, there will be an abrupt rise in the output current of the
LM104 as Q2 tries to remove base drive from the booster
transistor. Any further increases in load current will cause
the LM104 to limit at a current determined by R3, and the
output voltage will collapse. The value of R3 must be select-
ed so that the integrated circuit can deliver the base current
of Q1, at full load, without limiting.

A second, NPN booster transistor can be used in a com-
pound connection with Q1 to increase the output current of
the regulator. However, with very-high-voltage regulators,
the most economical solution may be to use a high voltage
PNP driving a vacuum tube for the series pass element.

Remote sensing, which eliminates the effects of voltage
dropped in the leads connecting the regulator to the load,
can be provided by connecting R2 to the ground end of the
load and Pins 8 and 9 to the high end of the load.

switching regulator

Linear regulators have the advantages of fast response to
load transients as well as low noise and ripple. However,
since they must dissipate the difference between the
unregulated-supply power and the output power, they some-
times have a iow efiiciency. This is not aiways a probiem
with ac line-operated equipment because the power loss is
easily afforded, because the input voltage is already fairly-
well regulated and because losses can be minimized by ad-
justment of transformer ratios in the power supply. In sys-
tems operating from a fixed dc input voltage, the situation is
often much different. It might be necessary to regulate a
28V input voltage down to 5V. In this case, the power loss
can quickly become excessive. This is true even if efficiency
is not one of the more important criteria, since high power
dissipation calls for expensive power transistors and elabo-
rate heat sinking methods.

Switching regulators can be used to greatly reduce dissipa-
tion. Efficiencies approaching 90% can be realized even
though the regulated output voltage is only a fraction of the
input voltage. With proper design, transient response and
ripple can also be made quite acceptable.

This circuit, which uses the LM104 as a self-oscillating
switching regulator, operates in much the same way as a
linear regulator. The reference current is set up at 1 mA with
R1, and R2 determines the output voltage in the normal
fashion. The circuit is made to oscillate by applying positive
feedback through RS to the non-inverting input on the error
amplifier of the LM104. When the output voltage is low, the
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internal pass transistor of the integrated circuit turns on and
drives Q1 into saturation. The current feedback through R5
then increases the magnitude of the reference voltage de-
veloped across R2. Q1 will remain on until the output volt-
age comes up to twice this reference voltage. At this point,
the error amplifier goes into linear operation, and the posi-
tive feedback makes the circuit switch off. When this hap-
pens, the reference voltage is lowered by feedback through
R5, and the circuit will stay off until the output voltage drops
to where the error amplifier again goes into linear operation.
Hence, the circuit regulates with the output voltage oscillat-
ing about the nominal value with a peak-to-peak ripple of
around 40 mV.

The power conversion from the input voltage to a lower out-
put voltage is obtained by the action of the switch transistor,
Q1, the catch diode, D1, and the LC filter. The inductor is
made large enough so that the current through it is essen-
tially constant throughout the switching cycle. When Q1
turns on, the voltage on its collector will be nearly equal to
the unregulated input voltage. When it turns off, the magnet-
ic field in L1 begins to collapse, driving the collector voltage
of Q1 to ground where it is clamped by D1.

If, for example, the input voltage is 10V and the switch tran-
sistor is driven at a 50% duty cycle, the average voltage on
the collector of Q1 will be 5V. This waveform will be filtered
by L1 and C1 and appear as a 5V dc voltage on the output.
Since the inductor current comes from the input while Q1 is
on but from ground through D1 while Q1 is off, the average
value of the input current will be half the output current. The
power output will therefore equal the input power if switch-
ing losses are neglected.

In design, the value of R3 is chosen to provide sufficient
base drive to Q1 at the maximum load current. R4 must be
low enough so that the bias current coming out of Pin 5 of
the LM104 (approximately 300 pA) does not turn on the
switch transistor. The purpose of C2 is to remove transients
that can appear across R2 and cause erratic switching. It
should not be made so large that it severely integrates the
waveform fed back to this point.
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high current switching regulator

Output currents up to 3A can be obtained using the switch-
ing regulator circuit shown here. The circuit is identical to
the one described previously, except that Q2 has been add-
ed to increase the output current capability by about an or-
der of magnitude. it should be noted that the reference sup-
ply terminal is returned to the base of Q2, rather than the
unregulated input. This is done because the LM104 will not
function properly if Pin 5 gets more than 2V more positive
than Pin 3. The reference current, as well as the bias cur-
rents for Pins 3 and 5, is supplied from the unregulated input
through RS5, so its resistance must be low enough so that
Q2 is not turned on with about 2 mA flowing through it.

The line regulation of this circuit is worsened somewhat by
the unregulated input voltage being fed back into the refer-
ence for the regulator through R6. This effect can be elimi-
nated by connecting a 0.01 uF capacitor in series with R6 to
remove the dc component of the feedback.
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There are a number of precautions that should be observed

with all switching regulators, although they are more inclined

to cause problems in high-current applications:

For one, fast switching diodes and transistors must be used.
If D1 is an ordinary junction rectifier, voltages in the order of
10V can be developed across it in the forward direction
when the switch transistor turns off. This happens because
low-frequency rectifiers are usually manufactured with a PIN
structure which presents a high forward impedance until
enough minority carriers are injected into the diode base
region to increase its conductance. This not only causes
excessive dissipation in the diode, but the diode also pre-
sents a short circuit to the switch transistor, when it first
turns on, until all the charge stored in the base region of the
diode is removed. Similarly, a high frequency switch transis-
tor must be used as excessive switching losses in low fre-
quency transistors, like the 2N3055, make them overheat.

It is important that the core material used for the inductor
have a soft saturation characteristic. Cores that saturate ab-
ruptly produce excessive peak currents in the switch transis-
tor if the output current becomes high enough to run the
core close to saturation. Powdered molybdenum-permalloy
cores, on the other hand, exhibit a gradual reduction in per-
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meability with excessive current, so the only effect of output
currents above the design value is a gradual increase in
switching frequency.

One thing that is frequently overlooked in the design of
switching circuits is the ripple rating of the filter capacitors.
Excessive high-frequency ripple can cause these capacitors
to fail. This is an especially-important consideration for ca-
pacitors used on the unregulated input as the ripple current
through them can be higher than the dc load current. The
situation is eased somewhat for the filter capacitor on the
output of the regulator since the ripple current is only a frac-
tion of the load current. Nonetheless, proper design usually
requires that the voltage rating of this capacitor be higher
than that dictated by the DC voltage across it for reliable
operation.

One unusual problem that has been noted in working with
switching regulators is excessive dissipation in the switch
transistors caused by high emitter-base saturation voltage.
This can also show up as erratic operation if Q1 is the de-
tective device. This saturation voltage can be as high as 5V
and is the result of poor alloying on the base contact of the
transistor. A defective transistor will not usually show up on
a curve tracer because the low base current needed for
linear operation does not produce a large voltage drop
across the poorly-alloyed contact. However, a bad device
can be spotted by probing on the bases of the switch tran-
sistors while the circuit is operating.

it is necessary that the catch diode, D1, and any bypass
capacitance on the unregulated input be returned to ground
separately from the other parts of the circuit. These compo-
nents carry large current transients and can develop appre-
ciable voltage transients across even a short length of wire.
If C1, C2, or R2 have any common ground impedance with
the catch diode or the input bypass capacitor, the transients
can appear directly on the output.

switching regulator with current limiting

The switching regulator circuits described previously are not
protected from overloads or a short-circuited output. The
current limiting of the LM104 is used to limit the base drive
of the switch transistor, but this does not effectively protect
the switch transistor from excessive current. Providing short
circuit protection is no simple problem, since it is necessary
to keep the regulator operating in the switching mode when
the output is shorted. Otherwise, the dissipation in the
switch transistor will become excessive even though the
current is limited.

A circuit which provides current limiting and protects the
regulator from short circuits is shown here. The current
through the switch transistor produces a voltage drop
across R9. When this voltage becomes large enough to turn
on Q3, current limiting is initiated. This occurs because Q3
takes over as the control transistor and regulates the volt-
age on Pin 8 of the LM104. This point, which is the feedback
terminal of the error amplifier, is separated from the actual
output of the regulator by not shorting the regulated output
and booster output terminals of the integrated circuit.
Hence, with excessive output current, the circuit still oper-
ates as a switching regulator with Q3 regulating the voltage
fed back to the error amplifier as the output voltage falls off.

A resistor, R7, is included so that excessive base current
will not be driven into the base of Q3. C4 insures that Q3
does not turn on from the current spikes through the switch
transistor caused by pulling the stored charge out of the
catch diode (these are about twice the load current). This

capacitor also operates in conjunction with C2 to produce
sufficient phase delay in the feedback loop so that the cir-
cuit will oscillate in current limiting. However, C4 should not
be made so large that it appreciably integrates the rectangu-
lar waveform of the current through the switch transistor.
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As the output voltage falls below half the design value, D1
pulls down the reference voltage across R2. This permits
the current limiting circuitry to keep operating when the
unregulated input voltage drops below the design value of
output voltage, with a short on the output of the regulator.

A transistor with good high-current capability was chosen
for Q3 so that it does not suffer from secondary breakdown
effects from the large peak currents (about 200 mA) through
it. With a shorted output, these peakcurrents occur with the
full input voltage across Q3. The average dissipation in Q3
is, however, low.

switching regulator with overload shutoff

An alternate method for protecting a switching regulator
from excessive output currents is shown here. When the
output current becomes too high, the voltage drop across
the current-sense resistor, R8, fires an SCR which shuts off
the regulator. The regulator remains off, dissipating practi-
cally no power, until it is reset by removing the input voltage.

In the actual circuit, complementary transistors, Q3 and Q4,
replace the SCR since it is difficult to find devices with a low
enough holding current (about 25 pA). When the voltage
drop across R8 becomes large enough to turn on Q4, this
removes the base drive for the output transistors of the
LM104 through Pin 4. When this happens Q3 latches Q4,
holding the regulator off until the input voltage is removed. It
will then start when power is applied if the overload has
been removed.

With this circuit, it is necessary that the shutoff current be
1.5 times the full load current. Otherwise, the circuit will shut
off when it is switched on with a full load because of the
excess current required to charge the output capacitor. The
shutoff current can be made closer to the full load current
by connecting a 10 uF capacitor across R2 which will limit
the charging current for C1 by slowing the risetime of the
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output voltage when the circuit is turned on. However, this
capacitor will also bypass the positive feedback from R6
which makes the regulator oscillate. Therefore, it is neces-
sary to put a 2700 resistor in the ground end of the added
capacitor and provide feedback to this resistor from the col-
lector of Q1 through a 1 MQ resistor.
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driven switching regulator

When a number of switching regulators are operated from a
common power source, it is desirable to synchronize their
operation to more uniformly distribute the switched current
waveforms in the input line. Synchronous operation can also
be beneficial when a switching regulator is operated in con-

junction with a power converter.
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A circuit which synchronizes the switching regulator with a
square wave drive signal is shown here. It differs from the
switching regulators described previously in that positive
feedback is not used. Instead, a triangular wave with a
peak-to-peak amplitude of 25 mV is applied to the nonin-
verting input of the error amplifier. The waveform is obtained
by integrating the square wave synchronizing signal. This
triangular wave causes the error amplifier to switch because
its gain is high enough that the waveform easily overdrives
it. The switching duty cycle is controlled by the output volt-
age fed back to the error amplifier. If the output voltage
goes up, the duty cycle will decrease since the error amplifi-
er will pick off a smaller portion of the triangular wave. Simi-
larly, the duty cycle will decrease if the output voltage drops.
Hence, the duty cycle is controlied to produce the desired
output voltage.

Without a synchronous drive signal, the circuit will self oscil-
late at a frequency determined by L1 and C1. This self-oscil-
lation frequency must be lower than the synchronous drive
frequency. Therefore, more filtering is required for a driven
regulator than for a self-oscillating regulator operating at the
same frequency. This also means that a driven regulator will
have less output ripple.

The value of C2 is chosen so that its capacitive reactance at
the drive frequency is less than one-tenth the resistance of
R2. The amplitude of the triangular wave is set at 25 mV
with R5. It is advisable to ac couple the drive signal by put-
ting a capacitor in series with R5 so that it does not disturb
the dc reference voltage developed for the error amplifier.

the LM104 regulator

The basic reference for the regulator is zener diode D1. The
reference diode is supplied from a PNP current source, Q8,
which has a fixed current gain of 2. This arrangement per-
mits the circuit to operate with unregulated input voltages as
low as 7V, substantially increasing the efficiency of low-volt-
age regulators.

The reference supply is temperature compensated by using
the negative temperature coefficient of the transistor emit-
ter-base voltages to cancel the positive coefficient of the
zener diode. The design produces a nominal 2.4V between
the reference and reference supply terminals of the integrat-
ed circuit. Connecting an external 2.4 KQ resistor between
those terminals gives a 1 mA reference current from the
collectors of Q1 and Q2, which is independent of tempera-
ture. The reference voltage supplied to the error amplifier is
developed across a second external resistor connected be-
tween the adjustment terminal and ground.

The reference supply terminal is normally connected to the
unregulated supply. However, improved line regulation can
be obtained by preregulating the voltage on this terminal.
This improvement occurs because Q1, Q2, and Q7 do not
see changes in input voltage. Normally, it is the change in
the emitter-base voltage of these transistors with changes
in collector-base voltage which determines the line regula-
tion.

When the reference supply and unregulated input terminals
are operated from separate voltage sources, it is important
to make sure that the unregulated input terminal of the inte-
grated circuit does not get more than 2V more positive than
the reference supply terminal. If this happens, the collector-
isolation junction of Q6 becomes forward biased and dis-
rupts the reference.
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The error amplifier of the regulator is quite similar to the
LM101 operational amplifier. Emitter follower input transis-
tors, Q18 and Q19, drive a dual PNP which is operated in
the common-base configuration. The current gain of these
PNP transistors is fixed at 4 so that the base can be driven
by a current source (Q13). Active collector loads are used
for the input stage so that a voltage gain of 2000 is ob-
tained. Q21 and Q22 provide enough current gain to keep
the internal, series-pass transistor from loading the input
stage. R14 limits the base drive on Q23 when it saturates
with low, unregulated input voltages. The collector of Q23 is
brought out separately so that an external booster transistor
can be added for increased output current capability. R13
established the minimum operating current in Q23 when
booster transistors are used.

One feature of the error amplifier is that it operates properly
with common mode voltages all the way up to ground. Be-
cause of this, the circuit will regulate with output voltages to
zero volts.

Current limiting is provided by Q24. When the voltage be-
tween the current limit and unregulated input terminals be-
comes large enough to turn on Q24, it wili pull Q10 out of
saturation and remove base drive from Q21 through Q20.

ADJUSTMENT

This causes the series pass transistor to exhibit a constant
current characteristic. The pre-load current, provided for
Q24 by Q10 before current limiting is initiated, gives a much
sharper current-limit characteristic. C1 and R11 are included
in the limiting circuitry to suppress oscillations.

The error amplifier is connected to a divider on the output
(R15 and R16) to keep the reference current generator from
saturating with low input-output voltage differentials. A com-
pensating resistor, R17, which is equal to the equivalent
resistance of the divider is included to minimize offset error
in the error amplifier.

The major feedback loop is frequency compensated by the
brute-force method of rolling off the response with a rela-
tively large capacitor on the output. C2 is included on the
integrated circuit to compensate for the effects of series
resistance in the output capacitor. A compensation point is
also brought out so that more capacitance can be added
across C2 for certain regulator configurations. R8 improves
the load-transient response, especially when compensation
is added on Pin 4.

The purpose of Q9, which is a collector FET, is to bias the
current-source transistors, Q12 and Q13. It also supplies
the preload current for the current-limit transistor, Q24,
through Q10.
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The LM105-An Improved
Positive Regulator

Robert J. Widlar
Apartado Postal 541
Puerto Vallarta, Jalisco
Mexico

introduction

IC voltage regulators are seeing rapidly increasing usage.
The LM100, one of the first, has already been widely ac-
cepted. Designed for versatility, this circuit can be used as a
linear regulator, a switching regulator, a shunt regulator, or
even a current regulator. The output voltage can be set be-
tween 2V and 30V with a pair of external resistors, and it
works with unregulated input voltages down to 7V. Dissipa-
tion limitations of the IC package restrict the output current
to less than 20 mA, but external transistors can be added to
obtain output currents in excess of 5A. The LM100 and an
extensive description of its use in many practical circuits are
described in References 1-3.

One complaint about the LM100 has been that it does not
have good enough regulation for certain applications. In ad-
dition, it becomes difficult to prove that the load regulation is
satisfactory under worst-case design conditions. These
problems prompted development of the LM105, which is
nearly identical to the LM100 except that a gain stage has
been added for improved regulation. In the great majority of
applications, the LM105 is a plug-in replacement for the
LM100.

the improved regulator

The load regulation of the LM100 is about 0.1%, no load to
full load, without current limiting. When short circuit protec-
tion is added, the regulation begins to degrade as the output
current becomes greater than about half the limiting current.
This is illustrated in Figure 1. The LM105, on the other hand,
gives 0.1% regulation up to currents closely approaching
the short circuit current. As shown in Figure 1b, this is partic-
ularly significant at high temperatures.

The current limiting characteristics of a regulator are impor-
tant for two reasons: First, it is almost mandatory that a
regulator be short-circuit protected because the output is
distributed to enough places that the probability of it becom-
ing shorted is quite high, Secondly, the sharpness of the
limiting characteristics is not improved by the addition of
external booster transistors. External transistors can in-
crease the maximum output current, but they do not im-
prove the load regulation at currents approaching the short
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Figure 1. Comparison between the load regulation of
the LM100 and LM105 for equal short circuit
currents

circuit current. Thus, it can be seen that the LM105 provides

more than ten times better load regulation in practical power

supply designs.
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Figure 2 shows that the LM105 also provides better line
regulation than the LM100. These curves give the percent-
age change in output voltage for an incremental change in
the unregulated input voltage. They show that the line regu-
lation is worst for small differences between the input and
output voltages. The LM105 provides about three times bet-
ter regulation under worst case conditions. Bypassing the
internal reference of the regulator makes the ripple rejection
of the LM105 almost a factor of ten better than the LM100
over the entire operating range, as shown in the figure. This
bypass capacitor also eliminates noise generated in the in-
ternal reference zener of the IC.

01
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INPUT-QUTPUT VOLTAGE DIFFERENTIAL (V)
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Figure 2. Comparison between the line regulation char-
acteristics of the LM100 and LM105

The LM105 has also benefited from the use of new IC com-
ponents developed after the LM100 was designed. These
have reduced the internal power consumption so that the
LM105 can be specified for input voltages up to 50V and
output voltages to 40V. The minimum preload current re-
quired by the LM100 is not needed on the LM105.

circuit description

The differences between the LM100 and the LM105 can be
seen by comparing the schematic diagrams in Figures 3 and
4. Q4 and Q5 have been added to the LM105 to form a
common-collector, common-base, common-emitter amplifi-
er, rather than the single common-emitter differential ampli-
fier of the LM100.

In the LM100, generation of the reference voltage starts
with zener diode, D1, which is supplied with a fixed current
from one of the collectors of Q2. This regulated voltage,
which has a positive temperature coefficient, is buffered by

ATED INPUT
R?

28K R10

12 BOOSTER OUTPUT

a1
a3 I
a1s

an

7
> - COMPENSATION/
SHUTDOWN

6
FEEDBACK

5
a1 REFERENCE BYPASS
a RS
3 22K s
GROUND
TL/H/6906-5

Figure 4. Schematic diagram of the LM105 regulator

Q4, divided down by R1 and R2 and connected in series
with a diode-connected transistor, Q7. The negative temper-
ature coefficient of Q7 cancels out the positive coefficient of
the voltage across R2, producing a temperature-compen-
sated 1.8V on the base of Q8. This point is also brought
outside the circuit so that an external capacitor can be add-
ed to bypass any noise from the zener diode.

Transistors Q8 and Q9 make up the error amplifier of the
circuit. A gain of 2000 is obtained from this single stage by
using a current source, another collector on Q2, as a collec-
tor load. The output of the amplifier is buffered by Q11 and
used to drive the series-pass transistor, Q12. The collector
of Q12 is brought out so that an external PNP transistor, or
PNP—NPN combination, can be added for increased output
current.

Current limiting is provided by Q10. When the voltage
across an external resistor connected between Pins 1 and 8
becomes high enough to turn on Q10, it removes the base
drive from Q11 so the regulator exhibits a constant-current
characteristic. Prebiasing the current limit transistor with a
portion of the emitter-base voltage of Q12 from R6 and R7
reduces the current limit sense voltage. This increases the
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Figure 3. Schematic diagram of the LM100 regulator
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efficiency of the regulator, especially when foldback current
limiting is used. With foldback limiting, the voltage dropped
across the current sense resistor is about four times larger
than the sense voltage.

As for the remaining details, the collector of the amplifier,
Q9, is brought out so that external collector-base capaci-
tance can be added to frequency-stabilize the circuit when it
is used as a linear regulator. This terminal can also be
grounded to shut the regulator off. R9 and R4 are used to
start up the regulator, while the rest of the circuitry estab-
lishes the proper operating levels for the current source
transistor, Q2.

The reference circuitry of the LM105 is the same, except
that the current through the reference divider, R2, R3 and
R4, has been reduced by a factor of two on the LM105 for
reduced power consumption. In the LM105, Q2 and Q3 form
an emitter coupled amplifier, with Q3 being the emitter-fol-
lower input and Q2 the common-base output amplifier. R6 is
the collector load for this stage, which has a voltage gain of
about 20. The second stage is a differential amplifier, using
Q4 and Q5. Q5 actually provides the gain. Since it has a
current source as a collector load, one of the collectors of
Q12, the gain is quite high: about 1500. This gives a total
gain in the error amplifier of about 30,000 which is ten times
higher than the LM100.

It is not obvious from the schematic, but the first stage (Q2
and Q3) and second stage (Q4 and Q5) of the error amplifi-
er are closely balanced when the circuit is operating. This
will be true regardless of the absolute value of components
and over the operating temperature range. The only thing
affecting balance is component matching, which is good in a
monolithic integrated circuit, so the error amplifier has good
drift characteristics over a wide temperature range.

Frequency compensation is accomplished with an external
integrating capacitor around the error amplifier, as with the
LM100. This scheme makes the stability insensitive to load-
ing conditions—resistive or reactive—while giving good
transient response. However, an internal capacitor, C1, is
added to prevent minor-loop oscillations due to the in-
creased gain.

Additional differences between the LM100 and LM105 are
that a field-effect transistor, Q18, connected as a current
source starts the regulator when power is first applied.
Since this current source is connected to ground, rather
than the output, the minimum load current before the regula-
tor drops out of operation with large input-output voltage
differentials is greatly reduced. This also minimizes power
dissipation in the integrated circuit when the difference be-
tween the input and output voltage is at the worst-case val-
ue. With the LM105 circuit configuration, it was also neces-
sary to add Q17 to eliminate a latch-up mechanism which
could exist with lower output-voltage settings. Without Q17,
this could occur when Q3 saturated and cut off the second
stage amplifiers, Q4 and Q5, causing the output to latch at a
voltage nearly equal to the unregulated input.

power limitations

Although it is desirous to put as much of the regulator as
possible on the IC chip, there are certain basic limitations.
For one, it is not a good idea to put the series pass transis-
tor on the chip. The power that must be dissipated in the
pass transistor is too much for practical IC packages. Fur-
ther, IC’s must be rated at a lower maximum operating tem-
perature than power transistors. This means that even with
a power package, a more massive heat sink would be re-
quired if the pass transistor was included in the IC.

Assuming that these problems could be solved, it is still not
advisable to put the pass transistor on the same chip with
the reference and control circuitry: changes in the unregu-
lated input voltage or load current produce gross variations
in chip temperature. These variations worsen load and line
regulation due to temperature interaction with the control
and reference circuitry.

To elaborate, it is reasonable to neglect the package prob-
lem since it is potentially solvable. The lower, maximum op-
erating temperatures of IC’s, however, present a more basic
problem. The control circuitry in an IC regulator runs at fairly
low currents. As a result, it is more sensitive to leakage
currents and other phenomena which degrades the per-
formance of semiconductors at high temperatures. Hence,
the maximum operating temperature is limited to 150°C in
military temperature range applications. On the other hand,
a power transistor operating at high currents may be run at
temperatures up to 200°C, because even a 1 mA leakage
current would not affect its operation in a properly designed
circuit. Even if the pass transistor developed a permanent
1 mA leakage from channeling, operating under these con-
ditions of high stress, it would not affect circuit operation.
These conditions would not trouble the pass transistor, but
they would most certainly cause complete failure of the con-
trol circuitry.

These problems are not eliminated in applications with a
lower maximum operating temperature. Integrated circuits
are sold for limited temperature range applications at con-
siderably lower cost. This is mainly based on a lower maxi-
mum junction temperature. They may be rated so that they
do not biow up at higher temperatures, but they are not
guaranteed to operate within specifications at these temper-
atures. Therefore, in applications with a lower maximum am-
bient temperature, it is necessary to purchase an expensive
full temperature range part in order to take advantage of the
theoretical maximum operating temperatures of the IC.

Figure 5 makes the point about dissipation limitations more
strongly. It gives the maximum short circuit output current
for an IC regulator in a TO-5 package, assuming a 25°C
temperature rise between the chip and ambient and a quies-
cent current of 2 mA. Dual-in-line or flat packages give re-
sults which are, at best, slightly better, but are usually
worse. If the short circuit current is not of prime concern,
Figure 5 can also be used to give the maximum output cur-
rent as a function of input-output voltage differential, How-
ever, the increased dissipation due to the quiescent current
flowing at the maximum input voltage must be taken into
account. In addition, the input-output differential must be
measured with the maximum expected input voltages.
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Figure 5. Dissipation limited short circuit output current
for an IC regulator in a TO-5 package

The 25°C temperature rise assumed in arriving at Figure 5 is
not at all unreasonable. With military temperature range
parts, this is valid for a maximum junction temperature of
150°C with a 125°C ambient. For low cost parts, marketed
for limited temperature range applications, this maximum
differential appropriately derates the maximum junction tem-
perature.

In practical designs, the maximum permissible dissipation
will always be to the left of the curve shown for an infinite
heat sink in Figure 5. This curve is realized with the package
immersed in circulating acetone, freon or mineral oil. Most
heat sinks are not quite as good.

To summarize, power transistors can be run with a tempera-
ture differential, junction to ambient, 3 to 5 times as great as
an integrated circuit. This means that they can dissipate
much more power, even with a smaller heat sink. This, cou-
pled with the fact that low cost, multilead power packages
are not available and that there can be thermal interactions
between the control circuitry and the pass transistor, strong-
ly suggests that the pass transistors be kept separate from
the integrated circuit.

using booster transistors

Figure 6 shows how an externai pass transistor is added o
the LM105. The addition of an external PNP transistor does
not increase the minimum input output voltage differential.
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Figure 6. 0.2A regulator

This would happen if an NPN transistor was used in a com-
pound emitter follower connection with the NPN output tran-
sistor of the IC. A single-diffused, wide base transistor like
the 2N3740 is recommended because it causes fewer oscil-
lation problems than double-diffused, planar devices. In ad-
dition, it seems to be less prone to failure under overload
conditions; and low cost devices are available in power
packages like the TO-66 or even TO-3.

When the maximum dissipation in the pass transistor is less
than about 0.5W, a 2N2905 may be used as a pass transis-
tor. However, it is generally necessary to carefully observe
thermal deratings and provide some sort of heat sink.

In the circuit of Figure 6, the output voltage is determined by
R1 and R2. The resistor values are selected based on a
feedback voltage of 1.8V to Pin 6 of the LM105. To keep
thermal drift of the output voltage within specifications, the
parallel combination of R1 and R2 should be approximately
2K. However, this resistance is not critical. Variations of
+30% will not cause an appreciable degradation of temper-
ature drift.

The 1 nF output capacitor, C2, is required to suppress oscil-
lations in the feedback loop involving the external booster
transistor, Q1, and the output transistor of the LM105. C1
compensates the internal regulator circuitry to make the sta-
bility independent for all loading conditions. C3 is not nor-
mally required if the lead length between the regulator and
the output filter of the rectifier is short.

