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PREFACE The purpose of this handbook is to provide a
fully indexed and cross-referenced co llec tion of linear in­
teg rated cir cuit applicat ions using both monol ithic and
hybrid ci rcuits from National Semiconductor.

Indiv idual applicatio n notes are normally written to ex­
plain the operation and use of one part icula r device or to
detail various methods of accompl ishing a given funct ion.
The organization of this handbo ok takes advantage of this
innate coherence by keeping each applic ation note intact ,
arranging them in numerical order, and provid ing a de­
tailed Subject Index composed of app roximate ly 1200 ref­
erences to the main body of the text. This Subject Index
provides the key to efficient access to the appl ications ex­
perience accumulated over the last five years by National
Semiconductor.
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A Ver sati le Mono lith ic Voltage Regulator .

Designing Switching Regulators .
Drift Compensation T echniques for Integrated DC Amplif iers . .
Monolit hic Op A mp - Th e Universal Linear Comp onent . .

A Fast -Integrated Vol tage Follower with Low Input Current . .
Tun ed Circuit Design Using Monolith ic RF / IF Amp lifi ers
New Uses for the LM100 Regulator .
l ow Power Operat ional NHOOOl Am pli fier .

NH0002 Curr ent A mpli f ier .
A Comp lete Monolit hic IF Strip fo r AM / AGe Applications
An Ap plications Guide for Op Am ps .
Designs for Negative Vo ltage Regulators .
Th e LM105 - An Improved Positive Regulato r . .
A Simplified T est Set for Op Am p Characterizat ion .
High Speed Ma S Comm utators .
IC Op Amp Beats FETs on Input Current
Log Converters . . . ... . .
Op Amp Circuit Collection .
FET Circuit Applications . .
A nalog-Signal Commutation .
How to Bias the Mono lith ic JFET Dual .

Applications of MaS Analog Swi tches .
Precision IC Comparator Runs from +5V Loqic Supply . .
IC Provides On-Card Regulat ion for Logic Circuits . .. .
Th e Phase Locked Loop IC as a Comm . System Building Block
Applicat ions for a New Ultra-H igh Speed Buffe r . .

PI N Diode Drivers .
A Unique Mo nolithic AGC/Sq uelch Amplif ier . .
High Speed A nalog Switches . . . .
A Complete Monolithic AM / FM /SSB IF Str ip
1.2 Vo lt Reference .
New Design Techniques for FET Op Am ps . .

LM 381 Low Noise Dual Preamplifier .
LM380 Power Audi o Ampli fier .
LM381 A Du al Preampl ifier for Ul tra-Low Noise Applications
Micropower Circuits Using the LM4 250 Programm able Op Amp
Th e LM 3900 - A New Cur rent-Diff erencing Quad of ± Input A mpli fiers
LM1 39 /LM239 /LM339 .- A Quad of Inde pendently Fu nct ioning Comparators . • .. .
App li cat ions for a High Speed FET Input Op A mp . . . . . •. . . . . . . . . .. .
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Ap plic at ions of th e LM 173/LM273 /LM37 3 .. ..
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High Stability Regulators .
Easily Tu ned Sine Wave Oscillators
LM 118 Op A mp Slews 70V /Il sec .
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DEVICE VERSUS APPLICATION
LITERATURE CROSS-REFERENCE

oavrcs
NUMBER

APPLICATION
LITERATURE

DEVICE
NUMBER

APPLICAnON
LITERATURE

AM1000 . . • . . .. • . .• .. . • • . • . • • . • . AN ·53
DHOO35 • • . . . • . • • . • • . . • . • • • • • . • . AN ·49
FETS • • . . . • . •. . • . • •.. • AN ·32. AN -34. A N·63
LHOOOI (NHOOOll . • . . • • • • • • • . • • • . • . AN ·l0
LHOOO2(NHOOO2) • • ..• • .. • • • . • •. •. • AN ·13
LH0014 (NHOOI 4) • • . .•. . •• .•. •• • • . . AN·38
LHOO19 (NHOO I 9) •• . • . • . •. • •.• . . • . . AN·Ja
LHOO22 . • . . . • . • ... • . • . . . . • . • • • . A N-63
LHOO33 . . . • • . • •. • . • • • . •.... • • • • AN -48
LH0042 • • .. • • . • . . . •. . . • . .. . • . • • AN ·63