Current limiting is provided by R3. The current limit resistor
should be selected so that the maximum voltage drop
across it, at full load current, is equal to the voltage given in
Figure 7 at the maximum junction temperature of the IC.
This assures a no load to full load regulation better than
0.1% under worst-case conditions.
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Figure 7. Maximum voltage drop across current limit re-
sistor at full load for worst case load regula-
tion of 0.1%

The short circuit output current is also determined by R3.

Figure 8 shows the voltage drop across this resistor, when

the output is shorted, as a function of junction temperature

in the IC.

With the type of current limiting used in Figure 6, the dissipa-

tion under short circuit conditions can be more than three

times the worst-case full load dissipation. Hence, the heat

44




0.5

04

03

CURRENT LIMIT SENSE VOLTAGE (V)

0.2
-75-50 -25 0 25 50 75 100 125 150

JUNCTION TEMPERATURE (°C)

TL/H/6906-9

Figure 8. Voltage drop across current limit resistor re-
quired to initiate current limiting

sink for the pass transistor must be designed to accommo-
date the increased dissipation if the regulator is to survive
more than momentarily with a shorted output. It is encourag-
ing to note, however, that the short circuit current will de-
crease at higher ambient temperatures. This assists in pro-
tecting the pass transistor from excessive heating.

foldback current limiting

With high current regulators, the heat sink for the pass tran-
sistor must be made quite large in order to handle the power
dissipated under worst-case conditions. Making it more than
three times larger to withstand short circuits is sometimes
inconvenient in the extreme. This problem can be solved
with foldback current limiting, which makes the output cur-
rent under overload conditions decrease below the full load
current as the output voltage is pulled down. The short cir-
cuit current can be made but a fraction of the full load cur-
rent.

A high current regulator using foldback limiting is shown in
Figure 9. A second booster transistor, Q1, has been added
to provide 2A output current without causing excessive dis-
sipation in the LM105. The resistor across its emitter base
junction bleeds off any collector base leakage and estab-
lishes a minimum collector current for Q2 to make the circuit
easier to stabilize with light loads. The foldback characteris-
tic is produced with R4 and R5. The voltage across R4
bucks out the voltage dropped across the current sense
resistor, R3. Therefore, more voltage must be developed
across R3 before current limiting is initiated. After the output
voltage begins to fall, the bucking voltage is reduced, as it is
proportiona! to the output voltage. With the output shorted,

the current is reduced to a value determined by the current
limit resistor and the current limit sense voltage of the
LM105.

16
1 1 1 [ 1 |
w T 1
LIMITING
S 12 | CHARACTERISTICS
8 7Yl
3 10 T T T
5 NORMA /
S 8 |LOAD LINE CURRENT—
t /1 ] sounce |
2 6 71 7 177 Loan uiNer
5 y. .4
=] 4
4 ¥
2 STABLE
~ OPERATING POINT

0 05 1.0 1.5 2.0 25

OUTPUT CURRENT (A)
TL/H/6906-11

Figure 10. Limiting characteristics of regulator using
foldback current limiting

Figure 10 illustrates the limiting characteristics. The circuit

regulates for load currents up to 2A. Heavier loads will

cause the output voltage to drop, reducing the available cur-

rent. With a short on the output, the current is only 0.5A.

In design, the value of R3 is determined from

= \,ﬂ (1)
SC
where Vjim is the current limit sense voltage of the LM105,
given in Figure 8, and |gg is the design value of short circuit
current. R5 is then obtained from
_ Vout * Vsense
== ()
Ibleed T Ibias

where Vour is the regulated output voltage, Vgense is maxi-
mum voltage across the current limit resistor for 0.1% regu-
lation as indicated in Figure 7, lpjeed is the preload current
on the regulator output provided by R5 and lp;gs is the maxi-
mum current coming out of Pin 1 of the LM105 under full
load conditions. lyias will be equal to 2 mA plus the worst-
case base drive for the PNP booster transistor, Q2. lpjged
should be made about ten times greater than Ipjgs.

Finally, R4 is given by

Rs

= IFL Rili — Vsense’ @)
bleed
where Ip| is the output current of the regulator at full load.
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Figure 9. 2A regulator with foldback current limiting
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It is recommended that a ferrite bead be strung on the emit-
ter of the pass transistor, as shown in Figure 9, to suppress
oscillations that may show up with certain physical configu-
rations. It is advisable to also include C4 across the current
limit resistor.

In some applications, the power dissipated in Q2 becomes
too great for a 2N2905 under worst-case conditions. This
can be true even if a heat sink is used, as it should be in
almost all applications. When dissipation is a problem, the
2N2905 can be replaced with a 2N3740. With a 2N3740, the
ferrite bead and C4 are not needed because this transistor
has a lower cutoff frequency.

One of the advantages of foldback limiting is that it sharp-
ens the limiting characteristics of the IC. In addition, the
maximum output current is less sensitive to variations in the
current limit sense voltage of the IC: in this circuit, a 20%
change in sense voltage will only affect the trip current by
5%. The temperature sensitivity of the full load current is
likewise reduced by a factor of four, while the short circuit
current is not.

Even though the voltage dropped across the sense resistor
is larger with foldback limiting, the minimum input-output
voltage differential of the complete regulator is not in-
creased above the 3V specified for the LM105 as long as
this drop is less than 2V. This can be attributed to the low
sense voltage of the IC by itself.

Figure 10 shows that foldback limiting can only be used with
certain kinds of loads. When the load looks predominately
like a current source, the load line can intersect the foldback
characteristic at a point where it will prevent the regulator
from coming up to voltage, even without an overload. Fortu-
nately, most solid state circuitry presents a load line which
does not intersect. However, the possibility cannot be ig-
nored, and the regulator must be designed with some
knowledge of the load.

With foldback limiting, power dissipation in the pass transis-
tor reaches a maximum at some point between full load and

short circuited output. This is illustrated in Figure 71. Howev-
er, if the maximum dissipation is calculated with the worst-
case input voltage, as it should be, the power peak is not
too high.
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Figure 11. Power dissipation in series pass transistors
under overload conditions in regulator using
foldback current limiting

high current regulator

The output current of a regulator using the LM105 as a con-
trol element can be increased to any desired level by adding
more booster transistors, increasing the effective current
gain of the pass transistors. A circuit for a 10A regulator is
shown in Figure 12. A third NPN transistor has been includ-
ed to get higher current. A low frequency device is used for
Q3 because it seems to better withstand abuse. However,
high frequency transistors must be used to drive it. Q2 and
Q83 are both double-diffused transistors with good frequency
response. This insures that Q3 will present the dominant lag
in the feedback loop through the booster transistors, and
back around the output transistor of the LM105. This is fur-
ther insured by the addition of C3.
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Figure 12. 10A regulator with foldback current limiting
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The circuit, as shown, has a full load capability of 10A. Fold-
back limiting is used to give a short circuit output current of
2.5A. The addition of Q3 increases the minimum input-out-
put voltage differential, by 1V, to 4V.

dominant failure mechanisms

By far, the biggest reason for regulator failures is overdissi-
pation in the series pass transistors. This has been borne
out by experience with the LM100. Excessive heating in the
pass transistors causes them to short out, destroying the IC.
This has happened most frequently when PNP booster tran-
sistors in a TO-5 can, like the 2N2905, were used. Even with
a good heat sink, these transistors cannot dissipate much
more than 1W. The maximum dissipation is less in many
applications. When a single PNP booster is used and power
can be a problem, it is best to go to a transistor like the
2N3740, in a TO-66 power package, using a good heat sink.

Using a compound PNP/NPN booster does not solve all
problems. Even when breadboarding with transistors in TO-
3 power packages, heat sinks must be used. The TO-3
package is not very good, thermally, without a heat sink.
Dissipation in the PNP transistor driving the NPN series
pass transistor cannot be ignored either. Dissipation in the
driver with worst-case current gain in the pass transistor
must be taken into account. In certain cases, this could re-
quire that a PNP transistor in a power package be used to
drive the NPN pass transistor. In almost all cases, a heat
sink is required if a PNP driver transistor in a TO-5 package
is selected.

With output currents above 3A, it is good practice to replace
a 2N3055 pass transistor with a 2N3772. The 2N3055 is
rated for higher currents than 3A, but its current gain falls off
rapidly. This is especially true at either high temperatures or
low input-output voltage differentials. A 2N3772 will give
substantially better performance at high currents, and it
makes life much easier for the PNP driver.

The second biggest cause of failures has been the output
filter capacitors on power inverters providing unregulated
power to the regulator. If these capacitors are operated with
excessive ripple across them, and simultaneously near their
maximum dc voltage rating, they will sputter. That is, they
short momentarily and clear themselves. When they short,
the output capacitor of the regulator is discharged back

INPUT

*Unitrode

through the reverse biased pass transistors or the control
circuitry, frequently causing destruction. This phenomenon
is especially prevalent when solid tantalum capacitors are
used with high-frequency power inverters. The maximum
ripple allowed on these capacitors decreases linearly with
frequency.

The solution to this problem is to use capacitors with con-
servative voltage ratings. In addition, the maximum ripple
allowed by the manufacturer at the operating frequency
should also be observed.

The problem can be eliminated completely by installing a
diode between the input and output of the regulator such
that the capacitor on the output is discharged through this
diode if the input is shorted. A fast switching diode should
be used as ordinary rectifier diodes are not always effective.

Another cause of problems with regulators is severe voltage
transients on the unregulated input. Even if these transients
do not cause immediate failure in the regulator, they can
feed through and destroy the load. If the load shorts out, as
is frequently the case, the regulator can be destroyed by
subsequent transients.

This problem can be solved by specifying all parts of the
regulator to withstand the transient conditions. However,
when ultimate reliability is needed, this is not a good solu-
tion. Especially since the regulator can withstand the tran-
sient, yet severely overstress the circuitry on its output by
feeding the transients through. Hence, a more logical re-
course is to include circuitry which suppresses the tran-
sients. A method of doing this is shown in Figure 13. A zener
diode, which can handle large peak currents, clamps the
input voltage to the regulator while an inductor limits the
current through the zener during the transient. The size of
the inductor is determined from

AVAt
L=— @)
where AV is the voltage by which the input transient ex-
ceeds the breakdown voltage of the diode, At is the dura-
tion of the transient and | is the peak current the zener can
handle while still clamping the input voltage to the regulator.

Ac chawn tha giinnragccinn pirpuit will slamn 70/ 4 mg tran.
AS SNOWN, e SUPPIression CirCuit win Ciamp /uv, 4 MS wan:

sients on the unregulated supply.

TO REGULATORS

c1
10 uF

TL/H/6906-14

Figure 13. Suppression circuitry to remove large voltage spikes from unregulated supplies
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conclusions

The LM105 is an exact replacement for the LM100 in the
majority of applications, providing about ten times better
regulation. There are, however, a few differences:

In switching regulator applications,2 the size of the resistor
used to provide positive feedback should be doubled as the
impedance seen looking back into the reference bypass ter-
minal is twice that of the LM100 (2 kQ versus 1 k). In
addition, the minimum output voltage of the LM105 is 4.5V,
compared with 2V for the LM100. In low voltage regulator
applications, the effect of this is obvious. However, it also
imposes some limitations on current regulator and shunt
regulator designs.3 Lastly, clamping the compensation ter-
minal (Pin 7) within a diode drop of ground or the output
terminal will not guarantee that the regulator is shut off, as it
will with the LM100. This restricts the LM105 in the overload
shutoff schemes3 which can be used with the LM100.

Dissipation limitations of practical packages dictate that the
output current of an IC regulator be less than 20 mA. How-
ever, external booster transistors can be added to get any
output current desired. Even with satisfactory packages,
considerably larger heat sinks would be needed if the pass
transistors were put on the same chip as the reference and
control circuitry, because an IC must be run at a lower maxi-
mum temperature than a power transistor. In addition, heat
dissipated in the pass transistor couples into the low level
circuitry and degrades performance. All this suggests that
the pass transistor be kept separate from the IC.

Overstressing series pass transistors has been the biggest
cause of failures with IC regulators. This not only applies to
the transistors within the IC, but also to the external booster
transistors. Hence, in designing a regulator, it is of utmost
importance to determine the worst-case power dissipation
in all the driver and pass transistors. Devices must then be
selected which can handle the power. Further, adequate
heat sinks must be provided as even power transistors can-
not dissipate much power by themselves.

Normally, the highest power dissipation occurs when the
output of the regulator is shorted. If this condition requires
heat sinks which are so large as to be impractical, foldback
current limiting can be used. With foldback limiting, the pow-
er dissipated under short circuit conditions can actually be
made less than the dissipation at full load.

The LM105 is designed primarily as a positive voltage regu-
lator. A negative regulator, the LM104, which is a functional
complement to the LM105, is described in Reference 4.
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A Simplified Test Set for Op
Amp Characterization

INTRODUCTION

The test set described in this paper allows complete quanti-
tative characterization of all dc operational amplifier param-
eters quickly and with a minimum of additional equipment.
The method used is accurate and is equally suitable for lab-
oratory or production test—for quantitative readout or for
limit testing. As embodied here, the test set is conditioned
for testing the LM709 and LM101 amplifiers; however, sim-
ple changes discussed in the text will allow testing of any of
the generally available operational amplifiers.

Amplifier parameters are tested over the full range of com-
mon mode and power supply voltages with either of two
output loads. Test set sensitivity and stability are adequate
for testing all presently available integrated amplifiers.

The paper will be divided into two sections, i.e., a functional
description, and a discussion of circuit operation. Complete
construction information will be given including a layout for
the tester circuit boards.

FUNCTIONAL DESCRIPTION

The test set operates in one of three basic modes. These
are: (1) Bias Current Test; (2) Offset Voltage, Offset Current
Test; and (3) Transfer Function Test. In the first two of these
tests, the amplifier under test is exercised throughout its full
common mode range. In all three tests, power supply volt-
ages for the circuit under test may be set at £5V, +10V,
+15V, or £20V.

National Semiconductor
Application Note 24
M. Yamatake

POWER SUPPLY

Basic waveforms and dc operating voltages for the test set
are derived from a power supply section comprising a posi-
tive and a negative rectifier and filter, a test set voltage
regulator, a test circuit voltage regulator, and a function gen-
erator. The dc supplies will be discussed in the section deal-
ing with detailed circuit description.

The waveform generator provides three output functions, a
+19V square wave, a —19V to + 19V pulse with a 1% duty
cycle, and a £5V triangular wave. The square wave is the
basic waveform from which both the pulse and triangular
wave outputs are derived.

The square wave generator is an operational amplifier con-
nected as an astable multivibrator. This amplifier provides
an output of approximately £19V at 16 Hz. This square
wave is used to drive junction FET switches in the test set
and to generate the pulse and triangular waveforms.

The pulse generator is a monostable multivibrator driven by
the output of the square wave generator. This multivibrator
is allowed to swing from negative saturation to positive satu-
ration on the positive going edge of the square wave input
and has a time constant which will provide a duty cycle of
approximately 1%. The output is approximately —19V to
+19V.

T0 SCOPE

HORIZONTAL

R9

T0 SCOPE
VERTICAL

TL/H/7190-1

FIGURE 1. Functional Diagram of Bias Current Test Circuit
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The triangular wave generator is a dc stabilized integrator
driven by the output of the square wave generator and pro-
vides a +5V output at the square wave frequency, inverted
with respect to the square wave.

The purpose of these various outputs from the power supply
section will be discussed in the functional description.

BIAS CURRENT TEST

A functional diagram of the bias current test circuit is shown
in Figure 1. The output of the triangular wave generator and
the output of the test circuit, respectively, drive the horizon-
tal and vertical deflection of an oscilloscope.

The device under test, (cascaded with the integrator, A7), is
connected in a differential amplifier configuration by R4, Ro,
Rg, and R4. The inputs of this differential amplifier are driven
in common from the output of the triangular wave generator
through attenuator Rg and amplifier Ag. The inputs of the
device under test are connected to the feedback network
through resistors Rs and Rg, shunted by the switch Sg, and
Ssp.

The feedback network provides a closed loop gain of 1,000
and the integrator time constant serves to reduce noise at
the output of the test circuit as well as allowing the output of
the device under test to remain near zero volts.

The bias current test is accomplished by allowing the device
under test to draw input current to one of its inputs through
the corresponding input resistor on positive going or nega-
tive going halves of the triangular wave generator output.
This is accomplished by closing S5, or Ssp on alternate
halves of the triangular wave input. The voltage appearing
across the input resistor is equal to input current times the
input resistor. This voltage is multiplied by 1,000 by the
feedback loop and appears at the integrator output and the
vertical input of the oscilloscope. The vertical separaton of
the traces representing the two input currents of the amplifi-
er under test is equivalent to the total bias current of the
amplifier under test.

The bias current over the entire common mode range may
be examined by setting the output of Ag equal to the amplifi-
er common mode range. A photograph of the bias current
oscilloscope display is given as Figure 2. In this figure, the
total input current of an amplifier is displayed over a + 10V
common mode range with a sensitivity of 100 nA per vertical
division.

TL/H/7190-2
FIGURE 2. Bias Current and Common
Mode Rejection Display

The bias current display of Figure 2 has the added advan-
tage that incipient breakdown of the input stage of the de-
vice under test at the extremes of the common mode range
is easily detected.

If either or both the upper or lower trace in the bias current
display exhibits curvature near the horizontal ends of the
oscilloscope face, then the bias current of that input of the
amplifier is shown to be dependent on common mode volt-
age. The usual causes of this dependency are low break-
down voltage of the differential input stage or current sink.

OFFSET VOLTAGE, OFFSET CURRENT TEST

The offset voltage and offset current tests are performed in
the same general way as the bias current test. The only
difference is that the switches S, and Ssp are closed on
the same half-cycle of the triangular wave input.

The synchronous operation of S5 and Ssp, forces the ampli-
fier under test to draw its input currents through matched
high and low input resistors on alternate halves of the input
triangular wave. The difference between the voltage drop
across the two values of input resistors is proportional to the
difference in input current to the two inputs of the amplifier
under test and may be measured as the vertical spacing
between the two traces appearing on the face of the oscillo-
scope.

Offset voltage is measured as the vertical spacing between
the trace corresponding to one of the two values of source
resistance and the zero volt baseline. Switch Sg and Resis-
tor Rg are a base line chopper whose purpose is to provide
a baseline reference which is independent of test set and
oscilloscope drift. Sg is driven from the pulse output of the
function generator and has a duty cycle of approximately
1% of the triangular wave.

Figure 3 is a photograph of the various waveforms present-
ed during this test. Offset voltage and offset current are
displayed at a sensitivity of 1 mV and 100 nA per division,
respectively, and both parameters are displayed over a
common mode range of =10V.

TL/H/7190-3
FIGURE 3. Offset Voltage, Offset Current
and Common Mode Rejection Display
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TL/H/7190-4

FIGURE 4. Functional Diagram of Transfer Function Circuit

TRANSFER FUNCTION TEST

A functional diagram of the transfer function test is shown in
Figure 4. The output of the triangular wave generator and
the output of the circuit under test, respectively, drive the
horizontal and vertical inputs of an oscilloscope.

The device under test is driven by a £2.5 mV triangular
wave derived from the 5V output of the triangular wave
generator through the attenuators R4, Ry, and Ry, Rg and
through the voltage follower, A;. The output of the device
under test is fed to the vertical input of an oscilloscope.
Amplifier A7 performs a dual function in this test. When Sy is
closed during the bias current test, a voltage is developed
across Cq equal to the amplifier offset voltage multiplied by
the gain of the feedback loop. When S; is opened in the
transfer function test, the charge stored in C4 continues to
provide this offset correction voltage. In addition, A7 sums
the triangular wave test signal with the offset correction volt-
age and applies this sum to the input of the amplifier under
test through the attenuator R4, R3. This input sweeps the
input of the amplifier under test +2.5 mV around its offset
voltage.

Figure 5 is a photograph of the output of the test set during
the transfer function test. This figure illustrates the function
of amplifier A7 in adjusting the dc input of the test device so
that its transfer function is displayed on the center of the
oscilloscope face.

The transfer function display is a plot of V|\ vs Vourt for an
amplifier. This display provides information about three am-
plifier parameters: gain, gain linearity, and output swing.

TL/H/7190-5
FIGURE 5. Transfer Function Display

Gain is displayed as the slope, AVoyt/AV|y of the transfer
function. Gain linearity is indicated change in slope of the
VouT/VIN display as a function of output voltage. This dis-
play is particularly useful in detecting crossover distortion in
a Class B output stage. Output swing is measured as the
vertical deflection of the transfer function at the horizontal
extremes of the display.
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FIGURE 6. Power Supply and Function Generator

DETAILED CIRCUIT DESCRIPTION

POWER SUPPLIES

As shown in Figure 6, which is a complete schematic of the
power supply and function generator, two power supplies
are provided in the test set. One supply provides a fixed
+20V to power the circuitry in the test set; the other pro-
vides 5V to £20V to power the circuit under test.

The test set power supply regulator accepts + 28V from the
positive rectifier and filter and provides + 20V through the
LM100 positive regulator. Amplifier Aq is powered from the
negative rectifier and filter and operates as a unity gain in-
verter whose input is + 20V from the positive regulator, and
whose output is —20V.

The test circuit power supply is referenced to the +20V
output of the positive regulator through the variable divider

comprising R7, Rg, Rg, R1o, and Rge. The output of this
divider is + 10V to +2.5V according to the position of Sgq
and is fed to the non-inverting, gain-of-two amplifier, Ap. A2
is powered from +28V and provides +20V to +5V at its
output. Az is a unity gain inverter whose input is the output
of Ao and which is powered from —28V. The complementa-
ry outputs of amplifiers A; and A3 provide dc power to the
circuit under test.

LM101 amplifiers are used as A, and A3 to allow operation
from one ground referenced voltage each and to provide
protective current limiting for the device under test.

FUNCTION GENERATOR

The function generator provides three outputs, a +19V
square wave, a —19V to +19V pulse having a 1% duty
cycle, and a =5V triangular wave. The square wave is the
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basic function from which the pulse and triangular wave are
derived, the pulse is referenced to the leading edge of the
square wave, and the triangular wave is the inverted and
integrated square wave.

Amplifier A4 is an astable multivibrator generating a square
wave from positive to negative saturation. The amplitude of
this square wave is approximately +19V. The square wave
frequency is determined by the ratio of Ryg to R1g and by
the time constant, R17Cg. The operating frequency is stabi-
lized against temperature and power regulation effects by
regulating the feedback signal with the divider Ryg, D5 and
De.

Amplifier As is a monostable multivibrator triggered by the
positive going output of A4. The pulse width of As is deter-
mined by the ratio of Rpg to Ros and by the time constant
R21C10. The output pulse of As is an approximately 1% duty
cycle pulse from approximately —19V to + 19V.

Amplifier Ag is a dc stabilized integrator driven from the am-
plitude-regulated output of A4. Its output is a £5V triangular
wave. The amplitude of the output of Ag is determined by
the square wave voltage developed across Ds and Dg and
the time constant Ragj C14. DC stabilization is accomplished
by the feedback network R4, Ros, and Cqs. The ac attenua-
tion of this feedback network is high enough so that the
integrator action at the square wave frequency is not de-
graded.

Operating frequency of the function generator may be var-
ied by adjusting the time constants associated with A4, As,
and Ag in the same ratio.

TEST CIRCUIT

A complete schematic diagram of the test circuit is shown in
Figure 7. The test circuit accepts the outputs of the power
supplies and function generator and provides horizontal and
vertical outputs for an X-Y oscilloscope, which is used as
the measurement system.

The primary elements of the test circuit are the feedback
buffer and integrator, comprising amplifier A7 and its feed-
back network Cqg, R31, R32, and Cq7, and the differential
amplifier network, comprising the device under test and the
feedback network R4, R43, R44, and Rsp. The remainder of
the test circuit provides the proper conditioning for the de-
vice under test and scaling for the oscilloscope, on which
the test results are displayed.

The amplifier Ag provides a variable amplitude source of
common mode signal to exercise the amplifier under test
over its common mode range. This amplifier is connected as
a non-inverting gain-of-3.6 amplifier and receives its input
from the triangular wave generator. Potentiometer R37 al-
lows the output of this amplifier to be varied from +0 volts
to *18 volts. The output of this amplifier drives the differen-
tial input resistors, R4z and Rgg4, for the device under test.

The resistors R4 and R47 are current sensing resistors
which sense the input current of the device under test.
These resistors are switched into the circuit in the proper
sequence by the field effect transistors Qg and Q7. Qg and
Q7 are driven from the square wave output of the function
generator by the PNP pair, Q¢ and Q11, and the NPN pair,
Qg and Qg. Switch sections S1p and S1¢ select the switch-
ing sequence for Qg and Qg and hence for Qg and Q. In
the bias current test, the FET drivers, Qg and Qg, are
switched by out of phase signals from Qq¢ and Q1. This
opens the FET switches Qg and Q7 on alternate half cycles
of the square wave output of the function generator. During
the offset voltage, offset current test, the FET drivers are

operated synchronously from the output of Q44. During the
transfer function test, Qg and Q7 are switched on continu-
ously by turning off Qq1. R42 and Ry45 maintain the gates of
the FET switches at zero gate to source voltage for maxi-
mum conductance during their on cycle. Since the sources
of these switches are at the common mode input voltage of
the device under test, these resistors are connected to the
output of the common mode driver amplifier, Ag.

The input for the integrator-feedback buffer, A7, is selected
by the FET switches Q4 and Qs. During the bias current and
offset voltage offset current tests, A; is connected as an
integrator and receives its input from the output of the de-
vice under test. The output of A7 drives the feedback resis-
tor, R4p. In this connection, the integrator holds the output
of the device under test near ground and serves to amplify
the voltages corresponding to bias current, offset current,
and offset voltage by a factor of 1,000 before presenting
them to the measurement system. FET switches Q4 and Qs
are turned on by switch section Sqy, during these tests.

FET switches Q4 and Qs are turned off during the transfer
function test. This disconnects A7 from the output of the
device under test and changes it from an integrator to a
non-inverting unity gain amplifier driven from the triangular
wave output of the function generator through the attenua-
tor R3g and R34 and switch section Sq,. In this connection,
amplifier A7 serves two functions; first, to provide an offset
voltage correction to the input of the device under test and,
second, to drive the input of the device under test with a
+2.5 mV triangular wave centered about thz offset voltage.
During this test, the common mode driver amplifier is dis-
abled by switch section S15 and the vertical input of the
measurement oscilloscope is transferred from the output of
the integrator-buffer, A7, to the output of the device under
test by switch section Sqg4. Sp4 allows supply voltages for
the device under test to be set at +5, +10, £ 15, or +20V.
Sop changes the vertical scale factor for the measurement
oscilloscope to maintain optimum vertical deflection for the
particular power supply voltage used. S4 is a momentary
contact pushbutton switch which is used to change the load
on the device under test from 10 kQ to 2 kQ.

A deiay must be provided when switching from the input
tests to the transfer function tests. The purpose of this delay
is to disable the integrator function of A7 before driving it
with the triangular wave. If this is not done, the offset cor-
rection voltage, stored on Cqg, will be lost. This delay be-
tween opening FET switch Q4, and switch Qs, is provided by
the RC filter, R35 and C19.

Resistor R41 and diodes D7 and Dg are provided to control
the integrator when no test device is present, or when a
faulty test device is inserted. R4q provides a dc feedback
path in the absence of a test device and resets the integra-
tor to zero. Diodes D7 and Dg clamp the input to the integra-
tor to approximately .7 volts when a faulty device is inserted.

FET switch Q4 and resistor Rag provide a ground reference
at the beginning of the 50-ohm-source, offset-voltage trace.
This trace provides a ground reference which is indepen-
dent of instrument or oscilloscope calibration. The gate of
Qq is driven by the output of monostable multivibrator As,
and shorts the vertical oscilloscope drive signal to ground
during the time that As output is positive.

Switch S3, R27, and Rag provide a 5X scale increase during
input parameter tests to allow measurement of amplifiers
with large offset voltage, offset current, or bias current.

Switch S5 allows amplifier compensation to be changed for
101 or 709 type ampilifiers.
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CALIBRATION 3. Transfer Function (Figure 5)
Calibration of the test system is relatively simple and re- VIN 0.5 mV/div.
quires only two adjustments. First, the output of the main VouT 5V/div. @ Vg +20V
regulator is set up for 20V. Then, the triangular wave gener- "
. . . A 5V/div. @ Vg 15V
ator is adjusted to provide +5V output by selecting Rygj. . +
This sets the horizontal sweep for the X-Y oscilloscope 2V/div. @ Vs 10V
used as the measurement system. The oscilloscope is then 1V/div. @ Vg +5V
set up for 1V/division vertical and for a full 10 division hori- Gai AVouTt
ain = ———
zontal sweep. AVIN
Scale factors for the three test positions are:
CONSTRUCTION

1. Bias Current Display (Figure 2)

Ipias total
Common Mode Voltage

100 nA/div. vertical
Variable horizontal

2. Offset Voltage-Offset Current (Figure 3)

loffset

Voffset
Common Mode Voltage

100 nA/div. vertical
1 mV/div. vertical
Variable horizontal

Test set construction is simplified through the use of inte-
grated circuits and etched circuit layout.

Figure 8 gives photographs of the completed tester. Figure
9 shows the parts location for the components on the circuit
board layout of Figure 10. An attempt should be made to
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adhere to this layout to insure that parasitic coupling be-
tween elements will not cause oscillations or give calibration
problems.

Table | is a listing of special components which are needed
to fit the physical layout given for the tester.
TABLE |. Partial Parts List

Ty  Triad F-90X
Sy  Centralab PA2003 non-shorting
So  Centralab PA2015 non-shorting

S3, Sy Grayhill 30-1 Series 30 subminiature
pushbutton switch
Ss, Sg Alcoswitch MST-105D SPDT

CONCLUSIONS

A semi-automatic test system has been described which will
completely test the important operational amplifier parame-
ters over the full power supply and common mode ranges.
The system is simple, inexpensive, easily calibrated, and is
equally suitable for engineering or quality assurance usage.

TL/H/7190-8

FIGURE 8a. Bottom of Test Set
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IC Op Amp Beats FETs

on Input Current
Robert J. Widlar

Apartado Postal 541

Puerto Vallarta, Jalisco
Mexico

abstract

A monolithic operational amplifier having input error cur-
rents in the order of 100 pA over a —55°C to 125°C temper-
ature range is described. Instead of FETSs, the circuit used
bipolar transistors with current gains of 5000 so that offset
voltage and drift are not degraded. A power consumption of
1. mW at low voltage is also featured.

A number of novel circuits that make use of the low current
characteristics of the amplifier are given. Further, special
design techniques required to take advantage of these low
currents are explored. Component selection and the treat-
ment of printed circuit boards is also covered.

introduction

A year ago, one of the loudest complaints heard about IC op
amps was that their input currents were too high. This is no
longer the case. Today ICs can provide the ultimate in per-
formance for many applications—even surpassing FET am-
plifiers.

FET input stages have long been considered the best way
to get low input currents in an op amp. Low-picoamp input
currents can in fact be obtained at room temperature. How-
ever, this current, which is the leakage current of the gate
junction, doubles every 10°C, so performance is severely
degraded at high temperatures. Another disadvantage is
that it is difficult to match FETs closely.? Unless expensive
selection and trimming techniques are used, typical offset
voltages of 50 mV and drifts of 50 uV/°C must be tolerated.

Super gain transistors2 are now challenging FETs. These
devices are standard bipolar transistors which have been
diffused for extremely high current gains. Typically, current
gains of 5000 can be obtained at 1 pA collector currents.
This makes it possible to get input currents which are com-
petitive with FETs. It is also possible to operate these tran-
sistors at zero collector base voltage, eliminating the leak-
age currents that plague the FET. Hence they can provide
lower error currents at elevated temperatures. As a bonus,
super gain transistors match much better than FETs with
typical offset voltages of 1 mV and drifts of 3 uV/°C.

Figure 1 compares the typical input offset currents of IC op
amps and FET amplifiers. Although FETs give superior per-
formance at room temperature, their advantage is rapidly
lost as temperature increases. Still, they are clearly better
than early IC amplifiers like the LM709.3 Improved devices,
like the LM101A,4 equal FET performance over a —55°C to
125°C temperature range. Yet they use standard transistors
in the input stage. Super gain transistors can provide more
than an order of magnitude improvement over the LM101A.
The LM108 uses these to equal FET performance over a
0°C to 70°C temperature range.

In applications involving 125°C operation, the LM108 is
about two orders of magnitude better than FETs. In fact,
unless special precautions are taken, overall circuit perform-
ance is often limited by leakages in capacitors, diodes, ana-

Reprinted from EEE, December 1969.

National Semiconductor
Application Note 29

107
— mmel‘
<
= 10®
S -
3 y A
2
3 ——
- 10 LMIDIA >
8 L
& —
s FFeT
=Y ‘odo 2
; — 7/
= LM108 ot
bt
10~|| [
75 <50 <25 0 25 50 75 100 125
TEMPERATURE (°C)

TL/H/6875-1
Figure 1. Comparing IC op amps with FET-input amplifier

log switches or printed circuit boards, rather than by the op
amp itself.

effects of error current

In an operational amplifier, the input current produces a volt-
age drop across the source resistance, causing a dc error.
This effect can be minimized by operating the amplifier with
equal resistances on the two inputs.5 The error is then pro-
portional to the difference in the two input currents, or the
offset current. Since the current gains of monolithic transis-
tors tend to match well, the offset current is typically a factor
of ten less than the input currents.
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Figure 2. lllustrating the effect of source resistance on
typical input error voltage

Naturally, error current has the greatest effect in high im-
pedance circuitry. Figure 2 illustrates this point. The offset
voltage of the LM709 is degraded significantly with source
resistances greater than 10 kQ. With the LM101A this is
extended to source resistances high as 500 kQ. The
LM108, on the other hand, works well with source resistanc-
es above 10 MQ.
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High source resistances have an even greater effect on the
drift of an amplifier, as shown in Figure 3. The performance
of the LM709 is worsened with sources greater than 3 kQ.
The LM101A holds out to 100 k2 sources, while the LM108
still works well at 3 MQ.
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Figure 3. Degradation of typical drift characteristics
with high source resistances

It is difficult to include FET amplifiers in Figure 3 because
their drift is initially 50 uV/°C, unless they are selected and
trimmed. Even though their drift may be well controlled (5
rV/°C) over a limited temperature range, trimmed amplifiers
generally exhibit a much higher drift over a —55°C to 125°C
temperature range. At any rate, their average drift rate
would, at best, be like that of the LM101A where 125°C
operation is involved.

Applications that require low error currents include amplifi-
ers for photodiodes or capacitive transducers, as these usu-
ally operate at megohm impedance levels. Sample-and-
hold-circuits, timers, integrators and analog memories also
benefit from low error currents. For example, with the
LM709, worst case drift rates for these kinds of circuits is in
the order of 1.5 V/sec. The LM108 improves this to 3 mV/
sec.—worst case over a —55°C to 125°C temperature
range. Low input currents are also helpful in oscillators and
active filters to get low frequency operation with reasonable
capacitor values. The LM108 can be used at a frequency of
1 Hz with capacitors no larger than 0.01 nF. In logarithmic
amplifiers, the dynamic range can be extended by nearly 60
dB by going from the LM709 to the LM108. In other applica-
tions, having low error currents often permits an entirely dif-
ferent design approach which can greatly simplify circuitry.

the LM108

Figure 4 shows a simplified schematic of the LM108. Two
kinds of NPN transistors are used on the IC chip: super gain
(primary) transistors which have a current gain of 5000 with
a breakdown voltage of 4V and conventional (secondary)
transistors which have a current gain of 200 with an 80V
breakdown. These are differentiated on the schematic by
drawing the secondaries with a wider base.

Primary transistors (Q¢ and Qy) are used for the input stage;
and they are operated in a cascode connection with Qs and
Qg. The bases of Qs and Qg are bootstrapped to the emit-
ters of Q1 and Qo through Q3 and Qq, so that the input
transistors are operated at zero collector-base voltage.
Hence, circuit performance is not impaired by the low break-
down of the primaries, as the secondary transistors stand
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Figure 4. Simplified schematic of the LM108
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off the commom mode voltage. This configuration also im-
proves the commom mode rejection since the input transis-
tors do not see variations in the commom mode voltage.
Further, because there is no voltage across their collector-
base junctions, leakage currents in the input transistors are
effectively eliminated.

The second stage is a differential amplifier using high gain
lateral PNPs (Qg and Qq().6 These devices have current
gains of 150 and a breakdown voltage of 80V. Ry and Ry
are the collector load resistors for the input stage. Q7 and
Qg are diode connected laterals which compensate for the
emitter-base voltage of the second stage so that its operat-
ing current is set at twice that of the input stage by Ry.

The second stage uses an active collector load (Q45 and
Q1¢) to obtain high gain. It drives a complementary class-B
output stage which gives a substantial load driving capabili-
ty. The dead zone of the output stage is eliminated by bias-
ing it on the verge of conduction with Q11 and Q2.

Two methods of frequency compensation are available for
the amplifier. In one a 30 pF capacitor is connected from the
input to the output of the second stage (between the com-
pensation terminals). This method is pin-compatible with the
LM101 or LM101A. It can also be compensated by connect-
ing a 100 pF capacitor from the output of the second stage
to ground. This technique has the advantage of improving
the high frequency power supply rejection by a factor of ten.
A complete schematic of the LM108 is given in the Appen-
dix along with a description of the circuit. This includes such
essential features as overload protection for the inputs and
outputs.

performance

The primary design objective for the LM108 was to obtain
very low input currents without sacrificing offset voltage or
drift. A secondary objective was to reduce the power con-
sumption. Speed was of little concern, as long as it was
comparable with the LM709. This is logical as it is quite
difficult to make high-impedance circuits fast; and low power
circuits are very resistant to being made fast. In other re-
spects, it was desirable to make the LM108 as much like the
LM101A as possible.
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Figure 5. Input currents

Figure 5 shows the input current characteristics of the
LM108 over a —55°C to 125°C temperature range. Not only
are the input currents low, but also they do not change radi-
cally over temperature. Hence, the device lends itself to rel-
atively simple temperature compensation schemes, that will
be described later.

There has been considerable discussion about using Dar-
lington input stages rather than super gain transistors to
obtain low input currents.6.7 It is appropriate to make a few
comments about that here.

Darlington inputs can give about the same input bias cur-
rents as super gain transistors—at room temperature. How-
ever, the bias current varies as the square of the transistor
current gain. At low temperatures, super gain devices have
a decided advantage. Additionally, the offset current of su-
per gain transistors is considerably lower than Darlingtons,
when measured as a percentage of bias current. Further,
the offset voltage and offset voltage drift of Darlington tran-
sistors is both higher and more unpredictable.

Experience seems to tell the real truth about Darlingtons.
Quite a few op amps wiin Darlington input stages have been
introduced. However, none have become industry stan-
dards. The reason is that they are more sensitive to varia-
tions in the manufacturing process. Therefore, satisfactory
performance specifications can only be obtained by sacrific-
ing the manufacturing yield.
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Figure 6. Supply current

The supply current of the LM108 is plotted as a function of
supply voltage in Figure 6. The operating current is about an
order of magnitude lower than devices like the LM709. Fur-
thermore, it does not vary radically with supply voltage
which means that the device performance is maintained at
low voltages and power consumption is held down at high
voltages.
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Figure 7. Output swing

The output drive capability of the circuit is illustrated in Fig-
ure 7. The output swings to within a volt of the supplies,
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which is especially important when operating at low volt-
ages. The output falls off rapidly as the current increases
above a certain level and the short circuit protection goes
into effect. The useful output drive is limited to about
+2 mA. It could have been increased by the addition of
Darlington transistors on the output, but this would have
restricted the voltage swing at low supply voltages. The am-
plifier, incidentally, works with common mode signals to
within a volt of the supplies so it can be used with supply
voltages as low as +2V.
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Figure 8. Open loop frequency response

The open loop frequency response, plotted in Figure 8, indi-
cates that the frequency response is about the same as that
of the LM709 or the LM101A. Curves are given for the two
compensation circuits shown in Figure 9. The standard
compensation is identical to that of the LM101 or LM101A.
The alternate compensation scheme gives much better re-
jection of high frequency power supply noise, as will be
shown later.
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Figure 9. Compensation circuits

With unity gain compensation, both methods give a 75-de-
gree stability margin. However, the shunt compensation has
a 300 kHz small signal bandwidth as opposed to 1 MHz for
the other scheme. Because the compensation capacitor is
not included on the IC chip, it can be tailored to fit the appli-
cation. When the amplifier is used only at low frequencies,
the compensation capacitor can be increased to give a
greater stability margin. This makes the circuit less sensitive
to capacitive loading, stray capacitances or improper supply
bypassing. Overcompensating also reduces the high fre-
quency noise output of the amplifier.

With closed-loop gains greater than one, the high frequency
performance can be optimized by making the compensation
capacitor smaller. If unity-gain compensation is used for an
amplifier with a gain of ten, the gain error will exceed 1-per-
cent at frequencies above 400 Hz. This can be extended to
4 kHz by reducing the compensation capacitor to 3 pF. The
formula for determining the minimum capacitor value is giv-
en in Figure 9a. It should be noted that the capacitor value
does not really depend on the closed-loop gain. Instead, it
depends on the high frequency attenuation in the feedback
networks and, therefore, the values of Ry and Ro. Whenitis
desirable to optimize performance at high frequencies, the
standard compensation should be used. With small capaci-
tor values, the stability margin obtained with shunt compen-
sation is inadequate for conservative designs.

The frequency response of an operational amplifier is con-
siderably different for large output signals than it is for small
signals. This is indicated in Figure 70. With unity-gain com-
pensation, the small signal bandwidth of the LM108 is 1
MHz. Yet full output swing cannot be obtained above 2 kHz.
This corresponds to a slew rate of 0.3 V/us. Both the full-
output bandwidth and the slew rate can be increased by
using smaller compensation capacitors, as is indicated in
the figure. However, this is only applicable for higher closed
loop gains. The results plotted in Figure 710 are for standard
compensations. With unity gain compensation, the same
curves are obtained for the shunt compensation scheme.

Classical op amp theory establishes output resistance as an
important design parameter. This is not true for IC op amps:
The output resistance of most devices is low enough that it
can be ignored, because they use class-B output stages. At
low frequencies, thermal feedback between the output and
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input stages determines the effective output resistance, and
this cannot be accounted for by conventional design theo-
ries. Semiconductor manufacturers take care of this by
specifying the gain under full load conditions, which com-
bines output resistance with gain as far as it affects overall
circuit performance. This avoids the fictitious problem that
can be created by an amplifier with infinite gain, which is
good, that will cause the open loop output resistance to
appear infinite, which is bad, although none of this affects
overall performance significantly.
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Figure 11. Closed loop output impedance

The closed loop output impedance is, nonetheless, impor-
tant in some applications. This is plotted for several operat-
ing conditions in Figure 71. It can be seen that the output
impedance rises to about 500€) at high frequencies. The
increase occurs because the compensation capacitor rolls
off the open loop gain. The output resistance can be re-
duced at the intermediate frequencies, for closed loop gains
greater than one, by making the capacitor smaller. This is
made apparent in the figure by comparing the output resist-
ance with and without frequency compensation for a closed
loop gain of 1000.

The output resistance also tends to increase at low frequen-
cies. Thermal feedback is responsible for this phenomenon.
The data for Figure 11 was taken under large-signal condi-
tions with +15V supplies, the output at zero and +1 mA
current swing. Hence, the thermal feedback is accentuated
more than would be the case for most applications.

In an op amp, it is desirable that performance be unaffected
by variations in supply voltage. IC amplifiers are generally
better than discretes in this respect because it is necessary
for one single design to cover a wide range of uses. The
LM108 has a power supply rejection which is typically in
excess of 100 dB, and it will operate with supply voltages
from +2V to +£20V. Therefore, well-regulated supplies are
unnecessary, for most applications, because a 20-percent
variation has little effect on performance.

The story is different for high-frequency noise on the sup-
plies, as is evident from Figure 12. Above 1 MHz, practically
all the noise is fed through to the output. The figure also
demonstrates that shunt compensation is about ten times
better at rejecting high frequency noise than is standard
compensation. This difference is even more pronounced
with larger capacitor values. The shunt compensation has
the added advantage that it makes the circuit virtually unaf-
fected by the lack of supply bypassing.
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Figure 12. Power supply rejection

Power supply rejection is defined as the ratio of the change
in offset voltage to the change in the supply voltage produc-
ing it. Using this definition, the rejection at low frequencies is
unaffected by the closed loop gain. However, at high fre-
quencies, the opposite is true. The high frequency rejection
is increased by the closed loop gain. Hence, an amplifier
with a gain of ten will have an order of magnitude better
rejection than that shown in Figure 712 in the vicinity of
100 kHz to 1 MHz.

The overall performance of the LM108 is summarized in
Table I". It is apparent from the table and the previous dis-
cussion that the device is ideally suited for applications that
require low input currents or reduced power consumption.
The speed of the amplifier is not spectacular, but this is not
usually a problem in high-impedance circuitry. Further, the
reduced high frequency performance makes the amplifier
easier to use in that less attention need be paid to capaci-
tive loading, stray capacitances and supply bypassing.

applications

Because of its low input current the LM108 opens up many
new design possibilities. However, extra care must be taken
in component selection and the assembly of printed circuit
boards to take full advantage of its performance. Further,
unusual design techniques must often be applied to get
around the limitations of some components.

sample and hold circuits

The holding accuracy of a sample and hold is directly relat-
ed to the error currents in the components used. Therefore,
it is a good circuit to start off with in explaining the problems

SAMPLE

TL/H/6875-14
Figure 13. Sample and hold circuit

involved. Figure 13 shows one configuration for a sample
and hold. During the sample interval, Q1 is turned on, charg-
ing the hold capacitor, C4, up to the value of the input signal.

*See Appendix Heading in This Application Note.
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When Qy is turned off, C4 retains this voltage. The output is
obtained from an op amp that buffers the capacitor so that it
is not discharged by any loading. In the holding mode, an
error is generated as the capacitor looses charge to supply
circuit leakages. The accumulation rate for error is given by

v _le
da Cy’
where dV/dt is the time rate of change in output voltage and
Ig is the sum of the input current to the op amp, the leakage
current of the holding capacitor, board leakages and the
“off” current of the FET switch.

When high-temperature operation is involved, the FET leak-
age can limit circuit performance. This can be minimized by
using a junction FET, as indicated, because commercial
junction FETs have lower leakage than their MOS counter-
parts. However, at 125°C even junction devices are a prob-
lem. Mechanical switches, such as reed relays, are quite
satisfactory from the standpoint of ieakage. However, they
are often undesirable because they are sensitive to vibra-
tion, they are too slow or they require excessive drive pow-
er. If this is the case, the circuit in Figure 74 can be used to
eliminate the FET leakage.

cit

1 uF

30 pF

TL/H/6875-15
tTeflon, polyethylene or polycarbonate dielectric capacitor
Worst case drift less than 3 mV/sec

Figure 14. Sample and hold that eliminates leakage in
FET switches

When using P-channel MOS switches, the substrate must
be connected to a voltage which is always more positive
than the input signal. The source-to-substrate junction be-
comes forward biased if this is not done. The troublesome
leakage current of a MOS device occurs across the sub-
strate-to-drain junction. In Figure 14, this current is routed to
the output of the buffer amplifier through R¢ so that it does
not contribute to the error current.

The main sample switch is Qq, while Qo isolates the hold
capacitor from the leakage of Q4. When the sample pulse is
applied, both FETs turn on charging C1 to the input voltage.
Removing the pulse shuts off both FETs, and the output
leakage of Q1 goes through Ry to the output. The voltage
drop across Ry is less than 10 mV, so the substrate of Qo
can be bootstrapped to the output of the LM108. Therefore,
the voltage across the substrate-drain junction is equal to
the offset voltage of the amplifier. At this low voltage, the
leakage of the FET is reduced by about two orders of mag-
nitude.

It is necessary to use MOS switches when bootstrapping
the leakages in this fashion. The gate leakage of a MOS
device is still negligible at high temperatures; this is not the
case with junction FETS. If the MOS transistors have protec-

tive diodes on the gates, special arrangements must be
made to drive Qz so the diode does not become forward
biased.

In selecting the hold capacitor, low leakage is not the only
requirement. The capacitor must also be free of dielectric
polarization phenomena.8 This rules out such types as pa-
per, mylar, electrolytic, tantalum or high-K ceramic. For
small capacitor values, glass or silvered-mica capacitors are
recommended. For the larger values, ones with teflon, poly-
ethylene or polycarbonate dielectrics should be used.

The low input current of the LM108 gives a drift rate, in hold,
of only 3 mV/sec when a 1 uF hold capacitor is used. And
this number is worst case over the military temperature
range. Even if this kind of performance is not needed, it may
still be beneficial to use the LM108 to reduce the size of the
hold capacitor. High quality capacitors in the larger sizes are
bulky and expensive. Further, the switches must have a low
“on” resistance and be driven from a low impedance source
to charge large capacitors in a short period of time.

If the sample interval is less than about 100 us, the LM108
may not be fast enough to work properly. If this is the case,
it is advisable to substitute the LM102A,9 which is a voltage
follower designed for both low input current and high speed.
It has a 30 V/us slew rate and will operate with sample
intervals as short as 1 ps.

When the hold capacitor is larger than 0.05 pF, an isolation
resistor should be included between the capacitor and the
input of the amplifier (R in Figure 14). This resistor insures
that the IC will not be damaged by shorting the output or
abruptly shutting down the supplies when the capacitor is
charged. This precaution is not peculiar to the LM108 and
should be observed on any IC op amp.

integrators

Integrators are a lot like sample-and-hold circuits and have
essentially the same design problems. In an integrator, a
capacitor is used as a storage element; and the error accu-
mulation rate is again proportional to the input current of the
op amp.

Figure 15 shows a circuit that can compensate for the bias
current of the amplifier. A current is fed intc the summing
node through R4 to supply the bias current. The potentiome-
ter, Ry, is adjusted so that this current exactly equals the
bias current, reducing the drift rate to zero.

INPUT:
Rs

TL/H/6875-16
Figure 15. Integrator with bias current compensation
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The diode is used for two reasons. First, it acts as a regula-
tor, making the compensation relatively insensitive to varia-
tions in supply voltage. Secondly, the temperature drift of
diode voltage is approximately the same as the temperature
drift of bias current. Therefore, the compensation is more
effective if the temperature changes. Over a 0°C to 70°C
temperature range, the compensation will give a factor of
ten reduction in input current. Even better results are
achieved if the temperature change is less.

Normally, it is necessary to reset an integrator to establish
the initial conditions for integration. Resetting to zero is
readily accomplished by shorting the integrating capacitor
with a suitable switch. However, as with the sample and
hold circuits, semiconductor switches can cause problems
because of high-temperature leakage.

A connection that gets rid of switch leakages is shown in
Figure 16. A negative-going reset pulse turns on Q¢ and Qo,

R2 .
100K v

—,—RESET

P—0UTPUT

TL/H/6875-17
*Q1 and Q3 should not have internal gate-protection diodes.

Figure 16. Low drift integrator with reset

shorting the integrating capacitor. When the switches turn
off, the leakage current of Q is absorbed by Ry while Q4
isolates the output of Qz from the summing node. Q4 has
practically no voltage across its junctions because the sub-
strate is grounded; hence, leakage currents are negligible.

The additional circuitry shown in Figure 16 makes the error
accumulation rate proportional to the offset current, rather
than the bias current. Hence, the drift is reduced by roughly
a factor of 10. During the integration interval, the bias cur-
rent of the non-inverting input accumulates an error across
R4 and Cy just as the bias current on the inverting input
does across R4 and C4. Therefore, if R4 is matched with R4
and C; is matched with C (within about 5 percent) the out-
put will drift at a rate proportional to the difference in these

currents. At the end of the integration interval, Q3 removes
the compensating error accumulated on Co as the circuit is
reset.

In applications involving large temperature changes, the cir-
cuit in Figure 76 gives better results than the compensation
scheme in Figure 15—especially under worst case condi-
tions. Over a —55°C to 125°C temperature range, the worst
case drift is reduced from 3 mV/sec to 0.5 mV/sec when a
1 uF integrating capacitor is used. If this reduction in drift is
not needed, the circuit can be simplified by eliminating Ry,
C, and Qg and returning the non-inverting input of the ampli-
fier directly to ground.

In fabricating low drift integrators, it is again necessary to
use high quality components and minimize leakage currents
in the wiring. The comments made on capacitors in connec-
tion with the sample-and-hold circuits also apply here. As an
additional precaution, a resistor should be used to isolate
the inverting input from the integrating capacitor if it is larger
than 0.05 wF. This resistor prevents damage that might oc-
cur when the supplies are abruptly shut down while the inte-
grating capacitor is charged.

Some integrator applications require both speed and low
error current. The output amplifiers for photomultiplier tubes
or solid-state radiation dectectors are examples of this. Al-
though the LM108 is relatively slow, there is a way to speed
it up when it is used as an inverting amplifier. This is shown
in Figure 17.

The circuit is arranged so that the high-frequency gain char-
acteristics are determined by Ay, while Ay determines the dc
and low-frequency characteristics. The non-inverting input
of Aq is connected to the summing node through Ry. Aq is
operated as an integrator, going through unity gain at
500 Hz. Its output drives the non-inverting input of As. The
inverting input of A; is also connected to the summing node
through C3. C3 and R3 are chosen to roll off below 750 Hz.
Hence, at frequencies above 750 Hz, the feedback path is
directly around Ay, with A¢ contributing little. Below 500 Hz,
however, the direct feedback path to A, rolls off; and the
gain of A¢ is added to that of Ap.

The high gain frequency amplifier, Ay, is an LM101A con-
nected with feed-forward compensation.10 It has a 10 MHz
equivalent small-signal bandwidth, a 10V/us slew rate and
a 250 kHz large-signal bandwidth, so these are the high-fre-
quency characteristics of the complete amplifier. The bias
current of Ay is isolated from the summing node by Cg.
Hence, it does not contribute to the dc drift of the integrator.
The inverting input of A4 is the only dc connection to the
summing junction. Therefore, the error current of the com-
posite amplifier is equal to the bias current of A4.

If Ag is allowed to saturate, A4 will then start towards satura-
tion. If the output of A4 gets far off zero, recovery from satu-
ration will be slowed drastically. This can be prevented by
putting zener clamp diodes across the integrating capacitor.
A suitable clamping arrangement is shown in Figure 17. D4
and Dj are included in the clamp circuit along with Rs to
keep the leakage currents of the zeners from introducing
errors.

In addition to increasing speed, this circuit has other advan-
tages. For one, it has the increased output drive capability
of the LM101A. Further, thermal feedback is virtually elimi-
nated because the LM108 does not see load variations.
Lastly, the open loop gain is nearly infinite at low frequen-
cies as it is the product of the gains of the two amplifiers.
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Figure 18. Sine wave oscillator

sine wave oscillator

Although it is comparatively easy to build an oscillator that
aproximates a sine wave, making one that delivers a high-
purity sinusoid with a stable frequency and amplitude is an-
other story. Most satisfactory designs are relatively compli-
cated and require individuai trimming and temperature com-
pensation to make them work. In addition, they generally
take a long time to stabilize to the final output amplitude.

A unique solution to most of these problems is shown in
Figure 18. A4 is connected as a two-pole low-pass active
filter, and Ay is connected as an integrator. Since the ulti-
mate phase lag introduced by the amplifiers is 270 degrees,
the circuit can be made to oscillate if the loop gain is high
enough at the frequency where the lag is 180 degrees. The
gain is actually made somewhat higher than is required for
oscillation to insure starting. Therefore, the amplitude builds
up until it is limited by some nonlinearity in the system.
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Amplitude stabilization is accomplished with zener clamp di-
odes, Dy and Da. This does introduce distortion, but it is
reduced by the subsequent low pass filters. If Dy and D,
have equal breakdown voltages, the resulting symmetrical
clipping will virtually eliminate the even-order harmonics.
The dominant harmonic is then the third, and this is about
40 dB down at the output of A{ and about 50 dB down on
the output of A,. This means that the total harmonic distor-
tion on the two outputs is 1 percent and 0.3 percent, respec-
tively.

The frequency of oscillation and the oscillation threshold
are determined by R4, Rp, R3, Cq1, C2 and Ca. Therefore
precision components with low temperature coefficients
should be used. If Rz is made lower than shown, the circuit
will accept looser component tolerances before dropping
out of oscillation. The start up will also be quicker. However,
the price paid is that distortion is increased. The value of Ry
is not critical, but it should be made much smaller than Ry
so that the effective resistance at Ry does not drop when
the clamp diodes conduct.