LHOO52 .. . •. . . . . . • . . . . .• •.. . . . • AN ·63
LH0062 • . • . . . • . . . • . . . . . . . • • . . • . AN ·75
LH10l • • . . . • ••• . • . ..•.• .. . .•• • • AN -20
LM100 . • . . . • • . . . • . • . AN ·l , AN ·2, AN·8. LB·3
LM10l , • • , . • , • . . • . AN ·3, AN -4. A N·20. AN ·24
LM101A • . . , AN ·30. AN ·31 , LB·2 , LB·4. LB·8. LB·16
LM102 . . . , • • . .• . AN·5. AN·31 , LB-l . LB-5. LB·6
LM104 . • . . . . . • . . • . . AN ·21 . LB -3. LB·7. LB ·l0
LM105 • • . . . .... • . • .• . • • AN·23, LB ·7, LB·l0
LM106 • . . . . . . . . .. • . • . • .• .• • . , . , • LB·6
LM107 . . . • • . • . , . . . • . . .• , ... , • . • AN -31
LM108 AN ·29 , AN ·30 . AN ·31. LB·14, LB ·15
LM109 , • . . . . . . . • • . . • •• . • , . AN ·42 . LB·15

LMll0 .. • . • . • . • AN -31. LB·l l
LM 111 . • . • • • • • . . • . • .. • AN -41. LB·12. LB·16
LM113 . • • • • • • , • , • . •. • . . . • . • .•.• AN·56
LM 118 . • . • • • • • • •. • • • • . . • • . • • • • • LB-17
LMI39 . . • , •• • . .• . . • • • • . . • • • . .• . AN ·74
LM170 . • . . • . • • • . . . . .. • . . . . . ...• AN·51
LM171 . . • • , . • • • . • . • . , . . . • . • • . • • AN·6
LM172 • • • . • . • . • , • . • .• ..• • . • • . • • AN -15
LM173 • • • • • . • .• . • . . . • . • . • •• AN·54, LB·13
LM174 • • • . • • • • • , • , • . . . . . ••• •• . • AN·54
LMJaO . , . .• . . . . • . • .• . • . • , . • . . • . AN·69
LMJal . •• •• • • • • • .• .• •.. • , AN -64
LM381A . • ••• •• , •• • • •• . . • . • •• , • • AN -70
LM565 . . . • , • . • , • . • , • • . . • . AN -46
LM703 • • , • . • • . . • . • , • • • . • . . . ... AN ·6
LM709 . . , , , • • . . • . • .• . • . • , AN -24
LM3900 . . . , • , , . .... .. •. . , AN -72
LM3900 . .. . •.. .. . . . . . , • • . LB·20
LM4250 . . ••. •• ... ••.• , , . . • . AN ·71
MM450 • • •• • • • •. • . •• .• . , • . • . AN ·33
MM451 . , . •.•• . .• , • • • • • . • . . . AN -33
MM454 . . • • • • • • , • . • • . . , . , • • AN -28, AN -33

SUBJECT INDEX*
·S•• Also AN72

Ata 0
Converter : LB6·'
Ladder dover : AN 5-7

ABSOLU TE VA L U E AMPLIF IER : AN3 1-12
AC AMPLIF IE R : AN5-9. AN 31·' , AN31 -18. AN 48 ·4.AN72·6
AC TO DC CONVERTER: AN31 .12 . LBB
ACT IVE FilTE R (S.. Filt . d
AGC

AGe/ sque lch ampl if ier : A N 5 1

AM / I F AG e : AN tS . AN 54· '
Circu i t descript ion : LM1 701LM 270/lM 310 : AN 51·3
DC, AN72-7
Ele ment compa rison: ANS 1·'
FET amp lif ier : AN34 ·2
H int s: AN5 1·4

Methods: ANS 1· 1. AN72 -]
RF cascade amp li fie r : AN6-3
Temperature compensat ion: ANS1 ·1t

AM /FM
Demod ulators and detector s: AN38· 7. AN46·11. AN54·3 . AN544,

AN 54·6. AN54·8, L8 13

AM/IF STRIP: ANt S. AN54
AMMETER : AN 7 1·5 , AN7 1·6
AMPLIFIER

AC : A N5 ·9 , AN31 .' . AN 3 l - l S. AN 48 -4. A N72-6
Abso lute val ue ; A N3 1-12
An t i-log generator ; AN30-3, AN31·20

A udi o ; AN32-S, AN 69. AN72.J8
Battery powe red ; A N7 1-4 , AN71 -S
Br idge ; A N29 ·12. AN 31 -11
Bu ff ered high cu rren t ou tput : AN4-3. A N1 J·J

AN29-15 , ANJl -16. AN 48 ·1, AN4B-4

Casccoe . F ET : AN J 2-2, AN32-6
Cascode . R F: AN6-1, AN6-3, AN6-4 , AN32·9

Charg e: AN 6 3-9
Choppe r stab i li zed : A NJ8·4
Circ uit descript ion L HOOO1: AN 10-1
Circu i t descr ip t ion LHOOO2: AN 13-2
Circ u i t descr ip t ion LHOO22: A N63·3

Circ ui t descr ipt io n L HOO33: AN48-'

Circu i t descr iption LH0042: A N63 ·3

Circui t description LH 0052: AN63 ·J
Ci rcui t descr ip t ion LM 108 /L M 208 /LMJ08: A N29 -2, A N 29 -18
Circui t descript io n L M 118 /LM 218 /LM3 18 : LB17

Ci rcu i t de scription LM 3900: AN72·1
Ci rcu i t descr ipt io n LM 42 50 m icr opower programmable

am p: AN71 -1
Clam ping : AN 10-2 , AN31 -1 t , LB 8-1

Class A aud io : A N72-J8
Difference: AN20-J , AN29·12. AN 31 -1. A N 3 1-9.

A N 3 1-10 , AN63·10. A N 72 -9
DIfferent ial inpu t : L8 ·20
Di fferent iat or: AN20-J . AN3 1-2. AN 72 -34

FET : AN34
FET input : AN4·3 , AN 29-1. A N32 ·9, AN34·3. AN 63 , A N 7S
Follower (See Vo lta ge Follow er)
H igh curr ent buffer : AN4-3. A N 1J , AN29-15 , ANJ1.16,

AN 48 -1, AN 48 -4. AN6J·11
H igh inpu t im ped ance : AN29·14 , A N 31 · ' . AN31 -1' ,

AN3 1· 18, A N32 ·1. AN32·7, AN 48·4, AN6 3, AN72·7. L8 1·2
Hi gh speed : AN75
High vo ltage ; A N72-37

I F : AN6·5, A N 1S-2 , AN15-S, AN54 , L B13
Input guard ing: AN29·16 , AN63·4 , AN63·5

In strum ent at ion ; A N29·1 " AN 31 ·9 , AN31 ·10.
ANJ1-11, AN63-9 , AN 7 1·7, L B 1

Inst rumentat ion shield / l ine dr iver : AN48·3
In tegrator : AN20-4 , AN29·7 , AN31 ·2 . AN31 -3 ,

AN 31 .1J . AN 38 ·4 , AN63-7, AN72-J4

In tegrato r. J·FET AC coupled : AN 32 -1
Invert ing; AN20-1. AN 31 -1 , A N3 1-4, AN 71 ·4 , AN 72 -5,

AN72-7 , AN7 2·3 7, LB17·2
Leve l shift ing : AN4·2 . AN 13-4 , A N32-5, A N 4 1-3. A N48-3

Unedriver ; AN13·4
Li ne receiver : AN 72-8
Logarithmic conv ert er : AN29·12, A N3 0, A N3 1-18 , A N3 1·20

Low po wer : AN -l0

Meter : AN63-1' , AN71 ·5
Mi crop owe r : A N 7 1

Nano-watt : AN71 ·4

iii
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No ise: AN63·2. AN70
Non-Inv er t ing ampl if ier : AN20-2. AN 31 .! , A N31 -4,

AN63-7. AN 72 -6. AN 72-9. AN 72·37
Non -linear : AN 4-4. A N31· 16

Nonon : A N 72 -1

Out put res-stance : AN29·5
Photocell : AN20-5. A N20 -8

Pnotodiod e: AN20·5. AN29·13 . A N31.J . AN 31.18. LB 12-2
Pbot o res istc r b rid ge : AN29-12
Pnct otrensistor: ANa-S
Pieeotect n c transducer : AN29·13 . AN31 -17
Power : AN8-6 . AN 69 . AN72·9 1See A lso Bu ff er . H igh Current}
Pul se: ANa-II , AN 13-4

Reject ion. po we r supply : AN29 -6

Reset stab i li zed : A N 20 -7. ANJa·4

RF (See RF Am plif ier!