The output amplitude is determined by the breakdown volt-
ages of D4 and Da. Therefore, the clamp level shouid be
temperature compensated for stable operation. Diode-con-
nected (collector shorted to base) NPN transistors with an
emitter-base breakdown of about 6.3V work well, as the
positive temperature coefficient of the diode in reverse
breakdown nearly cancels the negative temperature coeffi-
cient of the forward-biased diode. Added advantages of us-
ing transistors are that they have less shunt capacitance
and sharper breakdowns than conventional zeners.

The LM108 is particularly useful in this circuit at low fre-
quencies, since it permits the use of small capacitors. The
circuit shown oscillates at 1 Hz, but uses capacitors in the
order of 0.01 pF. This makes it much easier to find tempera-
ture-stable precision capacitors. However, some judgment
must be used as large value resistors with low temperature
coefficients are not exactly easy to come by.*

The LM108s are useful in this circuit for output frequencies
up to 1 kHz. Beyond that, better performance can be real-
ized by substituting and LM102A for Ay and an LM101A with
feed-forward compensation for Ap. The improved high-fre-
quency response of these devices extend the operating fre-
quency out to 100 kHz.

capacitance multiplier

Large capacitor values can be eliminated from most sys-
tems just by raising the impedance levels, if suitable op
amps are available. However, sometimes it is not possible
because the impedance levels are already fixed by some
element of the system like a low impedance transducer. If
this is the case, a capacitance multiplier can be used to
increase the effective capacitance of a small capacitor and
couple it into a low impedance system.

Previously, IC op amps could not be used effectively as ca-
pacitance multipliers because the equivalent leakages gen-
erated due to offset current were significantly greater than
the leakages of large tantalum capacitors, With the LM108,
this has changed. The circuit shown in Figure 19 generates
an equivalent capacitance of 100,000 uF with a worst case
leakage of 8 uA—over a —55°C to 125°C temperature
range.

*Large-value resistors are available from Victoreen Instrument, Cleveland,
Ohio and Pyrofilm Resistor Co., Whippany, New Jersey.
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TL/H/6875-20
Figure 19. Capacitance multiplier

The performance of the circuit is described by the equations
given in Figure 19, where C is the effective output capaci-
tance, I_is the leakage current of this capacitance and Rg is
the series resistance of the multiplied capacitance. The se-
ries resistance is relatively high, so high-Q capacitors can-
not be realized. Hence, such applications as tuned circuits
and filters are ruled out. However, the multiplier can still be
used in timing circuits or servo compensation networks
where some resistance is usually connected in series with
the capacitor or the effect of the resistance can be compen-
sated for.

One final point is that the leakage current of the multiplied
capacitance is not a function of the applied voltage. It per-
sists even with no voltage on the output. Therefore, it can
generate offset errors in a circuit, rather than the scaling
errors caused by conventional capacitors.

instrumentation amplifier

In many instrumentation applications there is frequently a
need for an amplifier with a high-impedance differential in-
put and a single ended output. Obvious uses for this are
amplifiers for bridge-type signal sources such as strain
gages, temperature sensors or pressure transducers. Gen-
eral purpose op amps have satisfactory input characteris-
tics, but feedback must be added to determine the effective
gain. And the addition of feedback can drastically reduce
the input resistance and degrade common mode rejection.

Figure 20 shows the classical op amp circuit for a differen-
tial amplifier. This circuit has three main disadvantages.
First, the input resistance on the inverting input is relatively
low, being equal to R4. Second, there usually is a large dif-
ference in the input resistance of the two inputs, as is indi-
cated by the equations on the schematic. Third, the com-
mon mode rejection is greatly affected by resistor matching
and by balancing of the source resistances. A 1-percent
deviation in any one of the resistor values reduces the com-
mon mode rejection to 46 dB for a closed loop gain of 1, to
60 dB for a gain of 10 and to 80 dB for a gain of 100.
Clearly, the only way to get high input impedance is to use
very large resistors in the feedback network. The op amp
must operate from a source resistance which is orders of
magnitude larger than the resistance of the signal source.
Older IC op amps introduced excessive offset and drift
when operating from higher resistances and could not be
used successfully. The LM108, however, is relatively unaf-
fected by the large resistors, so this approach can some-
times be employed.
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With large input resistors, the feedback resistors, Rz and
R4, can get quite large for higher closed loop gains. For
example, if Ry and Ry are 1 MQ, Ry and R4 must be
100 MQ for a gain of 100. It is difficult to accurately match
resistors that are this high in value, so common mode rejec-
tion may suffer. Nonetheless, any one of the resistors can
be trimmed to take out common mode feedthrough caused
either by resistors mismatches or the amplifier itself.

R1 A3

Rin = R e

INPUTS
ouTPUT

Ryy = RZ + RE =

R1

= R2

R3 = R4

R3
Ay = —
VTR

TL/H/6875-21

Figure 20. Feedback connection for a differential ampli-
fier

Another problem caused by large feedback resistors is that
stray capacitance can seriously affect the high frequency
common mode rejection. With 1 MQ input resistors, a 1 pF
mismatch in stray capacitance from either input to ground
can drop the common mode rejection to 40 dB at 1500 Hz.
The high frequency rejection can be improved at the ex-
pense of frequency response by shunting Rz and R4 with
matched capacitors.

With high impedance bridges, the feedback resistances be-
come prohibitively large even for the LM108, so the circuit in
Figure 20 cannot be used. One possible alternative is
shown in Figure 21. Ry and R3 are chosen so that their
equivalent parallel resistance is equal to Ry. Hence, the out-
put of the amplifier will be zero when the bridge is balanced.

R1
100K

ouTPUT

R1 = R2//R3

TL/H/6875-22
Figure 21. Amplifier for bridge transducers

When the bridge goes off balance, the op amp maintains
the voltage between its input terminals at zero with current
fed back from the output through Rg. This circuit does not
act like a true differential amplifier for large imbalances in
the bridge. The voltage drops across the two sensor resis-
tors, S1 and Sy, become unequal as the bridge goes off
balance, causing some non-linearity in the transfer function.
However, this is not usually objectionable for small signal
swings.
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Figure 22. Differential input instrumentation amplifier

Figure 22 shows a true differential connection that has few
of the problems mentioned previously. It has an input resist-
ance greater than 1010Q), yet it does not need large resis-
tors in the feedback circuitry. With the component values
shown, A is connected as a non-inverting amplifier with a
gain of 1.01; and it feeds into Ay which has an inverting gain
of 100. Hence, the tctal gain from the input of Ay to the
output of Az is 101, which is equal to the non-inverting gain
of Ap. If all the resistors are matched, the circuit responds
only to the differential input signal—not the common mode
voltage.

This circuit has the same sensitivity to resistors matching as
the previous circuits, with a 1 percent mismatch between
two resistors lowering the common mode rejection to 80 dB.
However, matching is more easily accomplished because of
the lower resistor values. Further, the high frequency com-
mon mode rejection is less affected by stray capacitances.
The high frequency rejection is limited, though, by the re-
sponse of A4

logarithmic converter

A logarithmic amplifier is another circuit that can take ad-
vantage of the low input current of an op amp to increase
dynamic range. Most practical log converters make use of
the logarithmic relationship between the emitter-base volt-
age of standard double-diffused transistors and their collec-
tor current. This logarithmic characteristic has been proven
true for over 9 decades of collector current. The only prob-
lem involved in using transistors as logging elements is that
the scale factor has a temperature sensitivity of 0.3 per-
cent/°C. However, temperature compensating resistors
have been developed to compensate for this characteristic,
making possible log converters that are accurate over a
wide temperature range.
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Figure 23. Temperature compensated one-quadrant logarithmic converter

Figure 23 gives a circuit that uses these techniques. Qq is
the logging transistor, while Q2 provides a fixed offset to
temperature compensate the emitter-base turn on voltage
of Q4. Q2 is operated at a fixed collector current of 10 pA by
Ao, and its emitter-base voltage is subtracted from that of
Q4 in determining the output voltage of the circuit. The col-
lector current of Qy is established by Rz and V' through
Az

The collector current of Q4 is proportional to the input cur-
rent through Rg and, therefore, proportional to the input volt-
age. The emitter-base voltage of Q¢ varies as the log of the
input voltage. The fixed emitter-base voltage of Qo sub-
tracts from the voltage on the emitter of Q4 in determining
the voltage on the top end of the temperature-compensat-
ing resistor, Sy.

The signal on the top of Sy will be zero when the input
current is equal to the current through R3 at any tempera-
ture. Further, this voltage will vary logarithmically for chang-
es in input current, although the scale factor will have a
temperature coefficient of —0.3%/°C. The output of the
converter is essentially multiplied by the ratio of Ry to S;.
Since S¢ has a positive temperature coefficient of 0.3 per-
cent/°C, it compensates for the change in scale factor with
temperature.

In this circuit, an LM101A with feedforward compensation is
used for A since it is much faster than the LM108 used for
A1. Since both amplifiers are cascaded in the overall feed-
back loop, the reduced phase shift through A, insures sta-
bility.

Certain things must be considered in designing this circuit.
For one, the sensitivity can be changed by varying R4. But
R4 must be made considerably larger than the resistance of
Sy for effective temperature compensation of the scale fac-
tor. Q1 and Q2 should also be matched devices in the same
package, and Sy should be at the same temperature as

these transistors. Accuracy for low input currents is deter-
mined by the error caused by the bias current of Aq. At high
currents, the behavior of Qq and Qy limits accuracy. For
input currents approaching 1 mA, the 2N2920 develops log-
ging errors in excess of 1 percent. If larger input currents
are anticipated, bigger transistors must be used; and Rao
should be reduced to insure that Ao does not saturate.

transducer amplifiers

With certain transducers, accuracy depends on the choice
of the circuit configuration as much as it does on the quality
of the components. The amplifier for photodiode sensors,
shown in Figure 24, illustrates this point. Normally, photodi-
odes are operated with reverse voltage across the junction.
At high temperatures, the leakage currents can approach
the signal current. However, photodiodes deliver a short-cir-
cuit output current, unaffected by leakage currents, which is
not significantly lower than the output current with reverse
bias.

ouTPUT

TL/H/6875-25
Figure 24. Amplifier for photodiode sensor
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Figure 25. Amplifier for piezoelectric transducers

TL/H/6875-26

The circuit shown in Figure 24 responds to the short-circuit
output current of the photodiode. Since the voltage across
the diode is only the offset voltage of the amplifier, inherent
leakage is reduced by at least two orders of magnitude.
Neglecting the offset current of the amplifier, the output cur-
rent of the sensor is multiplied by Ry plus Ry in determining
the output voltage.

Figure 25 shows an amplifier for high-impedance ac trans-
ducers like a piezoelectric accelerometer. These sensors
normally require a high-input-resistance amplifier. The
LM108 can provide input resistances in the range of 10 to
100 MQ, using conventional circuitry. However, convention-
al designs are sometimes ruled out either because large
resistors cannot be used or because prohibitively large input
resistances are needed.

Using the circuit in Figure 25, input resistances that are or-
ders of magnitude greater than the values of the dc return
resistors can be obtained. This is accomplished by boot-
strapping the resistors to the output. With this arrangement,
the lower cutoff frequency of a capacitive transducer is de-
termined more by the RC product of Ry and C than it is by
resistor values and the equivalent capacitance of the trans-
ducer.

resistance multiplication

When an inverting operational amplifier must have high in-
put resistance, the resistor values required can get out of
hand. For example, if a 2 MQ input resistance is needed for
an amplifier with a gain of 100, a 200 MQ feedback resistor
is called for. This resistance can, however, be reduced us-
ing the circuit in Figure 26. A divider with a ratio of 100 to 1
(R3 and Ry) is added to the output of the amplifier: Unity-
gain feedback is applied from the output of the divider, giv-
ing an overall gain of 100 using only 2 MQ resistors.

This circuit does increase the offset voltage somewhat. The
output offset voltage is given by
Ry + Rz

Vour = ( R )Av Vos-

The offset voltage is only multiplied by Ay + 1 in a conven-
tional inverter. Therefore, the circuit in Figure 26 multiplies
the offset by 200, instead of 101. This multiplication factor
can be reduced to 110 by increasing Rz to 20 M) and R3 to
5.55k.
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™

TL/H/6875-27
Figure 26. Inverting amplifier with high input resistance

Another disadvantage of the circuit is that four resistors de-
termine the gain, instead of two. Hence, for a given resistor
tolerance, the worst-case gain deviation is greater, although
this is probably more than offset by the ease of getting bet-
ter tolerances in the low resistor values.

current sources

Although there are numerous ways to make current sources
with op amps, most have limitations as far as their applica-
tion is concerned. Figure 27, however, shows a current
source which is fairly flexible and has few restrictions as far
as its use is concerned. It supplies a current that is propor-
tional to the input voltage and drives a load referred to
ground or any voltage within the output-swing capability of
the amplifier.

R1 R3
™M ™
1% 1%

lout = cad

R1R5
R3 = R4 + R5
R1 = R2

1%

TL/H/6875-28
Figure 27. Bilateral current source

With the output grounded, it is relatively obvious that the
output current will be determined by Rs and the gain setting
of the op amp, yielding

lout = — Aa Vin
R{ Rs

When the output is not at zero, it would seem that the cur-
rent through R, and R4 would reduce accuracy. Nonethe-
less, if R4 = Ry and Rz = R4 + Rs, the output current will
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be independent of the output voltage. For Ry + Rz > Rs,
the output resistance of the circuit is given by

R

Rout = Rs (A—R)

where R is any one of the feedback resistors (R4, Ra, Rz or
Ry4) and AR is the incremental change in the resistor value
from design center. Hence, for the circuit in Figure 27, a 1
percent deviation in one of the resistor values will drop the
output resistance of 200 k. Such errors can be trimmed
out by adjusting one of the feedback resistors. In design, it
is advisable to make the feedback resistors as large as pos-
sible. Otherwise, resistor tolerances become even more crit-
ical.

The circuit must be driven from a source resistance which is
low by comparison to R4, since this resistance will imbal-
ance the circuit and affect both gain and output resistance.
As shown, the circuit gives a negative output current for a
positive input voltage. This can be reversed by grounding
the input and driving the ground end of Ry. The magnitude
of the scale factor will be unchanged as long as R4 > Rs.

voltage comparators

Like most op amps, it is possible to use the LM108 as a
voltage comparator. Figure 28 shows the device used as a
simple zero-crossing detector. The inputs of the IC are pro-

R

INPUT

TL/H/6875-29
Figure 28. Zero crossing detector

tected internally by back-to-back diodes connected be-
tween them, therefore, voltages in excess of 1V cannot be
impressed directly across the inputs. This problem is taken
care of by Ry which limits the current so that input voltages
in excess of 1 kV can be tolerated. If absolute accuracy is
required or if Ry is made much larger than 1 MQ, a compen-
sating resistor of equal value should be inserted in series
with the other input.

In Figure 28, the output of the op amp is clamped so that it
can drive DTL or TTL directly. This is accomplished with a
clamp diode on pin 8. When the output swings positive, it is
clamped at the breakdown voltage of the zener. When it
swings negative, it is clamped at a diode drop below ground.
If the 5V logic supply is used as a positive supply for the
amplifier, the zener can be replaced with an ordinary silicon
diode. The maximum fan out that can be handled by the
device is one for standard DTL or TTL under worst case
conditions.

As might be expected, the LM108 is not very fast when
used as a comparator. The response time is up in the tens
of microseconds. An LM10311 is recommended for Dy, rath-
er than a conventional alloy zener, because it has lower
capacitance and will not slow the circuit further. The sharp
breakdown of the LM103 at low currents is also an advan-
tage as the current through the diode in clamp is only
10 pA.

Figure 29 shows a comparator for voltages of opposite po-
larity. The output changes state when the voltage on the
junction of Ry and Ry is equal to V1. Mathematically, this is
expressed by

Rz (V1 — Vo)

Vi = Vo +
TH 2 Ry + Ry

R1
V) A AN~

R2 ouTPUT

A

2N2907

TL/H/6875-30
Figure 29. Voltage comparator with output buffer

The LM108 can also be used as a differential comparator,
going through a transition when two input voltages are
equal. However, resistors must be inserted in series with the
inputs to limit current and minimize loading on the signal
sources when the input-protection diodes conduct. Figure
29 also shows how a PNP transistor can be added on the
output to increase the fan out to about 20 with standard DTL
or TTL.

power booster

The LM108, which was designed for low power consump-
tion, is not able to drive heavy loads. However, a relatively
simple booster can be added to the output to increase the
output current to £50 mA. This circuit, shown in Figure 30,
has the added advantage that it swings the output up to the
supplies, within a fraction of a volt. The increased voltage
swing is particularly helpful in low voltage circuits.

vt

o
2N2905
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TL/H/6875-31

Figure 30. Power booster
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In Figure 30, the output transistors are driven from the sup-
ply leads of the op amp. It is important that Ry and Ry be
made low enough so Q4 and Q3 are not turned on by the
worst case quiescent current of the amplifier. The output of
the op amp is loaded heavily to ground with Rz and Rg.
When the output swings about 0.5V positive, the increasing
positive supply current will turn on Qq which pulls up the
load. A similar situation occurs with Qp for negative output
swings.

The bootstrapped shunt compensation shown in the figure
is the only one that seems to work for all loading conditions.
This capacitor, C1, can be made inversely proportional to
the closed loop gain to optimize frequency response. The
value given is for a unity-gain follower connection. C; is also
required for loop stability.

The circuit does have a dead zone in the open loop transfer
characteristic. However, the low frequency gain is high
enough so that it can be neglected. Around 1 kHz, though,
the dead zone becomes quite noticeable.

Current limiting can be incorporated into the circuit by add-
ing resistors in series with the emitters of Q1 and Qy be-
cause the short circuit protection of the LM108 limits the
maximum voltage drop across R4 and Ra.

board construction

As indicated previously, certain precautions must be ob-
served when building circuits that are sensitive to very low
currents. If proper care is not taken, board leakage currents
can easily become much larger than the error currents of
the op amp. To prevent this, it is necessary to thoroughly
clean printed circuit boards. Even experimental bread-
boards must be cleaned with trichloroethlene or alcohol to
remove solder fluxes, and blown dry with compressed air.
These fluxes may be insulators at low impedance levels—
like in electric motors—but they certainly are not in high
impedance circuits. In addition to causing gross errors, their
presence can make the circuit behave erratically, especially
as the temperature is changed.

COMPENSATION

TL/H/6875-32
Bottom View
Figure 31. Printed circuit layout for input guarding with
TO-5 package

At elevated temperatures, even the leakage of clean boards
can be a headache. At 125°C the leakage resistance be-
tween adjacent runs on a printed circuit board is about
1011Q (0.05-inch separation parallel for 1 inch) for high
quality epoxy-glass boards that have been properly cleaned.
Therefore, the boards can easily produce error currents in
the order of 200 pA and much more if they become contam-
inated. Conservative practice dictates that the boards be
coated with epoxy or silicone rubber after cleaning to pre-
vent contamination. Silicone rubber is the easiest to use.
However, if the better durability of epoxy is needed, care
must be taken to make sure that it gets thoroughly cured.
Otherwise, the epoxy will make high temperature leakage
much worse.

Care must also be exercised to insure that the circuit board
is protected from condensed water vapor when operating in
the vicinity of 0°C. This can usually be accomplished by
coating the board as mentioned above.

a. inverting amplifier
R1 R2

INPUT
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TL/H/6875-33

b. follower
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c. non-inverting amplifier
R2

TL/H/6875-35
Figure 32. Connection of input guards
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guarding

Even with properly cleaned and coated boards, leakage cur-
rents are on the verge of causing trouble at 125°C. The
standard pin configuration of most IC op amps has the input
pins adjacent to pins which are at the supply potentials.
Therefore, it is advisable to employ guarding to reduce the
voltage difference between the inputs and adjacent metal
runs.

A board layout that includes input guarding is shown in Fig-
ure 31 for the eight lead TO-5 package. A ten-lead pin circle
is used, and the leads of the IC are formed so that the holes
adjacent to the inputs are vacant when it is inserted in the
board. The guard, which is a conductive ring surrounding
the inputs, is then connected to a low impedance point that
is at the same potential as the inputs. The leakage currents
from the pins at the supply potentials are absorbed by the
guard. The voltage difference between the guard and the
inputs can be made approximately equal to the offset volt-
age, reducing the effective leakage by more than three or-
ders of magnitude. If the leads of the integrated circuit, or
other components connected to the input, go through the
board, it may be necessary to guard both sides.

Figure 32 shows how the guard is commited on the more-
common op amp circuits. With an integrator or inverting am-
plifier, where the inputs are close to ground potential, the
guard is simply grounded. With the voltage follower, the
guard is bootstrapped to the output. If it is desirable to put a
resistor in the inverting input to compensate for the source
resistance, it is connected as shown in Figure 32b.
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TL/H/6875-37
NOTE: Pin 6 connected to bottom of package.
Top View

Guarding a non-inverting amplifier is a little more complicat-
ed. A low impedance point must be created by using rela-
tively low value feedback resistors to determine the gain (R4
and Ry in Figure 32c). The guard is then connected to the
junction of the feedback resistors. A resistor, Rs, can be
connected as shown in the figure to compensate for large
source resistances.

With the dual-in-line and flat packages, it is far more difficult
to guard the inputs, if the standard pin configuration of the
LM709 or LM101A is used, because the pin spacings on
these packages are fixed. Therefore, the pin configuration
of the LM108 was changed, as shown in Figure 33.

conclusions

IC op amps are now available that equal the input current
specifications of FET amplifiers in all but the most restricted
temperature range applications. At operating temperatures
above 85°C, the IC is clearly superior as it uses bipolar tran-
sistors that make it possible to eliminate the leakage cur-
rents that plague FETs. Additionally, bipolar transistors
match better than FETs, so low offset voltage and drifts can
be obtained without expensive adjustments or selection.
Further, the bipolar devices lend themselves more readily to
low-cost monolithic construction.

These amplifiers open up new application areas and vastly
improve performance in others. For example, in analog
memories, holding intervals can be extended to minutes,
even where —55°C to 125°C operation is involved. Instru-
mentation amplifiers and low frequency waveform genera-
tors also benefit from the low error currents.
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Figure 33. Comparing connection diagrams of the LM101A and LM108, showing addition of guarding
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When operating above 85°C, overall performance is fre-
quently limited by components other than the op amp, un-
less certain precautions are observed. It is generally neces-
sary to redesign circuits using semiconductor switches to
reduce the effect of their leakage currents. Further, high
quality capacitors must be used, and care must be exer-
cised in selecting large value resistors. Printed circuit board
leakages can also be troublesome unless the boards are
properly treated. And above 100°C, it is almost mandatory
to employ guarding on the boards to protect the inputs, if
the full potential of the amplifier is to be realized.

appendix

A complete schematic of the LM108 is given in Figure A1. A
description of the basic circuit is presented along with a
simplified schematic earlier in the text. The purpose of this
Appendix is to explain some of the more subtle features of
the design.

The current source supplying the input transistors is Qgg. It
is designed to supply a total input stage current of 6 pA at
25°C. This current drops to 3 wA at —55°C but increases to
only 7.5 pA at 125°C. This temperature characteristic tends

COMPENSATION

to compensate for the current gain falloff of the input tran-
sistors at low temperatures without creating stability prob-
lems at high temperatures.

The biasing circuitry for the input current source is nearly
identical to that in the LM101A, and a complete description
is given in Reference 4. However, a brief explanation fol-
lows.

A collector FET,8 Qa3, which has a saturation current of
about 30 pA, establishes the collector current of Qo4. This
FET provides the initial turn-on current for the circuit and
insures starting under all conditions. The purpose of Rq4 is
to compensate for production and temperature variations in
the FET current. It is a collector resistor (indicated by the T
through it) made of the same semiconductor material as the
FET channel. As the FET current varies, the drop across
R14 tends to compensate for changes in the emitter base
voltage of Q4.

The collector-emitter voltage of Qo4 is equal to the emitter
base voltage of Qg4 plus that of Qas. This voltage is deliv-
ered to Qog and Qaog. Q25 and Qo4 are operated at substan-
tially higher currents than Q¢ and Qgag. Hence, there is a

COMPENSATION

T v‘
R4 RS R6 QR? |
20K 20 5K S10K 212 )
K
‘: RS 13 Q18
a? a9 an 56K R10
a8 Q10 90
a1e 015 Q17 Zj—uuwur
[
| S AN
s 6 022 (11 16 > 240
Q19
- Q1
Q23
INPUTS
a3
S R1a
2 sa0
AN 020
+ R13
| 20K
< R1
;» 2K
R12
820
024
R1S
1K
W ‘ '

TL/H/6875-40

Figure A1. Complete schematic of the LM108
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differential in their emitter base voltages that is dropped
across Rqg to determine the input stage current. Ryg is a
pinched base resistor, as is indicated by the slash bar
through it. This resistor, which has a large positive tempera-
ture coefficient, operates in conjunction with R{7 to help
shape the temperature characteristics of the input stage
current source.

The output currents of Qgg, Q25, and Qa3 are fed to Qqp,
which is a controlled-gain lateral PNP.6 It delivers one-half
of the combined currents to the output stage. Q11 is also
connected to Qqp, with its output current set at approxi-
mately 15 wA by R7. Since this type of current source
makes use of the emitter-base voltage differential between
similar transistors operating at different collector currents,
the output of Q41 is relatively independent of the current
delivered to Q2. 12 This current is used for the input stage
bootstrapping circuitry.

Qgp also supplies current to the class-B output stage. Its
output current is determined by the ratio of Ry5 to Rz and
the current through R42. R43 is included so that the biasing
circuit is not upset when Qg saturates.

One major departure from the simplified schematic is the
bootstrapping of the second stage active loads, Q21 and
Qgy, to the output. This makes the second stage gain de-
pendent only on how well Qg and Q1o match with variations
in output voltage. Hence, the second stage gain is quite
high. In fact, the overall gain of the amplifier is typically in
excess of 106 at dc.

The second stage active loads drive Qq4. A high-gain pri-
mary transistor is used to prevent loading of the second
stage. Its collector is bootstrapped by Q43 to operate it at
zero collector-base voltage. The class-B output stage is ac-
tually driven by the emitter of Q4.

A dead zone in the output stage is prevented by biasing Q1g
and Q49 on the verge of conduction with Q15 and Q6. Rg is
used to compensate for the transconductance of Q15 and
Qq6, making the output stage quiescent current relatively
independent of the output current of Q2. The drop across
this resistor also reduces quiescent current.

For positive-going outputs, short circuit protection is provid-
ed by Ry and Q47. When the voltage drop across R1g turns
on Qy7, it removes base drive from Q4g. For negative-going
outputs, current limiting is initiated when the voltage drop
across R1q becomes large enough for the collector base
junction of Q47 to become forward biased. When this hap-
pens, the base of Qqg is clamped so the output current
cannot increase further.

Input protection is provided by Q3 and Q4 which act as
clamp diodes between the inputs. The collectors of these
transistors are bootstrapped to the emitter of Qog through
R3. This keeps the collector-isolation leakage of the transis-
tors from showing up on the inputs. Rg is included so that
the bootstrapping is not disrupted when Q3 or Q4 saturate
with an input overload, Current-limiting resistors were not
connected in series with the inputs, since diffused resistors
cannot be employed such that they work effectively, without
causing high temperature leakages.

TABLE I. Typical Performance of the LM108 Operational
Amplifier (Tp = 25°C and Vg = 1 15V)

Input Offset Voltage 0.7 mV
Input Offset Current 50 pA
Input Bias Current 0.8 nA
Input Resistance 70 MQ
Input Common Mode Range +14V
Common Mode Rejection 100dB
Offset Voltage Drift 3 uV/eC
Offset Current Drift 0.5 pA/°C
Voltage Gain 300V/mW
Small Signal Bandwidth 1.0 MHz
Slew Rate 0.3V/us
Output Swing 14V
Supply Current 300 A
Power Supply Rejection 100 dB
Operating Voltage Range +2Vto £20V
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Log Converters

One of the most predictable non-linear elements commonly
available is the bipolar transistor. The relationship between
collector current and emitter base voltage is precisely loga-
rithmic from currents below one picoamp to currents above
one milliamp. Using a matched pair of transistors and inte-
grated circuit operational amplifiers, it is relatively easy to
construct a linear to logarithmic converter with a dynamic
range in excess of five decades.

The circuit in Figure 1 generates a logarithmic output volt-
age for a linear input current. Transistor Qq is used as the
non-linear feedback element around an LM108 operational
amplifier. Negative feedback is applied to the emitter of Q4
through divider, Ry and Ry, and the emitter base junction of
Qq. This forces the collector current of Q1 to be exactly
equal to the current through the input resistor. Transistor Qz
is used as the feedback element of an LM101A operational
amplifier. Negative feedback forces the collector current of
Qg to equal the current through Rg. For the values shown,
this current is 10 nA. Since the collector current of Qa re-
mains constant, the emitter base voltage also remains con-
stant. Therefore, only the Vgg of Q varies with a change of
input current. However, the output voltage is a function of
the difference in emitter base voltages of Q1 and Qg:
Ry + R

Eout = —% (VBE, — VBE/): m
For matched transistors operating at different collector cur-
rents, the emitter base differential is given by

AVgg = KT loge I—C-l, 2
q ICg

where k is Boltzmann's constant, T is temperature in de-

grees Kelvin and q is the charge of an electron. Combining

these two equations and writing the expression for the out-

put voltage gives

—

3)

—KT [Rq +R2] o e[ Ein R3 ]

Eout = ——
q Ra2 Erer RIN

R8t
100K

National Semiconductor
Application Note 30

for Ejy = 0. This shows that the output is proportional to the
logarithm of the input voltage. The coefficient of the log
term is directly proportional to absolute temperature. With-
out compensation, the scale factor will also vary directly
with temperature. However, by making Ry directly propor-
tional to temperature, constant gain is obtained. The tem-
perature compensation is typically 1% over a temperature
range of —25°C to 100°C for the resistor specified. For limit-
ed temperature range applications, such as 0°C to 50°C, a
4300 sensistor in series with a 5709 resistor may be substi-
tuted for the 1k resistor, also with 1% accuracy. The divider,
R4 and Ry, sets the gain while the current through R3 sets
the zero. With the values given, the scale factor is 1V/dec-
ade and

E
Eout = — ['0910 ‘ R;;: + 5] )

where the absolute value sign indicates that the dimensions
of the quantity inside are to be ignored.

Log generator circuits are not limited to inverting operation.
In fact, a feature of this circuit is the ease with which non-in-
verting operation is obtained. Supplying the input signal to
Az and the reference current to Ay results in a log output
that is not inverted from the input. To achieve the same
100 dB dynamic range in the non-inverting configuration, an
LM108 should be used for Az, and an LM101A for A4. Since
the LM108 cannot use feedforward compensation, it is fre-
quency compensated with the standard 30 pF capacitor.
The only other change is the addition of a clamp diode con-
nected from the emitter of Q4 to ground. This prevents dam-
age to the logging transistors if the input signal should go
negative.

E
REF

2N2920

Cs
01 uf

TL/H/7275-1

*Tel Labs Type Qg1 Manchester, N.H.
TOffset Voltage Adjust
FIGURE 1. Log Generator with 100 dB Dynamic Range




The log output is accurate to 1% for any current between
10 nA and 1 mA. This is equivalent to about 3% referred to
the input. At currents over 500 pA the transistors used devi-
ate from log characteristics due to resistance in the emitter,
while at low currents, the offset current of the LM108 is the
major source of error. These errors occur at the ends of the
dynamic range, and from 40 nA to 400 pA the log converter
is 1% accurate referred to the input. Both of the transistors
are used in the grounded base connection, rather than the
diode connection, to eliminate errors due to base current.
Unfortunately, the grounded base connection increases the
loop gain. More frequency compensation is necessary to
prevent oscillation, and the log converter is necessarily
slow. It may take 1 to 5 ms for the output to settle to 1% of
its final value. This is especially true at low currents.

The circuit shown in Figure 2 is two orders of magnitude
faster than the previous circuit and has a dynamic range of
80 dB. Operation is the same as the circuit in Figure 1,
except the configuration optimizes speed rather than dy-
namic range. Transistor Q4 is diode connected to allow the
use of feedforward compensation! on an LM101A opera-
tional amplifier. This compensation extends the bandwidth
to 10 MHz and increases the slew rate. To prevent errors
due to the finite hpg of Q¢ and the bias current of the
LM101A, an LM102 voltage follower buffers the base cur-
rent and input current. Although the log circuit will operate
without the LM102, accuracy will degrade at low input cur-
rents. Amplifier Az is also compensated for maximum band-
width. As with the previous log converter, Ry and Rz control
the sensitivity; and Rg controls the zero crossing of the
transfer function. With the values shown the scale factor is
1V/decade and

E
Eour = — [|091o’§m + 4]

from less than 100 nA to 1 mA.

5)

a

2N2920

Anti-log or exponential generation is simply a matter of rear-
ranging the circuitry. Figure 3 shows the circuitry of the log
converter connected to generate an exponential output
from a linear input. Amplifier A4 in conjunction with transis-
tor Q4 drives the emitter of Qz in proportion to the input
voltage. The collector current of Qp varies exponentially
with the emitter-base voltage. This current is converted to a
voltage by amplifier Ap. With the values given

Eout = 10—[EIN]- ®)

Many non-linear functions such as X'z, X2, X3, 1/X, XY, and
X/Y are easily generated with the use of logs. Multiplication
becomes addition, division becomes subtraction and pow-
ers become gain coefficients of log terms. Figure 4 shows a
circuit whose output is the cube of the input. Actually, any
power function is available from this circuit by changing the
values of Rg and Rqg in accordance with the expression:

16.7 Rg
Re + Rio

Eout = EIN @

Note that when log and anti-log circuits are used to perform
an operation with a linear output, no temperature compen-
sating resistors at all are needed. If the log and anti-log
transistors are at the same temperature, gain changes with
temperature cancel. It is a good idea to use a heat sink
which couples the two transistors to minimize thermal gradi-
ents. A 1°C temperature difference between the log and
anti-log transistors results in a 0.3% error. Also, in the log
converters, a 1°C difference between the log transistors and
the compensating resistor results in a 0.3% error.

Either of the circuits in Figures 1 or 2 may be used as divid-
ers or reciprocal generators. Equation 3 shows the outputs
of the log generators are actually the ratio of two currents:

REF

R3
150K
1%

OFFSET
ADJUST

C1 C2 (%]
75 pF 1pF

. ]

2K

Eour

*Tel Labs Type Qg1 Manchester, N.H.
TL/H/7275-2

FIGURE 2. Fast Log Generator
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the input current and the current through R3. When used as
a log generator, the current through Rz was held constant
by connecting Rg to a fixed voltage. Hence, the output was
just the log of the input. If R3 is driven by an input voltage,
rather than the 15V reference, the output of the log genera-
tor is the log ratio of the input current to the current through
R3. The anti-log of this voltage is the quotient. Of course, if
the divisor is constant, the output is the reciprocal.

A complete one quadrant multiplier/divider is shown in Fig-
ure 5. It is basically the log generator shown in Figure 1
driving the anti-log generator shown in Figure 3. The log
generator output from A4 drives the base of Qg with a volt-
age proportional to the log of E1/Ep. Transistor Q3 adds a
voltage proportional to the log of E3 and drives the anti-log
transistor, Q4. The collector current of Q4 is converted to an

output voltage by A4 and Rz, with the scale factor set by Ry
at Eq E3/10E>.

Measurement of transistor current gains over a wide range
of operating currents is an application particularly suited to
log multiplier/dividers. Using the circuit in Figure 5, PNP cur-
rent gains can be measured at currents from 0.4 uA to
1 mA. The collector current is the input signal to A4, the
base current is the input signal to Ay, and a fixed voltage to
Rs sets the scale factor. Since Az holds the base at ground,
a single resistor from the emitter to the positive supply is all
that is needed to establish the operating current. The output
is proportional to collector current divided by base current,
or hgg.

In addition to their application in performing functional oper-
ations, log generators can provide a significant increase in

*Tel Labs Type Qg¢ Manchester, N.H.
TL/H/7275-3

FIGURE 3. Anti-Log Generator

TL/H/7275-4

FIGURE 4. Cube Generator
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the dynamic range of signal processing systems. Also, un-
like a linear system, there is no loss in accuracy or resolu-
tion when the input signal is small compared to full scale.
Over most of the dynamic range, the accuracy is a percent-
of-signal rather than a percent-of-full-scale. For example,
using log generators, a simple meter can display signais
with 100 dB dynamic range or an oscilloscope can display a
10 mV and 10V pulse simultaneously. Obviously, without the
log generator, the low level signals are completely lost.

To achieve wide dynamic range with high accuracy, the in-
put operational amplifier necessarily must have low offset
voltage, bias current and offset current. The LM108 has a
maximum bias current of 3 nA and offset current of 400 pA
over a —55°C to 125°C temperature range. By using equal
source resistors, only the offset current of the LM108 caus-
es an error. The offset current of the LM108 is as low as
many FET amplifiers. Further, it has a low and constant tem-
perature coefficient rather than doubling every 10°C. This
results in greater accuracy over temperature than can be
achieved with FET amplifiers. The offset voltage may be

zeroed, if necessary, to improve accuracy with low input
voltages.

The log converters are low level circuits and some care
should be taken during construction. The input leads should
be as short as possible and the input circuitry guarded
against leakage currents. Solder residues can easily con-
duct leakage currents, therefore circuit boards should be
cleaned before use. High quality glass or mica capacitors
should be used on the inputs to minimize leakage currents.
Also, when the + 15V supply is used as a reference, it must
be well regulated.
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Op Amp Circuit Collection ~ Naeresenconiueter

SECTION 1—BASIC CIRCUITS
Inverting Amplifier

Non-inverting Amplifier
R2

R1 R2

Vour

VOUY
R2
Vour = ~ g7 VN R1+R2,
IN
- Rin = R1 R1
TL/H/7057-2
TL/H/7057-1
Difference Amplifier Inverting Summing Amplifier
R2 v,
Va2
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%
VDUY 3
Y
va (R1 + Rz) R4 Rz, ovr
ouT = |z mg 57 V2 ~ a7 Vi v v
R3 + R4/ R1 R1 _R4(_1+ﬁ+_3)
For R1 = R3 and R2 = R4 R1  R2 R3
R2 R5 = R1//R2//R3//R4
— Vout = R (V2 = Vy) For minimum offset error
R1//R2 = R3//R4 TL/H/7057-3 = due to input bias current
For minimum offset error TL/H/7057-4
due to input bias current
Inverting Amplifier with High Input Impedance
1
3 pf

Non-Inverting Summing Amplifier

100K INPUT
100K

B
for 1% accuracy Source Impedance

ouTPUT

less than 100k
TL/H/7057-5 gives less than 1%
gain error. 53: I 100 pF
) N ) i - - TL/H/7057-6
Fast Inverting Amplifier with High Input Impedance Non-Inverting AC Amplifier
c1
5 pF m R2

™ 10M

R1 + R2

Vout = =7 VN
INPUT oUTPUT —
- 1 uF VI RN = R3
N R3 = R1//R2
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Practical Differentiator
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Fast Integrator
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Current to Voltage Converter
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INPUT

Vin

Neutralizing Input Capacitance
to Optimize Response Time

R1 R2

ouTPUT

C R1
Cs N Cn < Rz Cs

TL/H/7057-15

Integrator with Bias Current Compensation
v&

R3* |
20K

R2
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over —55°C to 125°C
temperature range.

TL/H/7057-16

Voltage Comparator for Driving
DTL or TTL Integrated Circuits

INPUTS

- TL/H/7057-17
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TL/H/7057-18
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Offset Voltage Adjustment for Inverting Amplifiers
Using Any Type of Feedback Element

R3

OUTPUT

R2
RANGE = =V | —
GE (FH )

TL/H/7057-21

Offset Voltage Adjustment for Voltage Followers

v Rt R3
™ 1K

R2
100K

RANGE = %V (E)
R1

INPUT

TL/H/7067-23

Offset Voltage Adjustment for Inverting Amplifiers
Using Any Type of Feedback Element
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*v
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50K

OUTPUT
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TL/H/7057-22
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Offset Voltage Adjustment for Differential Amplifiers
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Ampilifiers Using 10 k2 Source Resistance or Less
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SECTION 2 — SIGNAL GENERATION

Low Frequency Sine Wave Generator with Quadrature Output
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0.02 uf
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High Frequency Sine Wave Generator with Quadrature Output
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Free-Running Multivibrator Wein Bridge Sine Wave Gscillator
R1 R3
160K 50
AAA
A A A4
*—2
6
LM101A Eout ouTPUT
e
c1
C1° o o0
0.01 uF =
- L *Chosen for oscillation at 100 Hz Rt = R2
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= 2mRicH -
TL/H/7057-29
Function Generator
c1
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R3 R4 Triangle Wave
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A A As
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82K
TL/H/7057-30
/ Pulse Width Modulator
R1 R2

100K

peee VQuT

01
6.2v
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BALANCE

lout =

R3 =
R1 =

vt

R3Vin

R1R5

R4 + RS
R2

Bilateral Current Source

TL/H/70567-32

Bilateral Current Source

R1 R3
™M ™
1% 1%
Vm—m-’-—-w——
R3V|N

lout

R3 =
R1 =

TL/H/7057-33

Wein Bridge Oscillator with FET Amplitude Stabilization

3K
MA-

10K 01 uF

R1 = R2 N3819

1 =c2
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2nR1C1

2N2222

TL/H/7057-34
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Low Power Supply for Integrated Circuit Testing

+H1v

RS TRIM
12K FOR
Ic2=1.00 mA

03
1N759
12v

TL/H/7057-35

Positive Voltage Reference
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6.6V
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TL/H/7057-36
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AN TRIM
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Ica =100 mA

TL/H/7057-91
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-
=
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i
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Negative Voltage Reference

01
1N4611
6.6V

TL/H/7057-38

Precision Current Sink

Q2
2N2219

TL/H/7057-40

SECTION 3 — SIGNAL PROCESSING

Negative Voltage Reference

Vour

TL/H/7057-39

Precision Current Source

R1

Differential-Input Instrumentation Amplifier

INPUTS BALANCE

OUTPUT

R4 _RS
R2 R3
R4

Ay = —
VT Re

Q2
2N2219

TL/H/7057-41

TL/H/7057-42
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Variable Gain, Differential-Input Instrumentation Amplifier

vt
BALANCE

*Gain adjust
Ay = 104 R6

|||-

150 pF
TL/H/7057-43

Instrumentation Amplifier with + 100 Volt Common Mode Range

R3
skt
0.1%
C
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. 5Kt

0.1%
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1IN
ouTPUT
R3 = R4
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R7
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V" Re
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R7*
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0.1%
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Instrumentation Amplifier with + 100 Volt Common Mode Range

INPUTS OUTPUT
R1 = R4
R2 = R5
R6é = R7

T*Matching Determines CMRR

+
100K RG( 2R1)
=2y 42
0.1% Av=m\ Mt e
- - TL/H/7057-45
High Input Impedance Instrumentation Amplifier
R1* R2t R3t R4*
100K 1K 1K 100K
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OUTPUT
8 8
c2 (R
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I ’ I ’ R1 = R4;R2 = R3
= - R1
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- . - @—— INWUTS ——— +
$May be deleted to maximize bandwidth TL/H/7057-46

Bridge Amplifier with Low Noise Compensation

*Reduces feed through of
power supply noise by 20 dB
and makes supply bypassing
unnecessary.

1Trim for best common
mode rejection

1Gain adjust

TL/H/7057-47
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Bridge Amplifier Precision Diode
R1
AN
§1
_@ 2
v‘—Jb T M107 £ L__vou,
AMA——] +
R2
R1 _ Rz
. 0 Rs1  Rs2 .
1
Vour = v+ (1-22)
ouT Rs1
- TL/H/7057-48 TL/H/7057-49
Precision Clamp Fast Half Wave Rectifier
Rin c2
En =——AA—@— —Eour 30F
o1
1N914

LM101A

*EReF must have a source im-
pedance of less than 200Q if
D2 is used.

Ener®
02
1Ng14 TL/H/7057-50

TL/H/7057-51

Precision AC to DC Converter
R6 c2

- - c3*

30 pF
*Feedforward compensation can be used to make a fast full wave rectifier without a filter. TL/H/7057-52

Low Drift Peak Detector

R3
20K

—AAA
\AA

ouTPUT

30 pF TL/H/7057-53
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Absolute Value Amplifier wzlth Polarity Detector
R1 R

LM101A

6 __POLARITY

LM101A SIGNAL

R2
- « A2
Voutr VNl % =5
R2 _ R4+ R3
R1 R3

INPUT

0.1 uF
SAMPLE I

Sample and Hold

vt R1
™

INPUT

SAMPLE

*Worst case drift less than 2.5 mV/sec
tTeflon, Polyethylene or Polycarbonate c1t

Dielectric Capacitor .I 1 uf

c2
30 pF

TL/H/7057-54

T c1* *Polycarbonate-dielectric capacitor

TL/H/7057-55

ouTPUT

TL/H/7057-56
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Low Drift Integrator

100K vt

TL/H/7057-57
*Q1 and Q3 should not have internal gate-protection diodes. Worst case drift less than 500 puV/sec over —55°C to + 125°C.

Fast’ Summing Amplifier with Low Input Current
(131

Rs
INPUT
Rt c c3
150K  0.002 uF 0.002 uF w—y=— o
2
R2 LM101A* OUTPUT
™ 3
AA
A A A S
R3
™
- TL/H/7057-58
* In addition to increasing speed, the LM101A raises high and low frequency t Power Bandwidth: 250 kHz
gain, increases output drive capability and eliminates thermal feedback. Small Signal Bandwidth: 3.5 MHz
Slew Rate: 10V/ps
6x 10-8
$C5 = R—f
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Fast Integrator with Low Input Current

01

RS
2K

Rs
INPUT
A2
1A oUTPUT
TL/H/7057-59
Adjustable Q Notch Filter
Vour
Vin
L c2
= 270 pF
1
fq = —— <
0~ 27R1C1 :57&
= 60 Hz 1
R1 = R2 = R3
C1=C2=C23 = TL/H/7057-60
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Easily Tuned Notch Filter

Vour

Tuned Circuit

R4 = R5 RS c2
R1 = R3 2K Vuf
R4 = % R1 0.1%
fo = ! -
O~ 27RafCiC2 -
TL/H/7057-61
Two-Stage Tuned Circuit
R2’
10082
R2 c1’
10052 6
c1 . 2
R1 —
c2 T 100K =
= INPUT
High Q Notch Filter

OUTPUT

1

Vour

fo

A1 =
ct =

’
~ 2mR1C1
R2 = 2R3
C2 = C3/2

TL/H/7057-62

fo = omimimecios

TL/H/7057-63

TL/H/7057-64

LE-NV
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L > R1R2C1
Rs = R2
Rp = R1

(— —&

Negative Capacitance Multiplier

R3
1K 1%

AAA
VVV

R1
10M
1%

Variable Capacitance Multiplier

R1 R2
1X 10K

R2
C= ECJ
L= Vos + R2lps
R3
e = FOE1 + A
Rin Avo

TL/H/7057-65

Simulated Inductor

TL/H/7057-66

Capacitance Multiplier

R2
10M

— c1
10 uF ‘I 1%
TL/H/7057-67

R1
=—cC1
C=hs
| Vos+losRi
L R3
Rg = R3
--—

TL/H/7057-68
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Two Quadrant Multiplier
vt

Q2,03

vy 2N2920

TL/H/7057-69

Voltage Controlled Gain Circuit
v

ouTPUT

INPUT

CONTROL 1%

TL/H/7057-70
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High Pass Active Filter

R1
110K

cr
0.02 uF

INPUT —l

oUTPUT

TL/H/7057-71
*Values are for 100 Hz cutoff. Use metalized polycarbonate capacitors for good temperature stability.

Low Pass Active Filter

ct
940 pF

QuTPUT

INPUT

TL/H/7057-72
*Values are for 10 kHz cutoff. Use silvered mica capacitors for good temperature stability.

Nonlinear Operational Amplifier with Temperature Compensated Breakpoints

RS R6
181.5K 50K
My
02
2N2605
o 100K
2N2605
AA- ¢
V=15V
R2
100K
D1 a4
1N457 2N2605 e OUTPUT
INPUT
LMI01A
3 8
+
1
=
[3]
30 pF

TL/H/70567-73




Current Monitor

INPUT
VOLTAGE

MONITOR
oUTPUT
SV/A
1.4 R1R3
1% Vout = 2 I

TL/H/7057-74

Saturating Servo Preamplifier with
Rate Feedback

LMI03

lr 24V q
R3

100K

AAA

A A A4

30 pF

Power Booster

V'
[i{]
2N2905
ouTPUT
a2
2N2219
R2
470
1‘-—v-

TL/H/7057-76

OUTPUT

TL/H/7057-75
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Analog Multiplier
v#

>
1

v,y \a

Long Interval Timer
RESET

TL/H/7057-77

Fast Zero Crossing Detector

01 D2 INPUT
1N457 1N457
output’
R2
300K Vour
03
LOAD LM103
3v
R1 —
5K -
*Low leakage —0.017 pF per second delay 5.1K TL/H/7057-79
Vo=-15v Propagation delay approximately 200 ns
TL/H/7057-78 TDTL or TTL fanout of three.
Minimize stray capacitance
Pin 8
Amplifier for Piezoelectric Transducer Temperature Probe
ouTPUT PROBE 7
R6t
R4 50K
(3] 931 v
10 uF %
R1 3
1M

R2
12K

TRANSDUCER

 ns

> 24.3K

® 1%  *Set for OV at 0°C
tAdjust for 100 mV/°C

AA

| v |
I 15V

Low frequency cutoff = R1 C1
TL/H/7057-80

TL/H/7057-81
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Photodiode Amplifier Photodiode Amplifier
o R1
Rl 5™

1%

ouTPUT

Vout = 10V/pA

TL/H/7057-82

TL/H/7057-83

*Operating photodiode with less than 3 mV
across it eliminates leakage currents.

High Input Impedance AC Follower

ouTPUT

TL/H/7057-84

Temperature Compensated Logarithmic Converter

a 2N2920 a2

R3*
-Kﬂ 1.5M
1%

TAvailable from Tel-Labs, Inc.,

R,

INPUT v Manchester, N.H. Type Q81.
— *Determines current for zero
hn crossing on output: 10 uA

as shown.
R4*
sit 1.5
1K
o
+0.3%/ C ca
150 pF

300 pF

TL/H/7057-85
10nA < Iy < 1mA
Sensitivity is 1V per decade
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Multiplier/Divider
R4
100K
282920 1%

2N2920

E;

Eour =

for
E)20andE; 2 0

100K
= 6 30 pF
150 pF
TL/H/7057-87
Cube Generator
R4
1.5M
a 2N2920 a2 %

A2
LMI01A

150 pF
TL/H/7057-88
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Fast Log Generator

2N2920

OFFSET
ADJUST

vt

Q1

RS
150K

EREF

15v

R3
150K

150 pF

c2 [
75 pF 1pF

Anti-Log Generator

2N2920

“R2
1K
%

Erer 15V

R3
150K
1%

RS
150K

150 pF =

*Tel-Labs Type Q81
Manchester, N.H.

TL/H/7057-89

R6
10K

Eour

*Tel-Labs Type Q81
Manchester, N.H.

TL/H/7057-90
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FET Circuit Applications

2N4339
INPUT Q

SAMPLE

L

National Semiconductor
Application Note 32

——Q) OUTPUT

*Polycarbonate dielectric

+15V  SAMPLE
HOLD

TL/H/6791-1

Sample and Hold With Offset Adjustment

The 2N4339 JFET was selected because of its low Igss
(<100 pA), very-low IpoFF) (<50 pA) and low pinchoff volt-

RESET

O O +15V

2N4248

OVERRIDE

-15V

TL/H/6791-2
Long Time Comparator

The 2N4393 is operated as a Miller integrator. The high Yig
of the 2N4393 (over 12,000 umhos @ 5 mA\) yields a stage
gain of about 60. Since the equivalent capacitance looking
into the gate is C times gain and the gate source resistance
can be as high as 10 MQ, time constants as long as a
minute can be achieved.

age. Leakages of this level put the burden of circuit perform-
ance on clean, solder-resin free, low leakage circuit layout.

2N3684

QuTPUT

R1 2N3686

INPUT

TL/H/6791-3

JFET AC Coupled Integrator

This circuit utilizes the “u-amp” technique to achieve very
high voltage gain. Using C1 in the circuit as a Miller integra-
tor, or capacitance multiplier, allows this simple circuit to
handle very long time constants.
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O
+30V
>
2 2.2M
< 2N4416
001 uF
Riy = 100M I I
Cin < 25 pF
-& 0
ouTPUT
= TU/H/I6791-4
Uitra-High Zjy AC Unity Gain Amplifier
Nothing is left to chance in reducing input capacitance. The resistor and drain. Any input capacitance you get with this
2N4416, which has low capacitance in the first place, is circuit is due to poor layout techniques.
operated as a source follower with bootstrapped gate bias
SHUNT
PEAKING COIL
ouTPUT

2N3823

™
TL/H/6791-6
TL/H/6791-5
FET Cascode Video Amplifier JFET Pierce Crystal Oscillator
The FET cascode video amplifier features very low input The JFET Pierce crystal oscillator allows a wide frequency
loading and reduction of feedback to almost zero. The range of crystals to be used without circuit modification.
2N3823 is used because of its low capacitance and high Since the JFET gate does not load the crystal, good Q is
Yis. Bandwidth of this amplifier is limited by R and load maintained thus insuring good frequency stability.

capacitance.
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s2c

TL/H/6791-7

FETVM-FET Volitmeter

This FETVM replaces the function ot the VTVM while at the allowing a 0.5 volt full scale range which is impractical with
same time ridding the instrument of the usual line cord. In most vacuum tubes. The low-leakage, low-noise 2N4340 is
addition, drift rates are far superior to vacuum tube circuits an ideal device for this application.

v+

A V 23688
|NPUY°—1
‘“l‘ 10K 100K 10K
™M AAA & A \r— @— W\
T
Sax 033 uF 033 4F
= T T4 T
1 t
Qrox
::WK LM301A p—O ouTPUT
| 100K I I -
0033 F 0033 uF 68K
30 pF
TL/H/6791-8
HI-Fl Tone Control Circuit (High Z Input)

The 2N3684 JFET provides the function of a high input amp-operated feedback type tone control circuit.

impedance and low noise characteristics to buffer an op

107
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DIFFERENTIAL
INSTRUMENT
INPUT

O outPuT

l- — =~ T0 ADDITIONAL

4~ — — —MULTIPLEX STAGES

DIFFERENTIAL

TOGGLE
DRIVE

Rs-SCALING RESISTORS

INSTRUMENT Rs
INPUT O -\

TL/H/6791-10

Differential Analog Switch

The FM1208 monolithic dual is used in a differential multi-
plexer application where Rpsgion) should be closely
matched. Since Rpgion) for the monolithic dual tracks
at better than +1% over wide temperature ranges

(—25 to + 125°C), this makes it an unusual but ideal choice
for an accurate multiplexer. This close tracking greatly re-
duces errors due to common mode signals.

+15Vv

150K

INPUT

.01 uF

'-—? ouTPUT
.004 uF —

.0015 uF

TL/H/6791-11

Magnetic-Pickup Phono Preamplifier

This preamplifier provides proper loading to a reluctance
phono cartridge. It provides approximately 25 dB of gain at
1 kHz (2.2 mV input for 100 mV output), it features S + N/N

ratio of better than —70 dB (referenced to 10 mV input at
1 kHz) and has a dynamic range of 84 dB (referenced to
1 kHz). The feedback provides for RIAA equalization.
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R2

2N3685

Lm0t p—O ouTPuT

-V
GAIN CONTROL

TL/H/6791-12
Variable Attenuator

The 2N3685 acts as a voltage variable resistor with an

Rps(on) of 8002 max. The 2N3685 JFET will have linear

resistance over several decades of resistance providing an
excellent electronic gain control.

2N43N

VIDEQ
INPUT

+5V

BIPOLAR
* LOGIC

ELEMENT

[ =

LOGIC

ELEMENT 2N3970

WITH

NEGATIVE

SUPPLY

!