Sample and hold : AN 4·3 . ANS -8. AN29·G, AN 31·12.
AN32·1 , AN32·G, AN32·7 , A N48·3, AN6 3·7 .
AN J2.3 4 . LBll ·2

Sin gle supply : AN 72
So lar cell: AN4 -5
Squaring: AN 72·33
SQue lch , AG e : AN51

Summing: A N2 0·3. AN3 1·1 . AN3 1·13
Temperat ure probe : A N3 l ·17. A N5G·3
Tra nsconductance: A N63 ·9

Va riab le gain : AN 31·9 . AN 31 -15 . AN 32 ·5. LB l ·2
ISee Al so AGCI

Zero ing : ANG3·8

ANALOG COMMUTATOR ISee A nalog Switchesl

ANALOG DIVIDER : AN 4·5. AN 30 -4. AN 3 1·19
ANALOG MULTIPLIER : AN4-5 . AN20 ·8 . AN3Q.4.

AN3 l -15. AN 3 1-17. AN3 1· 19
ANALOG SI GN A L. DEFINITION : AN53·1

ANALOG SWITCH : AN 5·8 . AN 28 . AN32·4. AN 32·8 .

AN32·9. AN32·10. AN32-12 . AN33. AN38. AN53
ANALOG TO DIG ITAL

Co nverter : LBG·l

Ladd er dnver : AN5·7
AND GA TE : AN72·27 . AN7 4·9
A NTI ·lOG GE NERATOR : AN3Q.3. AN3 1·20
AUDIO AMPLIF IE R : AN32·5 . A NG9 . AN72-38

A UD IO MI XER : ANG4 ·10 . AN 72 ·35
AUTOMATIC GA IN CONTAOl l See AGC I

BA NDPASS FILT ER: AN 72 ·15. LBll -2 (See A lso Notch Filter!

BA NDWIDTH. EXTENDED: AN29·5. LB 2 . L B4. LB14. L B 19
BANDWIDTH. FULL POWER : L B19-1
BATTE RY POWERED AMP LI FIERS : AN71-4 . AN71 ·5

BI ·QUAD FI L T ER: AN 72 ·17
BIAS CURRENT COMPENSATION lSee D rif t Com pensat ionI
BIAS CURRENT TEST SET: AN24·2

BIASING . FET : AN 34

BOARD LAYOUT: AN29· 16. AN63·4

BOOTSTRAPPED SHUNT FREQUENCY COMPENSA TION ,
AN29·16

BRIDGE AMPLIFIER : AN29·12 . A N3 1·11

BUFFER H IGH CURRENT: AN 4·3 . AN 13-3. AN29·15 .

AN 3 1-16. A N4B· l . AN 48 ·4. AN63-11
BYPASSING. SUPPLY TERMINAL: AN4·8 . L B2·2. LB l 5- l
CAPACITANCE M U LT IPLI ER: AN29·10. AN 3 1.14 . AN 31· 15
CA PA CI TOR

Bypass: AN4·8 . L B2·2, LB 15·'

Compensat io n : AN29·4 (See Also Fr equ ency Comp ensation)

Dielect ric po lari zat ion : AN29 ·7
F i lt er. pow er supp ly : A N23·7. LB1 0·2
Mul tip li er. capacit ance : A N29 ·10 . AN 31 -14. AN 3 1·1 5
Swi tching regulat or f i lt er : AN 21 -11

Tantalum bypass: L B15 -1
CASCODE AMPLIFIER : ANG -l . AN6-3. A N6 ·4 , A N3 2-6 .

AN32·9
CHARGE AMPLIFIER : AN 63 ·9
CHOPPER STABILIZED AMPLIFIER : AN38-4
CIRCUIT DESCRIPTIONS

AM 1000 A nalog switch series: AN 53 -2

OH OO35 PIN d iode d ri ver : AN49·2

LH OOOl Low power op amp : AN 10·1

LHOOO2 Cur rent ampl if ier : AN 13 ·2
LHOO22 FET input op amp : AN G3·3
LHOO33 Buffer amp li f ier ; AN 48·1

LH0042 FET in put op amp : ANGJ-3
l HOO52 FET input co amp: AN63-3

LM 100 /LM 200/ L M300 Posi t ive vol tage regu lato r : ANl -2. AN8·1
l M 102 /lM202 /LM302 V ol tage fo llower: AN 5·1

LM 104/L M 204 / L M304 Negat ive vol t age regu lator :

A N2 1-1. AN21 -15

LM 105 fL M205fLM305 Posit ive voltage regu lat or :
AN23-1. AN2J.2

LM 108 /LM208fLM30B Operat ional amp lif ier : AN29·2. AN29·18
LM109/L M209fLM309 Th ree term ina l regula tor : AN 42-l

LM ll0fLM210/L M310 Vol tage foll ow er : L Bl l
LM ll 1f L M 2 111LM3 11 V oltage compa rato r : A N4l .1. LB 12

LM113 1.2 V o lt reference di ode : AN56
LM1 18 /L M 2 18 f LM3 1B H igh slew rate cc amp : L B17
LM170/LM270/ LM 370 AG C scueicb ampl if ier : AN51 ·3

LM 172 A M ·I F sn ip : A N 15-1. AN1 5·4
LM173/ LM 27 3/ LM 37 3 I F ampli f ier /de tector : A N54·1. LB l 3
LM274 AM /FM /SSB I F vid eo amp /detect or : AN 54 ·1

LM381 Dua l pre3mpl i f ler : A N54 ·2
LM5G5 Phase locked loop : AN46·5

LM3900 Quad amplifier : AN72·1
LM4 250 MicrOP{)~e r programmable cp amp : AN 71·'

CLAMP
Oper ati onal am pli fie r : A N 10 ·2

Precision: AN31 ·1 , . LB S·'
Voltage f oll ower input : AN 5·5

CLASS A AUDIO AMPLIFIER : AN 72 -38
CMOS LOGIC VOLTAGE REGULATOR : AN7 1-7
COMPARATOR l See Voltage Comparat or)
COMPENSATION. DRIFT (See Drift Compensati on I
COMPENSATION. FREQUENCY (See Frequ encyCompensat ion l

COMPENSATION. TEMPERATURE lSee Dr ift Compensati on)
CONVERTER

100 M Hz: AN32·3

AC to DC: A N 3 1· l 2. LBB
A nalog to d igital : LB G-l

Curren t to vo lta ge: AN20·5. AN3 1·2. AN31 -16
DC to DC: LB 18 (See A lso SwitChing Regu lat or)
Dig it al to analog : AN 48-3

Logarithm ic: AN29·l2. ANJO. AN3 1·1B, AN31 ·20

COUNTER, PULSE , ANJ2.23
CRYSTAL OSC ILLA TOR : AN 32 ·2 . A N3 2·8 . AN41 -4
CUBE GE NERATOR : ANJO·3 . A N31 ·19
CURRENT LIMITING

Adjustable : AN21 ·7
Ex ternal: A N2 l ·9 . AN29·16

Foldback l See Foldback Current lim lt ingl
Output shor t circu it : AN 10-3 . A N72·12
Sense voltage red uct ion : A N 2 1-4 . A N2 1·7. AN31- 16. AN 32· 11

Switchback (See Foldback Current L imit ing)

Sw itch ing regula tor : AN2-8 . ANB-4 . AN2 1·12
Voltage regu lato r. positive : AN1 ·5

CURRENT MIRROR : AN72-2
CURRENT MODE M U LTI PL EXING : AN53·5

CURRENT M ONI TO R: AN3 1·1G. AN32·11 (See Al so

Curr ent to Vol tage Converter!

CURRENT SIN K

Fixed : AN 72 -3 1
Preci sion : A N20 -6. AN31-8. AN 32 ·6 . AN63·9

CURRENT SOURCE
Bila teral : A N29·14. AN 31·6
Float ing : AN B-4
Focu s cont rol cu rrent source : AN 8·3

High current : ANB-4 . A N42 ·6
Mul t ip le: AN72-30
Preci sion : A N20·G. AN 31 -8. AN32 ·12
Switching cu rrent regul ator : A N8 -4

CURRENT·TO ·VOLTAGE CONVERTER : AN20·5 ,

AN31 -2 . AN3l -16
D TO A CONVERTER : A N4 B·3

DC TO AC CONVERTER ' LB18
DEMODULATOR

A M·F M : AN38·7 . AN4G·11 . AN54·3 . AN54-4 . AN54·6.

AN54·8 . LB1 3
D$B : AN 38·5 . ANJa·6

Fr equency shi ft keying: A N4G·9 . AN 54 ·7

IR IG channel : AN4 6-8
Slope detec to r. FM : AN54-6

SSB: AN54.4 . A N5 4·5. AN 54-B. LB1 3·2
Synchronous A M dete ctor: AN54-6

Weather satellite p icture : A N4 G·11

DETECTOR (See D emodul ator )



SUBJECT INDEX (cant'd)

DIELECTRIC POLAR IZATION, CAPACITOR : AN29-1
DIFFERE NCE AMPLI FI ER : AN20-3. AN 29-12. AN31 ·' .