-V
TL/H/6791-13
Negative to Positive Supply Logic Level Shifter
This simple circuit provides for level shifting from any logic
function (such as MOS) operating from minus to ground
supply to any logic level (such as TTL) operating from a plus

to ground supply. The 2N3970 provides a low rgs(on) and
fast switching times.

2N4391

-10v O~

VYV

7 3

VIDEO
ouTPUT

S

\4

001 uF

\
1o

The 2N4391 provides a low Rpg(on) (less than 30Q). The
tee attenuator provides for optimum dynamic linear range
for attenuation and if complete turnoff is desired, attenua-

Voltage Controlled Variable Gain Amplifier

T

TL/H/6791-14

tion of greater than 100 dB can be obtained at 10 MHz
providing proper RF construction techniques are employed.

v+

Vin O

<

> 10M
<
<

2N3684
Py
(—‘

> I—4F—Ovom

‘:wm

Ay = = = 500 TYPICAL

Sometimes called the “JFET” w amp,” this circuit provides
a very low power, high gain amplifying function. Since . of a
JFET increases as drain current decreases, the lower drain

Ultra-High Gain Audio Amplifier

current is, the more gain you get. You do sacrifice input
dynamic range with increasing gain, however.

4

TL/H/6791-15
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TL/H/6791-16

Level-Shifting-Isolation Amplifier

The 2N4341 JFET is used as a level shifter between two op
amps operated at different power supply voltages. The

+50V
PREBIAS
LINE

+5V

OTL-TTL
BIPOLAR
LOGIC

*Trademark of the
- Burroughs Corp.
TL/H/6791-17
FET Nixie* Drivers

The 2N3684 JFETs are used as Nixie tube drivers. Their Vp
of 2-5 volts ideally matches DTL-TTL logic levels. Diodes
are used to a + 50 volt prebias line to prevent breakdown of
the JFETs. Since the 2N3684 is in a TO-72 (4 lead TO-18)
package, none of the circuit voltages appear on the can.
The JFET is immune to almost all of the failure mechanisms
found in bipolar transistors used for this application.

JFET is ideally suited for this type of application because
Ib=ls.

TL/H/6791-18

Precigion Current Sink

The 2N3069 JFET and 2N2219 bipolar have inherently high
output impedance. Using R4 as a current sensing resistor to
provide feedback to the LM101 op amp provides a large
amount of loop gain for negative feedback to enhance the
true current sink nature of this circuit. For small current val-
ues, the 10k resistor and 2N2219 may be eliminated if the
source of the JFET is connected to Rj.
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CONTRAST ib l
5K S
>
>
>

< :‘]
amsurnzs_szj: 1K 50 uF

500 pHy

50 uF

F +200V
+

TL/H/6791-19

JFET-Bipolar Cascode Circuit

The JFET-Bipolar cascode circuit will provide full video out-
put for the CRT cathode drive. Gain is about 90. The cas-
code configuration eliminates Miller capacitance problems
with the 2N4091 JFET, thus allowing direct drive from the

video detector. An m derived filter using stray capacitance
and a variable inductor prevents 4.5 MHz sound frequency
from being amplified by the video amplifier.

0UTPUT

INPUT

+15V

*Polycarbonate dielectric capacitor

—ru—HSV (SAMPLE)
-20V (HOLD)

Low Drift Sample and Hold

The JFETs, Q¢ and Qg, provide complete buffering to Cq,
the sample and hold capacitor. During sample, Qy is turned
on and provides a path, rgson), for charging Cq. During
hold, Qq is turned off thus leaving Q4 Ip(oFF) (<50 pA)

TL/H/6791-20

and Qo Igss (<100 pA) as the only discharge paths. Qp
serves a buffering function so feedback to the LM101 and
output current are supplied from its source.
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.068 uF

O Vour f = 10H:

PEAK OUTPUT VOLTAGE
V=V + W

1N914

LM103

TL/H/6791-21
Wein Bridge Sine Wave Oscillator

The major problem in producing a low distortion, constant
amplitude sine wave is getting the amplifier loop gain just
right. By using the 2N3069 JFET as a voltage variable resis-
tor in the amplifier feedback loop, this can be easily
achieved. The LM103 zener diode provides the voltage ref-
erence for the peak sine wave amplitude; this is rectified
and fed to the gate of the 2N3069, thus varying its channel
resistance and, hence, loop gain.

2N5139

TL/H/6791-23
High Impedance Low Capacitance Wideband Buffer

The 2N4416 features low input capacitance which makes
this compound-series feedback buffer a wide-band unity
gain amplifier.

—l—r— +15V ON

-20V OFF

3 e PN
Sm T F —"
9 N FM1109  /

L
|

B

SIGNAL Qo]

L—o ouTPUT

5V

-15V

:-l':'_ 001

JFET Sample and Hold Circuit

TL/H/6791-22

The logic voltage is applied simultaneously to the sample
and hold JFETs. By matching input impedance and feed-
back resistance and capacitance, errors due to rgson) of
the JFETSs is minimized. The inherent matched rgson) and
matched leakage currents of the FM1109 monolithic dual
greatly improve circuit performance.

> 1
::n( 00
R2 <
V 22—V,
out 2 g7 ViIN
P 2N5139
2N4416
(/JI—\
@—O Vour
oy o)
NV w
10K
AA
9 W
> 10M y
< > R1
Sk S
b S

TL/H/6791-24
High Impedance Low Capacitance Amplifier

This compound series-feedback circuit provides high input
impedance and stable, wide-band gain for general purpose
video amplifier applications.
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+28V

ouTPuT

2N3823

TL/H/6791-25
Stable Low Frequency Crystal Oscillator

This Colpitts-Crystal oscillator is ideal for low frequency
crystal oscillator circuits. Excellent stability is assured be-
cause the 2N3823 JFET circuit loading does not vary with
temperature.

ANALOG

o ° —O-12v
L 22K 47K
>
QoM
01 4F
__________ 01 4F
Vin O >t [ 1 2N3070
|
[}

2n3070 ¢ 1

X GH)!

'L " N &
Sm N300 @t Vour

1 (‘ A,
> VAA—
b3 22K e ™ 4K
4K
2
b 4 < -
TL/H/6791-26
0 to 360° Phase Shifter

Each stage provides 0° to 180° phase shift. By ganging the
two stages, 0° to 360° phase shift is achieved. The 2N3070
JFETs are ideal since they do not load the phase shift net-
works.

|

oTL !

T |
INPUT |
CONTROL :

0OM7800
VOLTAGE
TRANSLATOR

' 1
! 1
ADDITIONAL STAGES
IF REQUIRED

TL/H/6791-27

DTL-TTL Controlled Buffered Analog Switch

This analog switch uses the 2N4860 JFET for its 25 ohm
ron and low leakage. The LM102 serves as a voltage buffer.
This circuit can be adapted to a dual trace oscilloscope

ouTPUT

2 =
P TR
= LA
&

7 pF

chopper. The DM7800 monolithic 1.C. provides adequate
switch drive controlled DTL-TTL logic levels.

20 MHz OSCILLATOR VALUES
C1 = 700 pF L1 =13 uH
C2 =75pF L2 = 10T %" DIA 34" LONG
Vpp = 16V Ip =1mA

20 MHz OSCILLATOR PERFORMANCE
LOW DISTORTION 20 MHz OSC.
2ND HARMONIC —60 dB
3RD HARMONIC > —70 dB

TL/H/6791-28

Low Distortion Oscillator

The 2N4416 JFET is capable of oscillating in a circuit where
harmonic distortion is very low. The JFET local oscillator

is excellent when a low harmonic content is required for a
good mixer circuit.
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INPUT

OUTPUT

AGC RANGE 59 dB
POWER GAIN 17 d8

L1 =.07 uHy CENTER TAP

= L2=.07 uHy TAP % UP FROM GROUND

TL/H/6791-29

200 MHz Cascode Ampilifier

This 200 MHz JFET cascode circuit features low crossmo-
dulation, large-signal handling ability, no neutralization, and
AGC controlled by biasing the upper cascode JFET. The

only special requirement of this circuit is that Ipgg of the

upper unit must be greater than that of the lower unit.

‘P LMI01A

‘b ouTPUT
> > 100K
ook S
+
5K
AA-
30 pF
-V
TL/H/6791-30
FET Op Amp

The FM3954 monolithic-dual provides an ideal low-offset,
low-drift buffer function for the LM101A op amp. The excel-
ient matching characteristics of the FVi3954 track weii over

its bias current range thus improving common mode rejec-

tion.

2N3970

+
(4 LH0005

@ﬂw

2N4341

- <

-1V

CONTROL

brive O
ON +10
OFF -20

1K
O~ "AA—O
Wy
1N914 | I 1N914
I I<— FROM DM7800
100 pF

\AA 4 vvv—I

AA

TL/H/6791-31

High Toggle Rate High Frequency Analog Switch

This commutator circuit provides low impedance gate drive
to the 2N3970 analog switch for both on and off drive condi-
tions. This circuit also approaches the ideal gate drive con-
ditions for high frequency signal handling by providing a low

ac impedance for off drive and high ac impedance for on
drive to the 2N3970. The LH0005 op amp does the job of
amplifying megahertz signals.
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2N4091 JFETS
| INPUT 1
™
Coo ]
l 1
| |
on ! ) [ —O INPUT 2
T ! <
INPUTS i | Y q: ™
| |
|
' 1
“omreo0 INPUT 3
VOLTAGE TRANSLATOR
Y ™
m——— - M
' |
T ODo—e—
i |
oTL | | INPUT 4
o, | -
INPUTS l | -
|
! |
! 1
i__ ~ 1 —_—OouTrPur

DM7800
VOLTAGE TRANSLATOR
4-Channel Commutator

This 4-channel commutator uses the 2N4091 to achieve low
channel ON resistance (<30%) and low OFF current leak-

age. The DM7800 voltage translator is a monolithic device patability.

DIFFERENTIAL
INPUT

TL/H/6791-32

* -_

LH0005

+

“SCALING” 11
RESISTORS 100 pF
N ¢
1 2N4392

DIFFERENTIAL

R2

INPUT [0 Va2  an——
R3

y

-15V

FROM DM7800

+10
VOLTAGE TRANSLATOR —ll -20V

Wide Band Differential Multiplexer

This design allows high frequency signal handiing and high
toggle rates simultaneously. Toggle rates up to 1 MHz and

——
1—w—

R1

R1 = R2
R3 = R4
-
ADDITIONAL
CHANNELS

MHz signals are possible with this circuit.

which provides from +10V to —20V gate drive to the
JFETs while at the same time providing DTL-TTL logic com-

Vour

TL/H/6791-33
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POSITIVE
INPUT
VOLTAGE

MONITOR
OUTPUT
SV/A

R1R
Vour =gz I

TL/H/6791-34

Current Monitor

R4 senses current flow of a power supply. The JFET is used
as a buffer because Ip = Ig, therefore the output monitor

voltage accurately reflects the power supply current flow.

TO COMPANION CHANNEL
FOR STEREO CIRCUIT

88K 150K
>
<:s.2u| 0.1 uF
™
02 pF
~ Nl f NF530
INPUT ?——i
= ™M
0.1 uf

BALANCE
(STEREQ
ONLY)

OUTPUT

2N3565

2uF

0.1 uF,

-15V

ALL FIXED VALUES
5% MYLAR CAPACITORS

TL/H/6791-35

Low Cost High Level Preamp and Tone Control Circuit

This preamp and tone control uses the JFET to its best
advantage; as a low noise high input impedance device. All
device parameters are non-critical yet the circuit achieves
harmonic distortion levels of less than 0.05% with a S/N

ratio of over 85 dB. The tone controls allow 18 dB of cut and
boost; the amplifier has a 1 volt output for 100 mV input at
maximum level.
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\ TL/H/6791-36

|o=?:‘ ViN < OV

Precision Current Source

The 2N3069 JFET and 2N2219 bipolar serve as voltage
devices between the output and the current sensing resis-
tor, Ry. The LM101 provides a large amount of loop gain to
assure that the circuit acts as a current source. For small
values of current, the 2N2219 and 10k resistor may be elimi-
nated with the output appearing at the source of the
2N3069.

+SUPPLY

-O 112V

OuTPUT

2N3565

2N3068

INPUT

Schmitt Trigger

TL/H/6791-37

This Schmitt trigger circuit is “emitter coupled” and provides
a simple comparator action. The 2N3069 JFET places very
little loading on the measured input. The 2N3565 bipolar is a
high hgg transistor so the circuit has fast transition action
and a distinct hysteresis loop.

2N4338

Gos = S5umho max.

TL/H/6791-38

Low Power Regulator Reference

This simple reference circuit provides a stable voltage refer-
ence almost totally free of supply voltage hash. Typical

VIDEQ INPUT

500 2N4391

power supply rejection exceeds 100 dB.

2N4391
VIDEO OUTPUT

I

|

i

I
=

>t

2N4391

1
|
|
!
! 500
=

ATTENUATION > 80 dB @ 100 MHz
INSERTION LOSS = 6 dB

™M ™
ON OFF

-10v
TL/H/6791-39

High Frequency Switch

The 2N4391 provides a low on-resistance of 30 ohms and a
high off-impedance (<0.2 pF) when off. With proper layout

and an “ideal” switch, the performance stated above can
be readily achieved.
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Applications of MOS
Analog Switches

ABSTRACT

This discussion begins with some basic commutation cir-
cuits, then describes some uses in linear amplifier applica-
tions such as reset functions and chopper applications. The
use of MOS switches as a suppressed carrier double-side-
band modulator and a double-sideband demodulator is then
covered; followed by a circuit proposal for a phase-locked
loop AM-FM detector without tuned circuits.

THE MOS DIFFERENTIAL SWITCH—DC TO RF

The dual differential switch is a particular switch connection
scheme which at first glance prompts one to say—so what?
It is, however, one of those simple circuit configurations
which can find a wide variety of uses in electronic circuits.
The dual differential switch could also be called a DPDT
switch or two DPDT switches—depending on how they are
toggled.

MOS switches have some unique features which make
them very useful for data switching!.2.3 : no offset voltage,
high Rorg/Ron ratios, low leakage, fast operation, and
matched “on” resistance. Within definite bounds, MOS
switches exhibit good isolation between the switching drive
and signal path.

MOS switches do have somewhat unique driving require-
ments. If order to solve this problem, National manufactures
a hybrid integrated circuit which provides DTL-TTL drive
compatibility with the dual differential switch. These devices
use the DM7801 chip with an MM450 chip for the AH0014
and the DM7800 chip with an MM450 chip for the AH0019.

TL/H/8749-1
(a) MOS Configuration

National Semiconductor
Application Note 38

R. Stump

D. Wollesen

The AH0014 is basically a DPDT switch while the AH0019 is
two SPDT switches in the same package. Each connection
has its particular advantages and disadvantages.

COMMUTATION CIRCUITS

The AH0014 may be used as a two channel commutator
only, because two of its four channels are always on. The
AHO0018 may be used for systems with any number of chan-
nels since it can shut all channels off on command.

Figure 3 shows a six channel commutator which may be
easily expanded. Data sampling may be done on any format
which the user chooses. Sampling format is easily con-
trolled by DTL or TTL logic design independent of the
AHO0019. Since each buffer-driver of the AH0019 has a dual
input gate, all channel blanking is readily achieved. If de-
sired, the format shown in Figure 3 may be modified so as to
use the AH0019 logic inputs as binary gates which can re-
duce the command logic complexity if the blanking function
if not required.

Since the multiplexed information is in differential form,
common mode noise is greatly reduced. Also, the MOS gate
drive spiking is drastically reduced because of the differen-
tial channel configuration. Demultiplexing may be accom-
plished by using a circuit identical to the multiplexer be-
cause the MOS device is a true bilateral switch. In hard-
wired systems where the multiplex “outputs” are electrically
connected as in Figure 4, the signal may be transmitted in
either direction. For non-hardwired systems, the modula-
tion-demodulation sequence is still bilateral, but provisions
must be made for transmit/receive function control.

TL/H/8749-2

(b) Schematic Configuration

FIGURE 1. MM450/MM550 MOS Dual Differential Switch
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FIGURE 2. AH0014 and AH0019 DTL-TTL Compatible MOS Analog Switches
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USAGE IN LINEAR AMPLIFIER CIRCUITS

The AH0014 and AHO019 devices are useful for switching
functions in linear circuit applications because of high off/on
resistance ratio and ease of switching control using logic
elements. Sample and hold circuits, integrator reset switch-
ing, and reset stabilized amplifiers are a few examples (Fig-

RESET

ure 5). More detailed information on this type of circuitry is
available in National Semiconductor applications notes
AN-4, AN-5, AN-20, and AN-294-7.

An obvious use of the AHO014 and AHO019 are in chopper
stabilized amplifiers (Figure 6). One of the better forms of
chopper stabilized amplifiers is the series shunt chopper

Vour
= TL/H/8749-9
(a) Integrator
[~ = 7 7 7 Tanoons
| RESET
|
{ L }
S o
s |
| ]
Vin [ )
@
|
VOUY

TL/H/8749-10

(b) Reset Stabilized Amplifier
FIGURE 5. Switching Applications with Linear Circuits
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CHOPPER
DRIVE

AH0014

QUTPUT

L____}J

TL/H/8748-11

FIGURE 6. Series-Shunt Chopper Stabilized Amplifier

with sample and hold type of output. The AH0014 does a
good job at this because it contains the complete set of
switches plus proper drive for the switches. The AH0014
can greatly reduce component count for chopper stabilized
amplifiers.

DOUBLE SIDEBAND MODULATOR

The AH0019 can be used as a double sideband modulator.
In modulator applications, the AH0019 functions as a DPDT
switch which alternately reverses the polarity of the modu-
lating signal at the chopper frequency. MOS switches work
quite well at this application because of zero offset voltage
and large signal handling ability.

In order to build a double sideband balanced modulator 8.9,
one of the two modulating inputs must be applied as a bal-
anced input. For the circuit shown in Figure 7, an LM102
and LM107 were used for an audio phase splitter.

Both point A and point B in Figure 7 are DSB modulated
outputs; so, technically, you could get by with only one. The
waveform at point A is illustrated in Figure 8a for a carrier
frequency of 100 kHz and an audio frequency of 12.5 kHz,
Point B is equal and out of phase.

One type of spurious response encountered with MOS
switching devices is output spikes caused by a charge being
dumped into the channel by the gated drive through gate-
channel capacitance. By adding C1, part of the charge can
be absorbed, thus reducing the voltage amplitude of the
spikes. The R1C1 combination has its 3 dB point at about
80 ke, so output from the phase splitter was not attenuated
in the audio range.

The astute observer will notice switching transients on the
waveform in Figure 8a. By taking the output in differential
form at points A and B, these transients are greatly reduced
because the desired signals are equal but of opposite polar-
ity, while the switching transients are an “in phase” or
“common mode” error.

To better illustrate the improvement by using a balanced
output, the audio signal was reduced to zero volts and the
points A, B, and A-B were measured as shown in Figure 9.
The improvement operating in the differential mode is obvi-
ous.

The circuit drive requirements for Figure 7 may be simplified
by using the AH0014 since it provides an inverting function
internally. Only one phase of toggle drive to the AH0014 is
required.

The modulation will be distorted more due to the phase lag
created by the internal inverter of the AH0014. Figure 10a
shows the switching performance of the AH0019 while Fig-
ure 10b shows the switching performance of the AH0014. In
applications which do not require high carrier frequencies,
the AH0014 is adequate, but for carrier frequencies above
100 kHz, the AH0019 provides improved performance be-
cause of its symmetrical switching behavior.

DOUBLE SIDEBAND DEMODULATOR

The major requirement of double sideband signal demodu-
lation is proper carrier reinsertion. For maximum output, the
carrier must be reinserted exactly in phase or exactly 180°
out of phase with respect to the signal. Any departure from
this optimum phase relationship will reduce the recovered
signal amplitude. By applying the double sideband signal to
a second AH0019 as shown in Figure 7, the original modu-
lating waveform may be recovered, along with some switch-
ing transients (Figure 11).

These switching transients may be filtered out quite easily. It
is, however, instructive to compare the recovered audio sig-
nal with the original. The modulating signal had less than
0.1% distortion at 1 kHz. Figure 12 shows the distortion of
the recovered signal vs. signal amplitude.

Carrier frequency was 100 Hz for the upper curve and
10 kHz for the lower. These curves indicate that most of the
distortion is due to switching transients, especially at low
modulation levels. Output filtering will significantly reduce
the recovered signal distortion.

Figure 13 emphasizes the affect that switching transients
have on harmonic distortion. At carrier frequencies below
10 kHz, the RMS value of the transients is reduced to a
point where distortion of the MOS switches themselves can
be seen.

The AH0014 and AH0019 data sheet suggests a V+ supply
value of 10V and a V— supply value of —20V. However,
switching transients may be reduced by using different pow-
er supply voltages. Figure 14 and Figure 15 show what hap-
pens to harmonic distortion caused by spiking versus power
supply level. Figure 14 is plotted for V— and V+ at 10V.
Figure 15 shows what happens as V+ is varied. All of the
previous data was taken at V+t at 14V and V— at —12V.
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AM-FM DEMODULATOR

Although an AM-FM demodulator was not physically con-
structed, the previously discussed *“double sideband de-
modulator” performance implies that a very interesting
phase detector can be built. The interesting features of this
type of a detector are large dynamic range, recovery of both
in-phase (amplitude modulated) and quadrature-phase (fre-
quency modulated) signals plus the feasibility of not using
any inductors for tuning.

Figure 16 shows the proposed circuit block diagram which
uses a phase-locked lcop for phase reference signal. The

voltage controlled oscillator (VCO) is operated at 4 f,. Flip
Flop #1 provides a two phase output which is fed into FF
#2 and FF #3. The outputs of FF #2 and FF #3 are exact-
ly 90° out of phase regardiess of the frequency of the VCO.
This kind of performance is awfully hard to achieve using
tuned circuits. For a 455 kHz detector, the VCO would oper-
ate at 1820 kHz. TTL flip flops will operate quite nicely at
that frequency and should hold phase shift errors to practi-
cally zero. The LM107 provides DC gain to close the phase-
locked loop, it forces the VCO to a frequency and phase
angle which causes the “FM out” port to zero volts DC; this

27N - -4 P
(] N y AY V4
Horiz. 10 ns/cm \_| - 1 AN y 4 7 1 N\_|
Vert. 1V/em | N < \ ¢ Y \<
1N A AN » / \
AN / \ \ yi N\
=g ~ N[+ N
L | |
TL/H/8749-13 TL/H/8749-14
(@) Va (b) Va=Vp
FIGURE 8. Double Sideband Signal
A [d
Horiz. 50 ns/cm l
Vert. 0.1 V/em V
Al
TL/H/8749-15 TL/H/8749-16
(a) Upper Trace—V, (b) Va=Vp

Lower Trace—Vj,

FIGURE 9. MOS Switching Transients
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TL/H/8749-17
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TL/H/8749-18
(b) NHO014 50 ns/cm

FIGURE 10. Channel Switching—AH0019 vs AH0014

T

TL/H/8749-19
(a) Single Ended Output

TL/H/8749-20
(b) Differential Output

FIGURE 11. Demodulator Recovered Output
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port is then operating exactly in quadrature with the applied
signal. This part of the detector is then insensitive to ampli-
tude modulation and sensitive to frequency modulation.
Since the AM detector portion is operating exactly 90° out of
phase with the FM portion, its output is insensitive to FM
and sensitive to AM.

CONCLUSION

The most obvious use of the AHO014 and AHO0019 is in
commutator applications, and it indeed is a very useful de-
vice for that purpose. The use of these switches in linear
circuit applications is also very attractive because of DTL-
TTL control compatibility. There are many more uses
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Carrier Frequency
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of these switches possible than the few examples described
here.

The unusual application of these devices as suppressed
carrier double-sideband modulators and demodulators sug-
gests applications in servo systems and even communica-
tions systems due to their high speed operation. The final
circuit suggestion, a phase-locked loop AM-FM demodula-
tor without tuned circuits should be very useful in communi-
cations systems. The AH0019 will operate quite well at an IF
frequency of 455 kHz or less.

These basic capabilities of the MOS dual differential switch
should encourage much greater usage of this type of device
in new product designs.
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Precision IC Comparator
Runs from +5V
Logic Supply

Robert J. Widlar
Apartado Postal 541
Puerto Vallarta, Jalisco
Mexico

introduction

In digital systems, it is sometimes necessary to convert low
level analog signals into digital information. An example of
this might be a detector for the illumination level of a photo-
diode. Another would be a zero crossing detector for a mag-
netic transducer such as a magnetometer or a shaft-posi-
tion pickoff. These transducers have low-level outputs, with
currents in the low microamperes or voltages in the low mil-
livolts. Therefore, low level circuitry is required to condition
these signals before they can drive logic circuits.

A voltage comparator can perform many of these precision
functions. A comparator is essentially a high-gain op amp
designed for open loop operation. The function of a compar-
ator is to produce a logic ““one” on the output with a positive
signal between its two inputs or a logic “zero” with a nega-
tive signal between the inputs. Threshold detection is ac-
complished by putting a reference voltage on one input and
the signal on the other. Clearly, an op amp can be used as a
comparator, except that its response time is in the tens of
microseconds which is often too slow for many applications.

A unique comparator design will be described here along
with some of its applications in digital systems. Unlike older
IC comparators or op amps, it will operate from the same 5V
supply as DTL or TTL logic circuits. It will also operate with
the single negative supply used with MOS logic. Hence, low
level functions can be performed without the extra supply
voltages previously required.

The versatility of the comparator along with the minimal cir-
cuit loading and considerable precision recommend it for
many uses, in digital systems, other than the detection of
low level signals. It can be used as an oscillator or multivi-
brator, in digital interface circuitry and even for low voltage
analog circuitry. Some of these applications will also be dis-
cussed.

circuit description

In order to understand how to use this comparator, it is nec-
essary to look briefly at the circuit configuration. Figure 1
shows a simplified schematic of the device. PNP transistors

National Semiconductor
Application Note 41

v+

ouTPUT

INPUTS

v-

TL/H/7303-1
Figure 1. Simplified schematic of the comparator

buffer the differential input stage to get low input currents
without sacrificing speed. The PNP’s drive a standard NPN
differential stage, Q3 and Q4. The output of this stage is
further amplified by the Qs—Qg pair. This feeds Qg which
provides additonal gain and drives the output stage. Current
sources are used to determine the bias currents, so that
performance is not greatly affected by supply voltages.

129

LP-NV



AN-41

The output transistor is Qq1, and it is protected by Q1o and
Rg which limit the peak output current. The output lead,
since it is not connected to any other point in the circuit, can
either be returned to the positive supply through a pull-up
resistor or switch loads that are connected to a voltage
higher than the positive supply voltage. The circuit will oper-
ate from a single supply if the negative supply lead is con-
nected to ground. However, if a negative supply is available,
it can be used to increase the input common mode range.

Table | summarizes the performance of the comparator
when operating from a 5V supply. The circuit will work with

Table I. Important electrical characteristics of the
LM111 comparator when operating from single,
5V supply (Ta = 25°C)

Parameter Limits Units
Min | Typ | Max

Input Offset Voltage 0.7 3 mV
Input Offset Current 4 10 nA
Input Bias Current 60 100 nA
Voltage Gain 100 V/mV
Response Time 200 ns
Common Mode Range 0.3 3.8
Output Voltage Swing 50 v
Output Current 50 mA
Fan Out (DTL/TTL) 8
Supply Current 3 5 mA

supply voltages up to +15V with a corresponding increase
in the input voltage range. Other characteristics are essen-
tially unchanged at the higher voltages.

low level applications

A circuit that will detect zero crossing in the output of a
magnetic transducer within a fraction of a millivolt is shown
in Figure 2. The magnetic pickup is connected between the
two inputs of the comparator. The resistive divider, Ry and
R, biases the inputs 0.5V above ground, within the com-

v+ =5V

MAGNETIC
PICKUP

TL/H/7303-2
Figure 2. Zero crossing detector for magnetic transducer

mon mode range of the IC. The output will directly drive DTL
or TTL. The exact value of the pull up resistor, Rs, is deter-
mined by the speed required from the circuit since it must
drive any capacitive loading for positive-going output sig-
nals. An optional offset-balancing circuit using Rz and R4 is
included in the schematic.