AN31-9 , AN31-10, AN63-10, AN72-9
DifFERENCE INT EGRATOR : AN 72 ·3 4
OIFFERENTIATO R: AN 2Q-3. AN 3 1-2, A N72·34
DIGITAL SWITCHING CIRCUI TS : AN 72 -26
DIGITAL TO AN A LOG CONVERTER : A N48 ·3
DIODE

Catch : AN21 ·11
PIN dr iver : A N 49
Precision: AN3 1.1, . LBB-'

Pro tec tive : AN21 ·8

Tempe rature compensated zener d iod es : AN54 ·7
Zener : AN56
Zenered transi st or base -emitte r jun ction : AN71 ·8

DISCRIMI NATO R, MU l TIPLE APERTURE WINDO W:
AN 3 1-3

DIVIDER . ANALOG : AN 4-5. AN 30 -4 . AN3 1·19
DOUBLE CONVERSIO N IF STRI P: AN54·6
DOUBLE EN DED LIMIT DETECTOR : AN31-3
DOUBL ER, FREQ UENCY : A N41 ·4
DR IF T COMPENSATIO N

A Ge ga in : AN51 ·11

Bias current : A N3 ·' , AN 1()'3 . A N20 -1. AN29·8. AN3 1-3
Board layout : A N 29 -16

Chopper stab i liz ed ampl if ier : A N 38 -4

Gain, AG e : AN51 · 11
Gai n. t ransistor : AN 56 ·3

Guar d ing inputs: AN 29-16. A N63 ·5
In tegrator . Jow drift : AN3 1-13

Non -l in ear ampli fiers : A N4-4 . AN31 -16

Offse t voltage: AN3-3. AN20-1. A N 3 1-4. AN 63-3
Reset stabil ized ampli f ier : AN 20-7
Sampl e and ho ld : A N4-4. AN29-7
Tr ansistor gain : A N 56-3

Vo l tage regu lat or : AN 1-10 . AN8-1 '. A N2 1·4. A N 23-4 .
A N42-6. LB15

DRIFT. VOLTAGE A N D CURRENT: AN29-1 (See A lso
Dr if t Com pensatIon)

DRIVER lSee Amplifi er . H igh Cur rent Buf fer )

OSB MOD ULATlON ·D EM OD UL A TI ON : AN38-5. AN38-6
EMITTER COUPLED RF AMPLIFIE R : AN6-1. A N6·2

FEEDFORWARD COMPENSATION : L B2. LB1 4. LB 17-2
FERRITE BEAD; A N2 3·6

FET
Ampl ifi er : A N 32. AN34
Biasing : AN 34

Operat io nal amplif ier input : A N4 ·3. AN29-1. AN 32-9 .
A N34 ·3. AN 63. AN75

Switches : A N5-8 . AN28. AN32-4. A N32-8. AN32-9.

AN32-IO. AN32-12, AN33 , A N38 , AN 53
Vo l tage comparato r : AN34·2

Voltmet er. FET V M : AN 32·2 . A N63·11
FI LTER

A d justab le 0 : A N31 ·14 . LB5 -2
Bandpass:. ANn·15. LB 11·2 (See A lso F ilt er. Not ch)
Bi-q ued : AN ]2·1 7

Fu ll wav e rectify ing and averaging: AN2Q.a . AN 31 -12
High pass act ive filter : A N5 ·10. AN 3 1-16. AN 72 -14.

LB 1 ' ·2
Low pass active f i lte r : A N5 ·9. A N20 -4. AN31.16.