Figure 3 shows a connection for operating with MOS logic.
This is a level detector for a photodiode that operates off a
—10V supply. The output changes state when the diode
current reaches 1 pA. Even at this low current, the error
contributed by the comparator is less than 1%.

Vo =10V

TL/H/7303-3
Figure 3. Level detector for photodiode

Higher threshold currents can be obtained by reducing R1,
Rz and Rg3 proportionally. At the switching point, the voltage
across the photodiode is nearly zero, so its leakage current
does not cause an error. The output switches between
ground and — 10V, driving the data inputs of MOS logic di-
rectly.

The circuit in Figure 3 can, of course, be adapted to work
with a 5V supply. At any rate, the accuracy of the circuit will
depend on the supply-voltage regulation, since the refer-
ence is derived from the supply. Figure 4 shows a method

R1
39K

+5V
Sl L
5K
L
ﬂ f OUTPUT
\_/

D1
Lm113
12v

TL/H/7303-4
Figure 4. Precision level detector for photodiode

of making performance independent of supply voltage. D1 is
a temperature-compensated reference diode with a 1.23V
breakdown voltage. It acts as a shunt regulator and delivers
a stable voltage to the comparator. When the diode current
is large enough (about 10 pA) to make the voltage drop
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across Rg3 equal to the breakdown voltage of D1, the output
will change state. R has been added to make the threshold
error proportional to the offset current of the comparator,
rather than the bias current. It can be eliminated if the bias
current error is not considered significant.

A zero crossing detector that drives the data input of MOS
logic is shown in Figure 5. Here, both a positive supply and

v*=sv

- Voo =
TL/H/7303-5
Figure 5. Zero crossing detector driving MOS logic

the —10V supply for MOS circuits are used. Both supplies
are required for the circuit to work with zero common-mode
voltage. An alternate balancing scheme is also shown in the
schematic. It differs from the circuit in Figure 2 in that it
raises the input-stage current by a factor of three. This in-
creases the rate at which the input voltage follows rapidly-
changing signals from 7V/us to 18V/ps. This increased
common-mode slew can be obtained without the balancing
potentiometer by shorting both balance terminals to the
positive-supply terminal. Increased input bias current is the
price that must be paid for the faster operation.

digital interface circuits

Figure 6 shows an interface between high-level logic and
DTL or TTL. The input signal, with OV and 30V logic states is
attenuated to OV and 5V by Ry and Ry. Rz and R4 set up a
2.5V threshold level for the comparator so that it switches
when the input goes through 15V. The response time of the
circuit can be controlled with C4, if desired, to make it insen-
sitive to fast noise spikes. Because of the low error currents
of the LM111, it is possible to get input impedances even
higher than the 300 k) obtained with the indicated resistor
values.

The comparator can be strobed, as shown in Figure 6, by
the addition of Q4 and Rs. With a logic one on the base of
Qq, approximately 2.5 mA is drawn out of the strobe termi-
nal of the LM111, making the output high independent of
the input signal.

TOTTL
LOGIC

TTL
STROBE

TL/H/7303-6

Figure 6. Circuit for transmitting data between high-lev-
el logic and TTL

Sometimes it is necessary to transmit data between digital
equipments, yet maintain a high degree of electrical isola-
tion. Normally, this is done with a transformer. However,
transformers have problems with low-duty-cycle pulses
since they do not preseve the dc level.

The circuit in Figure 7 is a more satisfactory method of ob-
taining isolation. At the transmitting end, a TTL gate drives a
gallium-arsenide light-emitting diode. The light output is opti-
cally coupled to a silicon photodiode, and the comparator
detects the photodiode output. The optical coupling makes
possible electrical isolation in the thousands of megohms at
potentials in the thousands of volts.

The maximum data rate of this circuit is 1 MHz. At lower
rates (~ 200 kHz) Rz and C4 can be eliminated.

multivibrators and oscillators

The free-running multivibrator in Figure 8 is another exam-
ple of the versatility of the comparator. The inputs are bi-
ased within the common mode range by Ry and Rp. DC
stability, which insures starting, is provided by negative
feedback through R3. The negative feedback is reduced at
high frequencies by C4. At some frequency, the positive
feedback through R4 will be greater than the negative feed-
back; and the circuit will oscillate. For the component values

V=5V
MCD1
N
R1
100
FROM
T
GATE

- TL/H/7303-7
Figure 7. Data transmission system with near-infinite ground isolation
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shown, the circuit delivers a 100 kHz square wave output.
The frequency can be changed by varying C1 or by adjusting
R4 through R4, while keeping their ratios constant.
Because of the low input current of the comparator, large
circuit impedances can be used. Therefore, low frequencies
can be obtained with relatively-small capacitor values: it is
no problem to get down to 1 Hz using a 1 uF capacitor. The
speed of the comparator also permits operation at frequen-
cies above 100 kHz.

R1 vr=5V  pg
24K

c1
1200 pF

SQUARE
WAVE
OUTPUT®

TL/H/7303-8
*TTL or DTL Fanout of two.
Figure 8. Free-running muitivibrator

The frequency of oscillation depends almost entirely on the
resistance and capacitor values because of the precision of
the comparator. Further, the frequency changes by only 1%
for a 10% change in supply voltage. Waveform symmetry is
also good, but the symmetry can be varied by changing the
ratio of R4 to Rp.

A crystal-controlled oscillator that can be used to generate
the clock in slower digital systems is shown in Figure 9. It is
similar to the free running multivibrator, except that the posi-

tive feedback is obtained through a quartz crystal. The cir-
cuit oscillates when transmission through the crystal is at a
maximum, so the crystal operates in its series-resonant

vt=sv
R1 § R4

ouTPUT

TL/H/7303-9
Figure 9. Crystal-controlled oscillator

mode. The high input impedance of the comparator and the
isolating capacitor, C», minimize loading of the crystal and
contribute to frequency stability. As shown, the oscillator
delivers a 100 kHz square-wave output.

frequency doubler

In a digital system, it is a relatively simple matter to divide by
any integer. However, multiplying by an integer is quite an-
other story especially if operation over a wide frequency
range and waveform symmetry are required.

A frequency doubler that satisfies the above requirements is
shown in Figure 10. A comparator is used to shape the in-
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TL/H/7303-10

Figure 10. Frequency doubler
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put signal and feed it to an integrator. The shaping is re-
quired because the input to the integrator must swing be-
tween the supply voltage and ground to preserve symmetry
in the output waveform. An LM108 op amp, that works from
the 5V logic supply, serves as the integrator. This feeds a
triangular waveform to a second comparator that detects
when the waveform goes through a voltage equal to its av-
erage value. Hence, as shown in Figure 11, the output of the

INTEGRATOR OUTPUT M
CIRCUIT QUTPUT | I I I | | | I

TL/H/7303-11
Figure 11. Waveforms for the frequency doubler

FIRST COMPARATOR
OUTPUT

SECOND COMPARATOR
oUTPUT

second comparator is delayed by half the duration of the
input pulse. The two comparator outputs can then be com-
bined through an exclusive-OR gate to produce the double-
frequency output.

With the component values shown, the circuit operates at
frequencies from 5 kHz to 50 kHz. Lower frequency opera-
tion can be secured by increasing both C4 and Cj.

application hints

One of the problems encountered in using earlier IC com-
parators like the LM710 or LM106 was that they were prone
to erratic operation caused by oscillations. This was a direct
result of the high speed of the devices, which made it man-
datory to provide good input-output isolation and low-induc-
tance bypassing on the supplies. These oscillations could
be particularly puzzling when they occurred internally, show-
ing up at the external terminals only as erratic dc character-
istics.

In general, the LM111 is less susceptible to spurious oscilla-
tions both because of its lower speed (200 ns response time
vs 40 ns) and because of its better power supply rejection.
Feedback between the output and the input is a lesser prob-
lem with a given source resistance. However, the LM111
can operate with source resistance that are orders of mag-
nitude higher than the earlier devices, so stray coupling be-
tween the input and output should be minimized. With
source resistances between 1 kQ and 10 k2, the imped-
ance (both capacitive and resistive) on both inputs should
be made equal, as this tends to reject the signal fed back.
Even so, it is difficult to completely eliminate oscillations in

the linear region with source resistances above 10 k2, be-
cause the 1 MHz open loop gain of the comparator is about
80 dB. However, this does not affect the dc characteristics
and is not a problem unless the input signal dwells within
200 pV of the transition level. But if the oscillation does
cause difficulties, it can be eliminated with a small amount
of positive feedback around the comparator to give a 1 mV
hysteresis.

Stray coupling between the output and the balance termi-
nals can also cause oscillations, so an attempt should be
made to keep these leads apart. It is usually advisable to tie
the balance pins together to minimize the effect of this feed-
back. If balancing is used, the same result can be accom-
plished by connecting a 0.1 uF capacitor between these
pins.

Normally, individual supply bypasses on every device are
unnecessary, although long leads between the comparator
and the bypass capacitors are definitely not recommended.
If large current spikes are injected into the supplies in
switching the output, bypass capacitors should be included
at these points.

When driving the inputs from a low impedance source, a
limiting resistor should be placed in series with the input
lead to limit the peak current to something less than
100 mA. This is especially important when the inputs go
outside a piece of equipment where they could accidentally
be connected to high voltage sources. Low impedance
sources do not cause a problem unless their output voltage
exceeds the negative supply voltage. However, the supplies
go to zero when they are turned off, so the isolation is usual-
ly needed.

Large capacitors on the input (greater than 0.1 uF) should
be treated as a low source impedance and isolated with a
resistor. A charged capacitor can hold the inputs outside the
supply voltage if the supplies are abruptly shut off.

Precautions should be taken to insure that the power sup-
plies for this or any other IC never become reversed—even
under transient conditions. With reverse voltages greater
than 1V, the IC can conduct excessive current, fuzing inter-
nal aluminum interconnects. This usually takes more than
0.5A. If there is a possibility of reversal, clamp diodes with
an adequate peak current rating should be installed across
the supply bus.

No attempt should be made to operate the circuit with the
ground terminal at a voltage exceeding either supply volit-
age. Further, the 50V output-voltage rating applies to the
potential between the output and the V™ terminal. There-
fore, if the comparator is operated from a negative supply,
the maximum output voltage must be reduced by an amount
equal to the voltage on the V™ terminal.
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The output circuitry is protected for shorts across the load. It
will not, for example, withstand a short to a voltage more
negative than the ground terminal. Additionally, with a sus-
tained short, power dissipation can become excessive if the
voltage across the output transistor exceeds about 10V.

The input terminals can exceed the positive supply voltage
without causing damage. However, the 30V maximum rating
between the inputs and the V™~ terminal must be observed.
As mentioned earlier, the inputs should not be driven more
negative than the V™ terminal.

conclusions

A versatile voltage comparator that can perform many of the
precision functions required in digital systems has been pro-
duced. Unlike older comparators, the IC can operate from
the same supply voltage as the digital circuits. The compar-
ator is particularly useful in circuits requiring considerable
sensitivity and accuracy, such as threshold detectors for low
level sensors, data transmission circuits or stable oscillators
and multivibrators.

The comparator can also be used in many analog systems.
It operates from standard + 15V op amp supplies, and its dc
accuracy equals some of the best op amps. It is also an
order of magnitude faster than op amps used as compara-
tors.

The new comparator is considerably more flexible than old-
er devices. Not only will it drive RTL, DTL and TTL logic; but
also it can interface with MOS logic or deliver £ 15V to FET
analog switches. The output can switch 50V, 50 mA loads,
making it useful as a driver for relays, lamps or light-emitting
diodes. Further, a unique output stage enables it to drive
loads referred to either supply or to ground and provide
ground isolation between the comparator inputs and the
load.

The LM111 is a plug-in replacement for comparators like
the LM710 and LM106 in applications where speed is not of
prime concern. Compared to its predecessors in other re-
spects, it has many improved electrical specifications, more
design flexibility and fewer application problems.
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IC Provides On-Card
Regulation for
Logic Circuits

Robert J. Widlar
Apartado Postal 541
Puerto Vallarta, Jalisco
Mexico

introduction

Because of the relatively high current requirements of digital
systems, there are a number of problems associated with
using one centrally-located regulator. Heavy power busses
must be used to distribute the regulated voltage. With low
voltages and currents of many amperes, voltage drops in
connectors and conductors can cause an appreciable per-
centage change in the voltage delivered to the load. This is
aggravated further with TTL logic, as it draws transient cur-
rents many times the steady-state current when it switches.

These problems have created a considerable interest in on-
card regulation, that is, to provide local regulation for the
subsystems of the computer. Rough preregulation can be
used, and the power distributed without excessive concern
for line drops. The local regulators then smooth out the volt-
age variations due to line drops and absorb transients.

A monolithic regulator is now available to perform this func-
tion. It is quite simple to use in that it requires no external
components. The integrated circuit has three active leads—
input, output and ground—and can be supplied in standard
transistor power packages. Output currents in excess of 1A
can be obtained. Further, no adjustments are required to set
up the output voltage, and overload protection is provided
that makes it virtually impossible to destroy the regulator.
The simplicity of the regulator, coupled with low-cost fabri-
cation and improved reliability of monolithic circuits, now
makes on-card regulation quite attractive.

design concepts

A useful on-card regulator should include everything within
one package—including the power-control element, or pass
transistor. The author has previously advanced arguments
against including the pass transistor in an integrated circuit
regulator.! First, there are no standard multi-lead power
packages. Second, integrated circuits necessarily have a
lower maximum operating temperature because they con-
tain low-level circuitry. This means that an IC regulator
needs a more massive heat sink. Third, the gross variations
in chip temperature due to dissipation in the pass transistors
worsen load and line regulation. However, for a logic-card
regulator, these arguments can be answered effectively.

National Semiconductor
Application Note 42

For one, if the series pass transistor is put on the chip, the
integrated circuit need only have three terminals. Hence, an
ordinary transistor power package can be used. The practi-
cality of this approach depends on eliminating the adjust-
ments usually required to set up the output voltage and limit-
ing current for the particular application, as external adjust-
ments require extra pins. A new solid-state reference, to be
described later, has sufficiently-tight manufacturing toler-
ances that output voltages do not always have to be individ-
ually trimmed. Further, thermal overload protection can pro-
tect an IC regulator for virtually any set of operating condi-
tions, making current—limit adjustments unnecessary.

Thermal protection limits the maximum junction temperature
and protects the regulator regardless of input voltage, type
of overload or degree of heat sinking. With an external pass
transistor, there is no convenient way to sense junction tem-
perature so it is much more difficult to provide thermal limit-
ing. Thermal protection is, in itself, a very good reason for
putting the pass transistor on the chip.

When a regulator is protected by current limiting alone, it is
necessary to limit the output current to a value substantially
lower than is dictated by dissipation under normal operating
conditions to prevent excessive heating when a fault oc-
curs. Thermal limiting provides virtually absolute protection
for any overload condition. Hence, the maximum output cur-
rent under normal operating conditions can be increased.
This tends to make up for the fact that an IC has a lower
maximum junction temperature than discrete transistors.

Additionally, the 5V regulator works with relatively low volt-
age across the integrated circuit. Because of the low volt-
age, the internal circuitry can be operated at comparatively
high currents without causing excessive dissipation. Both
the low voltage and the larger internal currents permit high-
er junction temperatures. This can also reduce the heat
sinking required—especially for commercial-temperature-
range parts.

Lastly, the variations in chip temperature caused by dissipa-
tion in the pass transistor do not cause serious problems for
a logic-card regulator. The tolerance in output voltage is
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loose enough that it is relatively easy to design an internal
reference that is much more stable than required, even for
temperature variations as large as 150°C.

circuit description

The internal voltage reference for this logic-card regulator is
probably the most significant departure from standard de-
sign techniques. Temperature-compensated zener diodes
are normally used for the reference. However, these have
breakdown voltages between 7V and 9V which puts a lower
limit on the input voltage to the regulator. For low voltage
operation, a different kind of reference is needed.

The reference in the LM109 does not use a zener diode.
Instead, it is developed from the highly-predictable emitter-
base voltage of the transistors. In its simplest form, the ref-
erence developed is equal to the energy-band-gap voltage
of the semiconductor material. For silicon, this is 1.205V, so
the reference need not impose minimum input voltage limi-
tations on the regulator. An added advantage of this refer-
ence is that the output voltage is well determined in a pro-
duction environment so that individual adjustment of the
regulators is frequently unnecessary.

A simplified version of this reference is shown in Figure 1.
In this circuit, Q¢ is operated at a relatively high current

V’
|
R
T Vagr =Voe* B3 Vi
L
B Bew
Rl ‘
600 S
3
>— GROUND
TL/H/6931-1
Figure 1. The low voltage reference in one of its simpler

forms.

density. The current density of Qa is about ten times lower,
and the emitter-base voltage differential (AVgg) between
the two devices appears across Rg. If the transistors have
high current gains, the voltage across R will also be pro-
portional to AVgg. Qg is a gain stage that will regulate the
output at a voltage equal to its emitter base voltage plus the
drop across Rp. The emitter base voltage of Q3 has a nega-
tive temperature coefficient while the AVgg component

across Ry has a positive temperature coefficient. It will be
shown that the output voltage will be temperature compen-
sated when the sum of the two voltages is equal to the
energy-band-gap voltage.

Conditions for temperature compensation can be derived
starting with the equation for the emitter-base voltage of a
transistor which is2

Vee = V. (1 T)+v (T)
E~ I EO0 \ =+
B % To B0\ To ™)

where Vg0 is the extrapolated energy-band-gap voltage for
the semiconductor material at absolute zero, q is the charge
of an electron, n is a constant which depends on how the
transistor is made (approximately 1.5 for double-diffused,
NPN transistors), k is Boltzmann’s constant, T is absolute
temperature, Ic is collector current and Vggg is the emitter-
base voltage at Tp and Igo.

The emitter-base voltage differential between two transis-
tors operated at different current densities is given by3

KT J1
AVgg = q loge %' el

where J is current density.
Referring to Equation (1), the last two terms are quite small
and are made even smaller by making I vary as absolute
temperature. At any rate, they can be ignored for now be-
cause they are of the same order as errors caused by non-
theoretical behavior of the transistors that must be deter-
mined empirically.
If the reference is composed of Vgg plus a voltage propor-
tional to AVgg, the output voltage is obtained by adding (1)
in its simplified form to (2):

T T kT Jq
Veet = V, 1-—=]+V — | + — loge —.
ref gO( TO) BEO (T()) q e I )

Differentiating with respect to temperature yields

9V V, V k J
_r_ef=__gg+_BE_Q+_| e_1 (4
oT To To q J
For zero temperature drift, this quantity should equal zero,
giving
kTo Jq
Vqgo = V + — loge —. 5
g0 = Veeo * Je I 5)

The first term on the right is the initial emitter-base voltage
while the second is the component proportional to emitter-
base voltage differential. Hence, if the sum of the two are
equal to the energy-band-gap voltage of the semiconductor,
the reference will be temperature-compensated.

136




A simplified schematic for a 5V regulator is given in Figure 2.
The circuitry produces an output voltage that is approxi-
mately four times the basic reference voltage. The emitter-
base voltage of Qg, Q4, Q5 and Qg provide the negative-
temperature-coefficient component of the output voltage.
The voltage dropped across Rg provides the positive-tem-
perature-coefficient component. Qg is operated at a consid-
erably higher current density than Q7, producing a voltage
drop across Ry that is proportional to the emitter-base volt-
age differential of the two transistors. Assuming large cur-
rent gain in the transistors, the voltage drop across R3 will
be proportional to this differential, so a temperature-com-
pensated-output voltage can be obtained.

INPUT

GROUND
TL/H/6931-2
Figure 2. Schematic showing essential details of the 5V
regulator.

In this circuit, Qg is the gain stage providing regulation. Its
effective gain is increased by using a vertical PNP, Qg, as a
buffer driving the active collector load represented by the
current source. Qg drives a modified Darlington output stage
(Q4 and Q) which acts as the series pass element. With
this circuit, the minimum input voltage is not limited by the
voltage needed to supply the reference. Instead, it is deter-
mined by the output voltage and the saturation voltage of
the Darlington output stage.

Figure 3 shows a complete schematic of the LM109, 5V
regulator. The AVgg component of the output voltage is de-
veloped across Rg by the collector current of Q7. The emit-
ter-base voltage differential is produced by operating Q4
and Qs at high current densities while operating Qg and Q7
at much lower current levels. The extra transistors improve
tolerances by making the emitter-base voltage differential
larger. R3 serves to compensate the transconductance4 of

Qs, so that the AVgg component is not affected by changes
in the regular output voltage or the absolute value of com-
ponents.

The voltage gain for the regulating loop is provided by Q1g,
with Qg buffering its input and Q4 its output. The emitter
base voltage of Qg and Q4 is added to that of Q12 and Q43
and the drop across Rg to give a temperature-compensat-
ed, 5V output. An emitter-base-junction capacitor, C4, fre-
quency compensates the circuit so that it is stable even
without a bypass capacitor on the output.

The active collector load for the error amplifier is Qq7. Itis a
multiple-collector lateral PNP4. The output current is essen-
tially equal to the collector current of Qg, with current being
supplied to the zener diode controlling the thermal shut-
down, Dy, by an auxiliary collector. Qq is a collector FET4
that, along with R4, insures starting of the regulator under
worst-case conditions.

The output current of the regulator is limited when the volt-
age across R4 becomes large enough to turn on Qq4. This
insures that the output current cannot get high enough to
cause the pass transistor to go into secondary breakdown
or damage the aluminum conductors on the chip. Further,
when the voltage across the pass transistor exceeds 7V,
current through Rqs and D3 reduces the limiting current,
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TL/H/6931-3
Figure 3. Detailed schematic of the regulator.
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again to minimize the chance of secondary breakdown. The
performance of this protection circuitry is illustrated in Fig-
ure 4.
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TL/H/6931-4
Figure 4. Current-limiting characteristics.

Even though the current is limited, excessive dissipation can
cause the chip to overheat. In fact, the dominant failure
mechanism of solid state regulators is excessive heating of
the semiconductors, particularly the pass transistor. Ther-
mal protection attacks the problem directly by putting a tem-
perature regulator on the IC chip. Normally, this regulator is
biased below its activation threshold; so it does not affect
circuit operation. However, if the chip approaches its maxi-
mum operating temperature, for any reason, the tempera-
ture regulator turns on and reduces internal dissipation to
prevent any further increase in chip temperature.

The thermal protection circuitry develops its reference volt-
age with a conventional zener diode, D2. Q¢ is a buffer that
feeds a voltage divider, delivering about 300 mV to the base
of Qq5 at 175°C. The emitter-base voltage, Q1s, is the actual
temperature sensor because, with a constant voltage ap-
plied across the junction, the collector current rises rapidly
with increasing temperature.

Although some form of thermal protection can be incorpo-
rated in a discrete regulator, IC’s have a distinct advantage:
the temperature sensing device detects increases in junc-
tion temperature within milliseconds. Schemes that sense
case or heat-sink temperature take several seconds, or
longer. With the longer response times, the pass transistor
usually blows out before thermal limiting comes into effect.

Another protective feature of the regulator is the crowbar
clamp on the output. If the output voltage tries to rise for
some reason, D4 will break down and limit the voltage to a
safe value. If this rise is caused by failure of the pass tran-
sistor such that the current is not limited, the aluminum con-
ductors on the chip will fuse, disconnecting the load. Al-
though this destroys the regulator, it does protect the load
from damage. The regulator is also designed so that it is not
damaged in the event the unregulated input is shorted to

ground when there is a large capacitor on the output. Fur-
ther, if the input voltage tries to reverse, D4 will clamp this
for currents up to 1A.

The internal frequency compensation of the regulator per-
mits it to operate with or without a bypass capacitor on the
output. However, an output capacitor does improve the tran-
sient response and reduce the high frequency output imped-
ance. A plot of the output impedance in Figure 5 shows that
it remains low out to 10 kHz even without a capacitor. The
ripple rejection also remains high out to 10 kHz, as shown in
Figure 6. The irregularities in this curve around 100 Hz are
caused by thermal feedback from the pass transistor to the
reference circuitry. Although an output capacitor is not re-
quired, it is necessary to bypass the input of the regulator
with at least a 0.22 uF capacitor to prevent oscillations un-
der all conditions.
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Figure 5. Plot of output impedance as a function of fre-
quency.
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Figure 6. Ripple rejection of the regulator.

Figure 7 is a photomicrograph of the regulator chip. It can
be seen that the pass transistors, which must handle more
than 1A, occupy most of the chip area. The output transistor
is actually broken into segments. Uniform current distribu-
tion is insured by also breaking the current limit resistor into
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segments and using them to equalize the currents. The over-
all electrical performance of this IC is summarized in Table .

TL/H/6931-7
Figure 7. Photomicrograph of the regulator shows that
high current pass transistor (right) takes more

area than control circuitry (left).

TABLE I. Typical Characteristics of the
Logic-Card Regulator: Ty = 25°C

Parameter Conditions Typ
Output Voltage 5.0v
Output Current 1.5A
Output Resistance 0.03Q
Line Regulation 7.0V < V) < 35V 0.005%/V
Temperature Drift —55°C < Tp < 125°C| 0.02%/°C
Minimum Input Voltage | loyT = 1A 6.5V
Output Noise Voltage |10Hz < f < 100 kHz 40 pVv
Thermal Resistance LM109H (TO-5) 15°C/W
~ Junction to Case LM109K (TO-3) 3°C/W

applications

Because it was designed for virtually foolproof operation
and because it has a singular purpose, the LM109 does not
require a lot of application information, as do most other
linear circuits. Only one precaution must be observed: it is
necessary to bypass the unregulated supply with a 0.22 uF
capacitor, as shown in Figure 8, to prevent oscillations that

INPUT ! LM109 2 OUTPUT
C1 3

0.22 pr‘l:

TL/H/6931-8
Figure 8. Fixed 5V regulator.

can cause erratic operation. This, of course, is only neces-
sary if the regulator is located on appreciable distance from
the filter capacitors on the output of the dc supply.

Although the LM109 is designed as a fixed 5V regulator, it is
also possible to use it as an adjustable regulator for higher

output voltages. One circuit for doing this is shown in
Figure 8.

INPUT —4

S
0.22 uF

TL/H/6931-9
Figure 9. Using the LM109 as an adjustable-output regu-
lator.

The regulated output voltage is impressed across R4, devel-
oping a reference current. The quiescent current of the reg-
ulator, coming out of the ground terminal, is added to this.
These combined currents produce a voltage drop across Rp
which raises the output voltage. Hence, any voltage above
5V can be obtained as long as the voltage across the inte-
grated circuit is kept within ratings.

The LM109 was designed so that its quiescent current is not
greatly affected by variations in input voltage, load or tem-
perature. However, it is not completely insensitive, as
shown in Figures 10 and 77, so the changes do affect regu-
lation somewhat. This tendency is minimized by making the
reference current though R larger than the quiescent cur-
rent. Even so, it is difficult to get the regulation tighter than a
couple percent.
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Figure 10. Variation of quiescent current with input voit-
age at various temperatures.
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Figure 11. Variation of quiescent current with tempera-
ture for various load currents.
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The LM109 can also be used as a current regulator as is
shown in Figure 12. The regulated output voltage is im-
pressed across R4, which determines the output current.
The quiescent current is added to the current through Ry,
and this puts a lower limit of about 10 mA on the available
output current.

INPUT

OUTPUT

TL/H/6931-12
Figure 12. Current regulator.

The increased failure resistance brought about by thermal
overload protection make the LM109 attractive as the pass
transistor in other regulator circuits. A precision regulator
that employs the IC thusly is shown in Figure 13. An opera-
tional amplifier compares the output voltage with the output
voltage of a reference zener. The op amp controls the
LM109 by driving the ground terminal through an FET.
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TL/H/6931-13
Figure 13. High stability regulator.

The load and line regulation of this circuit is better than
0.001%. Noise, drift and long term stability are determined

by the reference zener, D1. Noise can be reduced by insert-
ing 100 k2, 1% resistors in series with both inputs of the op
amp and bypassing the non-inverting input to ground. A
100 pF capacitor should also be included between the out-
put and the inverting input to prevent frequency instability.
Temperature drift can be reduced by adjusting R4, which
determines the zener current, for minimum drift. For best
performance, remote sensing directly to the load terminals,
as shown in the diagram, should be used.

conclusions

The LM109 performs a complete regulation function on a
single silicon chip, requiring no external components. It
makes use of some unique advantages of monolithic con-
struction to achieve performance advantages that cannot
be obtained in discrete-component circuits. Further, the low
cost of the device suggests its use in applications where
single-point regulation could not be justified previously.
Thermal overload protection significantly improves the reli-
ability of an IC regulator. It even protects the regulator for
unforseen fault conditions that may occur in field operation.
Although this can be accomplished easily in a monolithic
regulator, it is usually not completely effective in a discrete
or hybrid device.