AN 72 ·14

Notch: A N 3 1-14 . AN 48 -4 . L B5. L B 11·2

Notch. adju stab le Q : A N3 1·14. LB 5-2
Pow er supp ly : A N23- 7. LB1 Q.2
Sensitivi tv funct ions: A N72-13
Tone cont ro l : AN32·3. A N3 2-11 . AN 64 -10

FLlP·F LOP. TR IGGER : A N7 2-27

FOLDBACK CU R RENT LIMITING

Negative voltage regul ator : AN21 ·5. LB 3-2

Posi t ive voltage regulat or : AN 1-8. A N23-5 , lB3-2
Power d issipat ion cu rve: A N23 -6
Temperatur e sensi t iv it y : AN 23-6

FREQUENCY COMPENSATION

Bandw id th. extended : A N29 ·5 . LB 2. LB4. LB14. LB1 9
Bootst rapped shun t : A N29 -16

Ceoec it aoce, stray : A N4-8 . AN31·J
Capacitive load s: AN 4 -8 . LB 14-1
Different iato r: AN2Q.4

Feed forw ard : LB 2. LB 14 . LB17·2

Ferrit e be ad : AN23-6

Hint s: AN 4-7. AN 2Q-2. AN2J-6. A N41 ·5 . L B2 . L B4
Mu ltivib rat or : A N4 -1

Osci ll ati on . invol untary : A N4 -8. AN20·2 . AN29-5

FREQUENCY DOUBLER : AN 41-4
FREQUENCY RESPON SE: L B19 (See Als o

Frequ ency Compensati on )

FREOUENCY SHI FT K EY ING DEMODULATOR : AN46-9,
AN 54 -7

FULL POWE R BANDWIDTH : LB1 9 ·1

GAIN T EST SET : AN 24 ·4
GA TES . OR AN D AN D : AN72·26

GENERATOR lSee Oscill ato r)

GUARD DRIVER : AN48·3. A N63-6

GUARDING AMPLIF IER INPUTS: AN29-16. A N6 3-4
HIGH PASS ACTIVE FILT ER : AN5·10 . A N 31.16 . AN72-14.

LBl '- 2
HIGH SPEED OP AMP : A N75
IF AMPLIFI ER : A N6 -5. AN 15-2. A N 15-5. AN54-4. LB1 3

IN DUCTOR
Core. sw i tch ing regu lator : A N2 1·11
Ferri te be ad : AN2J -6
Si mu lated : AN3 1-15

INSTRUM ENT ATION AMPLIF IER : A N 29 · " . AN31 ·9 . A NJI ·lO.

AN3 1-1' . AN63-9, AN71 -7,LBl
INTEGRATOR: A N 20-4 , AN29-7, AN3 1-2, AN31 -3 , AN 31-13,

A N32-1. A N38 -4. A N6 3-7. AN7 2-34 . A N75 -3
INTERNAL TIMER : AN J 1·17

INVERTING AMPLIFIER : A N2 0·1. ANJ 1. 1. A N J 1.4 . AN 7 1.4.

AN 72 -6. A N7 2·7. A N72·37 . L B 17·2
ISO LA T ION . D IGITAL: AN 41 ·J
LA MP DRIVER

Grou nd referenced : AN7 2·J6

Voltage com parator : AN4·2. A N 72·29 . LB 12·2
LARGE SIGNAL RESPONSE : LB1 9

LEVEL SH I FT I NG AMPLIFIER : AN4-2. A N1 J·4 . AN 32-5.
A N41 ·3. AN 48 -J

LIGHT-INTENSITY REGULATOR : ANB -8
LIMIT DETECTOR: AN31-3
LIM ITER (See Ciamp i

LINE DRIVER : AN 13-4. AN 48-3
LINE RECE IVER AMPLIFIER : A N72·8

LOGARITHMIC AMPLIFIER : AN29-12. AN 30 . A N3 1.18 . A N31·20
LOW PASS AC TIVE FILTER : A N5-9 . AN 20 -4 . AN3 1·1 6. AN 72 -14
MAGNETIC TRANSDUCER AMPLIFI ER: AN 74-6

METER AMPLIFIER : AN63-11. A N71-5
M ICROPHONE PREAMPLIFIER : A N5 1·7
MICROPOWER

Am pl if ier : A N71

Circ ui t descrip t ion LM4 250 programm able oc amp : A N 7 1-1
Vo lt age comparato r : AN 7 1·4

MI XER

Au d io : A N 64 ·10 . A N72 ·35
Low f requency : A N 72·35

MODULATION

Voltage regulator . swi tchi ng: AN8-6
MODULATOR

A M /I F : A N 51 ·9

DSB: AN38-5
Pu lse w idth: A N3 1·5

sse. h igh eff ici ency : AN8·6

MONOSTABLE MULTlVIBRATORS: AN72·27
MULTlPLExER (See An.log Switch)

MULTIPLEXING. DEFINITION: A N53 -1
MULTIPLIER

A nalog : A N 4·5. AN20-8. AN3Q-4. AN J1 .15. A N J1 .17. AN31 · 19
Capaci tanu : A N29 ·10 . AN3 1·14 . A N3 1·15