The internal reference developed for the LM109 also ad-
vances the state of the art for regulators. Not only does it
provide a low voltage, temperature-compensated reference
for the first time, but also it can be expected to have better
long term stability than conventional zeners. Noise is inher-
ently much lower, and it can be manufactured to tighter tol-
erances.
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The Phase Locked Loop IC
as a Communication
System Building Block

INTRODUCTION

The phase locked loop has been found to be a useful ele-
ment in many types of communication systems. It is used in
two fundamentally different ways: (1) as a demodulator,
where it is used to follow phase or frequency modulation
and (2) to track a carrier or synchronizing signal which may
vary in frequency with time.

When operating as a demodulator, the phase locked loop
may be thought of as a matched filter operating as a coher-
ent detector. When used to track a carrier, it may be thought
of as a narrow-band filter for removing noise from a signal.
Recently, a phase locked loop has been built on a monolith-
ic integrated circuit, incorporating the basic elements neces-
sary for operation: a double balanced phase detector and a
highly linear voltage controlled oscillator, the frequency of
which can be varied with either a resistor or capacitor.

BASIC PHASE LOCK LOOP OPERATION
Figure 1 shows the basic blocks of a phase locked loop.
The input signal e; is a sinusoid of arbitrary frequency, while
the VCO output signal, e,, is a sinsuoid of the same fre-
quency as the input but of arbitrary phase. If
e = V2 Ejsin [wot + 64(t)] (1)
eo = V2 Eq cos [wot + 02(1)]
the output of the multiplier (phase detector) is
€d = €j®¢€eg
= 2E{E, sin [wot + 61(1)] ® cos [wot + 6 o(t)]
= EiEp sin [61(t) — 02(1)] + EiEq sin [2 wot + 61(t) +
02(t)] @)
he low pass filter of the | oves the ac components
of the multiplier output; the dc term is seen to be a function
of the phase angle between the VCO and the input signal.

@

=
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eq

——
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PHASE
DETECTOR

TL/H/7363-1

FIGURE 1. Basic Phase Locked Loop

The output of the VCO is related to its input control voltage
by

L
INPUT ==

VOLTAGE CONTROLLED
OSCILLATOR

b2() = Kot @
fores = 0O, Let ég = w, then

02(t) = J ex(t) dt ®)

National Semiconductor
Application Note 46
Thomas B. Mills

It can be seen that the action of the VCO is that of an
integrator in the feedback loop when the phase locked loop
is considered in servo theory.

A better understanding of the operation of the loop may be
obtained by considering that initially, the loop is not in lock,
but that the frequency of the input signal e; and VCO e, are
very close in frequency. Under these conditions ey will be a
beat note, the frequency of which is equal to the frequency
difference of e, and e;. This signal is also applied to the
VCO input, since it is low enough to pass through the filter.
The instantaneous frequency of the VCO is therefore
changing and at some point in time, if the VCO frequency
equals the input frequency, lock will result. At this instant, es
will assume a level sufficient to hold the VCO frequency in
lock with the input frequency. If the tuning of the VCO is
changed (such as by varying the value of the tuning capaci-
tor) the frequency output of the VCO will attempt to change;
however, this will result in an instantaneous change in
phase angle between e; and e, resulting in a change in the
dc level of eq which will act to maintain frequency locki no
average frequency change will result.
Similarly, if e; changes frequency, an instantaneous change
will result in a phase change between e; and e, and hence a
dc level change in eq. This level shift will change the fre-
quency of the VCO to maintain lock.
The amount of phase error resulting from a given frequency
shift can be found by knowing the “dc” loop gain of the
system. Considering the phase detector to have a transfer
function:

Eq = Kp (61 — 62)
and the voltage controlled oscillator to have a transfer func-
tion:

b2 = Koef ®)
or taking the Laplace transform
K ef
02(s) = =2 ™

the phase of the VCO output will be proportional to the inte-
gral of the control voltage.

Combining these equations:

02(9) __ KoKaF(e) .
015) s + KoKp F(8) ®)
61(s) — 62(s) _ s 9
01() S KoKp F(s) ©)
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Application of the final value theorem of Laplace transforms
yields

lim 2 64(s)
s—0 g + KoKp F(s)
With a step change in phase of the input A8+, the Laplace
transform of the input is

lim

t—

61(s) — 62(s) = (10)

A0
01(s) = T1 which gives 06(s) = 01(s) — 82(s)
lim _ lim $464 _ (11)
1= =l =0 STk FE)
the loop will eventually track out any change of input phase,
and there will be no phase error in the steady state solution.

If the input is a step in frequency, of magnitude Aw, the
change in input phase will be a ramp:

01(s) = Aw/s2
substitution of this value 6, into (10) results in

lim o g = lim Aw __ Qo
t— "8 s >0 g + KoKp F(s)  KoKp F(0)

this result shows the resulting phase error is dependent on
the magnitude of the frequency step and the “dc” loop gain
KoKp, which is also called the velocity error coefficient K. It
should be noted that the dimensions of KoKp are 1/sec.
This can also be seen by considering Kp = volts/radian,
while K, = radians/sec/volt. The product is

(12)

volts
radian

radians/sec _ 1
volt sec

this can be thought of as the “dc” loop gain. (Note that
additional dc gain between the phase detector and the volt-
age controlled oscillator will increase the loop gain and
hence reduce the steady state phase error resulting from a
change in frequency of the input).

THE LOOP FILTER

In working with phase locked loops, it is necessary to con-
sider not only the “‘dc” performance described above, but
the “‘ac” or transient performance which is governed by the
components of the loop filter placed between the phase
detector and the voltage controlled oscillator. In fact, it is
this loop filter that makes the phase locked loop so power-
ful: only a resistor and capacitor are all that is needed to
produce an arbitrarily narrow bandwidth at any selected
center frequency.

The simplest filter is a single capacitor, Figure 2, and is used
for wide bandwith applications, such as where wideband

data modulation must be followed. The transfer function of
the filter is simply:

e___ 1
ed 1+ sRq1Cy (13)
substitution into (8) results in
62(s) KoKp/T1
D) 2 4 oS+ K KeTme (14)
04(s) s2+ s/7q + KoKp/Tq
71 = R1Cq

In terms of servo theory, the damping factor and natural

frequencies are
K.Kp 1172
wn = [__o D]

R4 Cyq (%)
1/2

1 1
£=3 [(Fh S KoKm] (16)

Rt

& PHASE | ¢
DETECTOR

1

VOLTAGE CONTROLLED
OSCILLATOR =

71 = R1C1

TL/H/7363-2

BODE PLOT

GAIN d8 —»

> 1
TL/H/7363-3
FIGURE 2. Phase Locked Loop with Simple Filter
From this it can be seen that large time constants for Ry C4
or high loop gain will reduce the damping factor and hence
decrease stability. Therefore, if a narrow bandwidth is de-
sired, the damping factor will become very small and insta-
bility will result. It is not possible to adjust bandwidth, loop
gain, and damping independently with this simple filter.
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With the addition of a damping resistor Ry as shown in Fig-
ure 3, it is possible to choose bandwidth, damping factor
and loop gain independently; the transfer function of this
filter is

eg _1+s7m
o 1+s7y
the loop transfer function becomes:
020s) _
02(s)
KoKp (s 72 + 1) (11 + 72)
s2 + s(1 + KoKd 72)/71 + KoKp/ 71
the loop natural frequency is
1/2
-
while the damping factor becomes
1 1 1/2
t=3 [71 KOKD] [ 1T K°K°]
Wn 72
2

a7

(18)

(19)

(20)

[

@1

R1 R2

PHASE | %
AV

e
» DETECTOR

e
e c1
VOLTAGE CONTROLLED I

0SCILLATOR -—
71 = R1C1 75 = R2C1 TL/H/7363-4
BODE PLOT
T -6 dB/0CT N
= AN
= | N\
3 | AN
| N
1-12 na/ocf\
1d8/0CT, \
| | AN
©— 1 1Ty
T+ 7

TL/H/7363-5
FIGURE 3. Phase Locked Loop with
Damping Resistor Added

In practice, for a fixed loop gain KoKp, the natural frequency
of the loop may be chosen and will be dependent mainly on
74, since 72 < 74 in most cases. Then, according to (21),
damping may be determined by 75 and for all practical pur-
poses, will be an independent adjustment. These equations
are plotted in Figures 4 and 5§ and may be used for design
purposes.

0w g T
B 1
KoKo T
J0° H /RAD
03 \ = m ——3
. v0s PR\SEC / B
= N "
3 A N T
10
SO S
— —1 mz - — N
BTN
102 h
100 N
0% 10° 102 907 1 10
71 + T2 (sec)

TL/H/7363-6
FIGURE 4. Filter Time Constant vs Natural Frequency
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I
I
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T2
TL/H/7363-7
FIGURE 5. Damping Time Constant vs
Natural Frequency

DESIGN CONSIDERATIONS

Considering the above discussion, there are really two pri-
mary considerations in designing a phase locked loop. The
use to which the loop is to be put will affect the design
criterion of the loop components. The two primary factors to
consider are:

1. Loop gain. As pointed out previously, this affects the
phase error between the input signal and the voltage con-
trolled oscillator for a given frequency shift of the input
signal. It also determines the “hold in range” of the loop
providing no components of the loop go into limiting or
saturation. This is because the loop will remain in lock as
long as the phase difference between the input and the
VCO is less than £90°. The higher the loop gain, the
further the input can change in frequency before the 90°
phase error is reached. The hold in range is

Awy = £Ko Kp
(providing saturation or limiting does not occur).

2. Natural Frequency. The bandwidth of the loop is deter-
mined by the filter components R4, R and C4, and the
loop gain. Since the loop gain is normally selected by the
criterion in 1. above, the filter components are used to
select the bandwidth. The selection of loop bandwidth
may be governed by several things: noise bandwidth,
modulation rates if the loop is to be used as an FM de-

(22)

143

9¥-NV



AN-46

modulator, pull-in time and hold-in range. There are two
conflicting requirements that will have an affect on loop
bandwidth:

(a) Loop bandwidth must be as narrow as possible to
minimize output phase jitter due to external noise.

(b) The loop bandwidth should be made as large as pos-
sible to minimize transient error due to signal modula-
tion, output jitter due to internal oscillator (VCO) noise,
and to obtain best tracking and acquisition properties.

These two principles are in direct opposition and, depending
on what it is that the loop is to accomplish, an optimum
solution will lie somewhere between the two extremes.

If the phase locked loop is to be used to demodulate fre-
quency modulation, the design should proceed with the cri-
terion of b above. It is necessary to provide sufficient loop
bandwidth to accommodate the expected modulation. It
must be remembered that at all times, the loop must remain
in lock, (peak phase error less than 90°), even under ex-
tremes of modulation, such as peaks or step changes in
frequency.

For the case of sinusoidal frequency medulation, the peak
phase error as a function of frequency deviation and damp-
ing factor is shown in Figure 6.

16 HHH
£ =03 Y
14 \‘
1.2 =0,
|1
s 1.0 T
S5 L =0.707
® 3 0.8 { i 5
0.6 YT =T
04 !nn
= 2.0{
0.2 1 = 5.0 tH
o T
0.1 0203050710 2 3 57 10
wn/w,

TL/H/7363-8

FIGURE 6. Steady-State Peak Phase Error Due to
Sinusoidal FM (High-Gain, Second-Order Loop)

It can be seen that the maximum phase error occurs when
the modulating frequency wpm, equals the loop natural fre-
quency wp; if the loop has been designed with a damping
factor of 0.707, the peak phase error (in radians) will be 0.71
Aw/wn (Aw = frequency deviation). From this plot, it is
possible to choose wp, for a given deviation and modulation
frequency.

If the loop is to demodulate frequency shift keying (FSK), it
must follow step changes in frequency. The filter compo-
nents must then be chosen in accordance with the transient
phase error shown in Figure 7. It must be remembered that
the loop filter must be wide enough so the loop will not lose
lock when a step change in frequency occurs: the greater
the frequency step, the wider the loop filter must be to main-
tain lock.

There is some frequency-step limit below which the loop
does not skip cycles, but remains in lock, called the “pull-
out frequency” wpo. Viterbi has analyzed this and his results
are shown in Figure 8, which plots normalized pull out fre-
quency for various damping factors for high gain second
order loops. Peak phase errors for other types of input sig-
nals are shown in Figures 8 and 9.
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FIGURE 7. Transient Phase Error 0¢(t) Due to a

Step in Frequency Aw. (Steady-State Velocity
Error, Aw/Ky, Neglected)
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FIGURE 8. Transient Phase Error 0¢(t) Due to a Ramp in
Frequency Aw. (Steady-State Acceleration Error,
Aw/wp2, Included. Velocity Error, Awt/Ky, Neglected)
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FIGURE 9. Phase Error 0¢(t) Due to a Step in Phase A6

In designing loops to track a carrier or synchronizing signal,
it is desirable to make the loop bandwidth narrow so that
phase error due to external noise will be small. However, it
is necessary to make the loop bandwidth wide enough so
that any frequency jitter on the input signal will be followed.
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NOISE PERFORMANCE

Since one of the main uses of phase locked loops is to
demodulate or track signals in noise, it is helpful to look at
how noise affects the operation of the phase locked loop.

The phase locked loop, as mentioned earlier, may be
thought of as a filter with a fixed, adjustable bandwidth. We
have seen how to calculate the loop natural frequency wp,
(15), (19), and the damping factor ¢ (16), (20). Without going
through a derivation, the loop noise bandwidth B may be
shown to be

* 1
BL=L> lH(iw)lde=%[c+4—g Hz  (29)

for a high gain, second order loop. This equation is plotted
in Figure 10. It should be noted that the dimensions of noise
bandwidth are cycles per second while the dimensions of
wp are radians per second.
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FIGURE 10. Loop-Noise Bandwidth
(For High-Gain, Second-Order Loop)

Noise threshold is a difficult thing to analyze in a phase
locked loop, since we are talking about a statistical quantity.
Noise will show up in the input signal as both amplitude and
phase modulation. It can be shown that near optimum per-
formance of a phase locked loop can be obtained if a limiter
is used ahead of the phase detector, or if the phase detec-
tor is allowed to operate in limiting. With the use of a limiter,
amplitude modulation of the input signal by noise is re-
moved, and the noise appears as phase modulation. As the
input signal to noise ratio decreases, the phase jitter of the
input signal due to noise increases, and the probability of
losing lock due to instantaneous phase excersions will in-
craase. In practice it is nearly impossible to acquire lock if
the signal to noise ratio in the loop (SNR)_ = 0 dB. In gen-
eral, (SNR)_ of +6 dB is needed for acquisition. If modula-
tion or transient phase error is present, a higher signal to
noise ratio is needed to acquire and hold lock.

A computer simulation performed by Sanneman and Row-
botham has shown the probability of skipping cycles for vari-
ous loop signal to noise ratios for high gain, second order
loops. Their data is shown in Figure 71.
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FIGURE 11. Unlock Behavior of High-Gain,

Second-Order Loop, { = 0.707
When designing the loop filter components, enough band-
width in the loop must be allowed for instantaneous phase
change due to input noise. In the previous section, the filter
was selected on the basis that the peak error due to modu-
lation would be less than 90° (so the loop would not loose
lock). However, if noise is present, the peak phase error will
increase due to the noise. So if the loop is not to lose lock
on these noise peaks the peak allowable error due to modu-
lation must be reduced to something less, on the order of
40° to 50°.

LOCKING

Initially, a loop is unlocked and the VCO is running at some
frequency. If a signal is applied to the input, locking may or
may not occur depending on several things.

If the signal is within the bandwidth of the loop filter, locking
will occur without a beat note being generated or any cycles
being skipped. This frequency is given by

KoKp 72
T+ T2
If the frequency of the input signal is further away from the
VCO frequency, locking may still occur, with a beat note
being generated. The greatest frequency that can be pulled
in is called the “pull in frequency” and is found from the
approximation

2\1/2
Awp = 2 (2 £ onKoKp — o (25)
which works well for moderate and high gain loops
(wn/KoKp < 0.4).

An approximate expression for pull in time (the time required
to achieve lock from some frequency offset Aw) is given by:

~ (Bw)?
2¢ wn
A MONOLITHIC PHASE LOCKED LOOP

A complete phase locked loop has been built on a monolith-
ic integrated circuit. It features a very linear voltage con-
trolled oscillator and a double balanced phase detector.

Ao = =2fwn (24)

Tp
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A simplified schematic of this voltage controlled oscillator is
shown in Figure 12. Qy is a voltage controlled current
source whose collector current is a linear function of the
control voltage ey. Initially Qs is OFF and the collector cur-
rent of Qo passes through Dy and changes C in a linear
fashion. The voltage across C is therefore a ramp, and con-
tinues to increase until Q7 is turned ON; this turns OFF Qg,
causing Qg and Q41 to turn ON. This in turn turns ON Qs.
With Qs ON, the anode of D1 is clamped close to —V¢c and
D2 stops conducting, since its cathode is more positive than
its anode.

SAWTOOTH

Ali of the current supplied by Qy is diverted through D4 and
Qg, which sets up an equal current in Q4. This current is
supplied by the charged capacitor C (which now discharges
linearly), causing the voltage across it to decrease. This
continues until a lower trip point is reached and Q7 turns
OFF and the cycle repeats. Due to the matching of Q3 and
Qq4, the charge current of C is equal to the discharge current
and therefore the duty cycle is very nearly 50%. Figure 13
shows the wave forms at (1) and (2).

Figure 14 shows the double balanced phase detector and
amplifier used in the microcircuit. Transistors Q4 through Qg4
are switched with the output of the VCO, while the input

O +Vec SQUARE WAVE
2 ouTeuT

&'Vcc

TL/H/7363-14

FIGURE 12. Simplified Voltage Controlled Oscillator
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FIGURE 13. VCO Waveforms




signal is applied to the bases of Qs and Qg. The output
current in resistors Rz and Ry4 is then proportional to the
difference in phase between the VCO output and the input;
the ac component of this current will be at twice the fre-
quency of the VCO due to the full wave switching action
transistors Q1 through Q4. The waveforms of Figure 15 illus-
trate how the phase detector works. Diodes Dy and Dy
serve to limit the peak to peak amplitude of the collector
voltage. The output of the phase detector is further ampli-
fied by Q19 and Q11, and is taken as a voltage at pin 7.

Rg serves as the resistive portion of the loop filter, and addi-
tional resistance and capacitance may be added here to fix
the loop bandwidth. For use as an FM demodulator, the
voltage at pin 7 will be the demodulated output; since the dc
level here is fairly high, a reference voltage has been provid-
ed so that an operational amplifier with differential input can
be used for additional gain and level shifting.

The complete microcircuit, called the LM565, is shown in
Figure 16.
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TL/H/7363-16

FIGURE 14. Phase Detector and Amplifier
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FIGURE 15. Phase Detector Waveforms, Showing Limit Cases for Phase Shift between Input and VCO Signals
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USING THE LM565

Some of the important operating characteristics of the
LM565 are shown in the table below (Voc = 16V, T =
25°C).

Phase Detector

Input Impedance 5k
Input Level for Limiting 10 mV
Output Resistance 3.6 kQ
Output Common Mode Voltage 4.5V
Offset Voltage (Between pins 6 and 7) 100 mV
Sensitivity Kp .68V/rad
Voltage Controlled Oscillator

Stability

Temperature 200 ppm/°C

Supply Voltage 200 ppm/ %
Square Wave Output Pin 4 5.4Vpp
Triangle Wave Output Pin 9 2.4 Vpp
Maximum Operating Frequency 500 kHz
Sensitivity Ko 4.1 fo rad/sec/V

(fo: 0sc, freq. in Hz)
Closed Loop Performance
Loop Gain KoKp 2.8 fo/sec
Demod. Output, +10% Deviation 300 mV
(A 0.001 uF capacitor is needed between pins 7 and
8 to stop parasitic oscillations).

To best illustrate how the LM565 is used, several applica-
tions are covered in detail, and should provide insight into
the selection of external components for use with the
LM565.

IRIG CHANNEL DEMODULATOR

In the field of missile telemetry, it is necessary to send many
channels of relatively narrow band data via a radio link. It
has been found convenient to frequency modulate this infor-

mation on a set of subcarriers with center frequencies in the
range of 400 Hz to 200 kHz. Standardization of these fre-
quencies was undertaken by the Inter-Range Instrumenta-
tion Group (IRIG) and has resulted in several sets of subcar-
rier channels, some based on deviations that are a fixed
percentage of center frequency and other sets that have a
constant deviation regardless of center frequency. IRIG
channel 13 has been selected as an example to demon-
strate the usefulness of the LM565 as an FM demodulator.

IRIG Channel 13
Center Frequency 14.5 kHz
Max Deviation +7.5%
Frequency Response 220 Hz
Deviation Ratio 5

Since with a deviation of +10%, the LM565 will produce
approximately 300 mV peak to peak output, with a deviation
of 7.5% we can expect an output of 225 mV. It is desirable
to amplify and level shift this signal to ground so that plus
and minus output votages can be obtained for frequency
shifts above and below center frequency.

An LM107 can be used to provide the necessary additional
gain and the level shift. In Figure 17, Ry is used to set the
output at zero volts with no input signal. The frequency of
the VCO can be adjusted with R3 to provide zero output
voltage when an input signal is present.

The design of the filter network proceeds as follows:

It is necessary to choose wp, such that the peak phase error
in the loop is less than 90° for all conditions of modulation.
Allowing for noise modulation at low levels of signal to
noise, a desirable peak phase error might be 1 radian or 57
degrees, leaving a 33 degree margin for noise. Assuming
sinusoidal modulation, Figure 6 can be used to estimate the
peak normalized phase error. It will be necessary to make
several sample calculations, since the normalized phase er-
ror is a function of wp,.

—§—O 6V

ouTeuT

TL/H/7363-19

FIGURE 17. IRIG Channel 13 Demodulator
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Selecting a worst case of wp/wm = 1, wy = 27 X 220 Hz;
selecting a damping factor of 0.707,

= 0.702
Aw/wn
or
Aw 2 X 1088 Hz
0 = 0.702 — = 0.702 ——————— = 3.45radi
o 2wn 0.702 27 X 220 Hz 3.45 radians

this is unacceptable, since it would throw the loop out of
lock, so it is necessary to try a higher value of wp. Let wp =
2mx 500 Hz, then wm/w, = 0.44, and

Aw 27 X 1088
=044 — = 044 X ————
06 =0 wn 27 % 500

this should be a good choice, since it is close to 1 radian.
Operating at 14.5 kHz, the LM565 has a loop gain KoKp of

2.28 X 14.5 X 103 = 33 X 103 sec

the value of the loop filter capacitor, C4, can be found from
Figure 4:

= 0.95 radians

71+ 72 = 3.5 X 10~ 3sec
from Figure 5, the value of T2 can be found (for a damping
factor of 0.707)
7o = 4.4 X 10~ 4sec
71 = (35 — 4.4) X 10~4sec = 31.4 X 10~ 4sec

_ 4.4 X10-4sec
27 T{X10-6 uF
Looking at Figure 10, the noise bandwidth B can be esti-

mated to be

B = 0.6 w, = 0.6 X 3150 rad/sec
= 1890 Hz

the complete circuit is shown in Figure 17. Measured per-
formance of the circuit is summarized below with a fully
modulated signal as described above and an input level of

AD ra\lrraa:
AU MViMs:

= 4400

f3dB 200
¢ 0.8
Output Level 770 mVrms
Distortion 0.4%
Signal to Noise at verge of loss of lock

(bandwidth of noise = 100 kHz) —8.4dB

It will be noted that the loop is capable of demodulating
signals lower in level than the noise; this is not in disagree-
ment with earlier statements that loss of lock occurs at sig-
nal to noise ratios of approximately +6 dB because of the
bandwidths involved. The above number of —8.4 dB signal
to noise for threshold was obtained with a noise spectrum

100 kHz wide. The noise power in the loop will be reduced
by the ratio of loop noise bandwidth to input noise band-
width

BLoop _ 1890 Hz
Binpur 100 kHz

the equivalent signal to noise in the loop is —8.4 dB +17
dB = +8.6 dB which is close to the above-mentioned limit
of +6 dB. It should also be noted that loss of lock was
noted with full modulation of the signal which will degrade
threshold somewhat (although the measurement is more re-
alistic).

= 0.020r —17 dB

100K
10K
z 1K
<
o
100
10
w —>
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FIGURE 18. Bode Plot for Circuit of Figure 17

FSK DEMODULATOR

Frequency shift keying (FSK) is widely used for the trans-
mission of Teletype information, both in the computer pe-
ripheral and communications field. Standards have evolved
over the years, and the commonly used frequencies are as
follows:

a) mark 2125 Hz
space 2975 Hz
b) mark 1070 Hz
space 1270 Hz
c) mark 2025 Hz
space 2225 Hz

(a) is commonly used as subcarrier tones for radio Teletype,
while b) and c) are used as carriers for data transmission
over telephone and land lines.

As a design example, a demodulator for the 2025 Hz and
2225 Hz mark and space frequencies will be discussed.

Since this is an FM system employing square wave modula-
tion, the natural frequency of the loop must be chosen again
so that peak phase errors do not exceed 90° under all con-
ditions. Figure 7 shows peak phase error for a step in fre-
quency; if a damping factor of 0.707 is selected, the peak
phase error is
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FIGURE 21. Block Diagram of Weather Satellite Demodulator

or
A
0 = 0.45 -2
Wn
Aw
= 0.45—
wn o
in our case, Aw = 27 X 200 Hz = 1250, if 8¢ = 1 radian,
1250 rad/
o = 0.45 213978%C _ 550 rad/sec
1 radian
fn = 80 Hz

The final circuit is shown in Figure 19. The values of the
loop filter components (Cy = 2.2 uF and Ry = 700Q) were
changed to accommodate a keying rate of 300 baud
(150 Hz), since the values calculated above caused too
much roll off of a square wave modulation signal of 150 Hz.
The two 10k resistors and 0.02 pF capacitors at the input to
the LM111 comparator provide further filtering of the carrier,
and hence smoother operation of the circuit.

A problem encountered with this simple demodulator is that
of dc drift. The frequency must be adjusted to provide zero
volts to the input of the comparator so that with modulation,
switching occurs. Since the deviation of the signal is small
(approximately 10%), the peak to peak demodulated output
is only 150 mV. It should be apparent that any drift in fre-
quency of the VCO will cause a dc change and hence may
lock the comparator in one state or the other. A circuit to
overcome this problem is shown in Figure 20. While using
the same basic demodulator configuration, an LM111 is
used as an accurate peak detector to provide a dc bias for
one input to the comparator. When a “space” frequency is
transmitted, and the output at pin 7 of the LM565 goes neg-

ative and switching occurs, the detected and filtered voltage
of pin 3 to the comparator will not follow the change. This is
a form of “dc restorer” circuit: it will track changes in drift,
making the comparator self compensating for changes in
frequency, etc.

WEATHER SATELLITE PICTURE DEMODULATOR

As a last example of how a phase locked loop can be used
in communications systems, a weather satellite picture de-
modulator is shown. Weather satellites of the Nimbus,
ESSA, and ITOS series continually photograph the earth
from orbits of 100 to 800 miles. The pictures are stored
immediately after exposure in an electrostatic storage vidi-
con, and read out during a succeeding 200 second period.
The video information is AM modulated on a 2.4 kHz sub-
carrier which is frequency modulated on a 137.5 MHz RF
carrier. Upon reception, the output from the receiver FM
detector will be the 2.4 kHz tone containing AM video infor-
mation. It is common practice to record the tone on an audio
quality tape recorder for subsequent demodulation and dis-
play. The 2.4 kHz subcarrier frequency may be divided by
600 to obtain the horizontal sync frequency of 4 Hz.

Due to flutter in the tape recorder, noise during reception,
etc., it is desirable to reproduce the 2.4 kHz subcarrier with
a phase locked loop, which will track any flutter and instabili-
ty in the recorder, and effectively filter out noise, in addi