Cube generator : A N3O-3. A N 3 1· 19
Resistance: A N29· 14

MULTIVIBRATOR: A N4 ·1. A N2 4 ·6. A N31 -6. AN41 ·4 . A N 71·6 .
AN72·19

NAB TAPE PLAYBACK PREAMPLIFIER : AN64 -4
NAB TAPE RECORD PREAMPLIFIER : AN64-7
NEGATIVE AND POSITIVE VOLTAGE REGULATORS l See

Symmetrical Vo l tage Regul .tors)

NEGATIVE SWITCH ING VOLTAGE REGULATORS: AN2·10.
AN 2 1·10. AN 21 -" . A N 2 1·12. A N21 ·13

N EGATIVE VO LTAGE REFERENCE : A N20-6. A N 3 1·8

NEGATIVE VOLTAGE REGULATOR
Circu it descr ipt ion LM 104 / LM 204 . and LM304 : A N2 1· 1. AN 2 1·1 5



SUBJECT INDEX (cont 'd)

vi

Drift compensat ion (See Drift Compensatio n. Voltage Regu lat od
Fold back current li m it ing: A N21·5, L B3-2

High cu rren t : A N2 1·3 . AN2 1·4 , AN 21·5 , L B10
High vOltage : AN2 1-9

Hints: LB10-2. LB15
Line regula tio n imp rovement : AN 2 1· 7
LM 100 as a nega tive regu lat or : ANl -9

Overvortece pr o tect io n: AN2 1-8
Power d issipa t ion : AN 21·3 . AN2 1-5
Prec ision , stable: LB15·2
Program m able: AN20-1' . AN31-7
Prot ect ive d iodes: AN 21 ·8
Remot e sensing: AN21 -4. AN 21-9
Ripp le: AN 21·2, A N2 1-6
Shunt regulator: ANB- l
Transient respon se : AN2 1·2

NI X IE DRIVER: A N32-6
NOISE, AMPLI FIER AND RES ISTOR : AN63·2 . A N 70

NON ·INVERTI NG AMPLIFIER : AN2Q-2 . A N3 1.1 . A N3 1.4.
AN63-7. AN72-6. AN72-9, A N72-37

NON·L1NEA R AMP LIF IER : AN4-4 . AN31 ·16
NOR TON AMPLIFI ER, AN72 -'
NO TCH FILTER : AN 3 l -14 . AN4B-4 . LB 5, LB l ' -2
OFFSET CURR ENT TEST SET: AN2 4-3
OFFSET VOLTAG E ADJU STMENT , A N63-3, LB9
OFFSET VOLTAG E COMPENSATION (See Drift Compensat ion )

OFFSET VOLTAGE TEST SET : A N24-3
ONE -SHOT: AN72 -27
OPERATIONAL AMPLIFIER T EST SET : AN24

OPERATIONAL A M PLI FI ERS : AN 4, A N2 0, A N29, A N3 1 (See

A lso A mp l i fi ersl
OR GA TE : A N72 -26, AN 74-l0
OSCI LLATION, IN V OL UN TARY (See Frequency Compensation )
OSCILLATOR

Cry stal : AN 4 1-4, AN74-7

Cry stal J-FET : AN32·2 , AN32-B
Modulated RF : AN51-9
Mul t iv ibrator : AN 4 -1, A N2 4-6, A N3 l --6.A N41 -4. A N 7 1·6.

AN72-19
Piezoelect ric dr iver : A N72 -37
Prog rammab le " unijunct ion": A N12-39

Pulse ou tpu t : A N 71 -6 , A N72 -20

Quadratu re ou tpu t : AN 3 1-5, LB 16
RF J-FET : A N32-2. AN 32-8
Sawt oo th : A N72-22

Sin e wave: A N2Q-9, A N 29 -9 , AN 3 1-5. A N 3 1·6 , AN31 -7.

AN32-7. AN 32-8. AN51-8. AN 72-' 9. LBl 6
Staircase: AN72-23

T riangle w ave: AN2Q-10. AN 24-6, A N 3 1-6 . AN72·21
Tunabl e f requency : A N5 1-9 , LB 16

Wein bridge: A N2 0-9, A N3 1-6, A N3 1-7, A N32·7. A N 5 1-B

PEAK DETECTOR : AN 4-4 , A N 31 ·12. AN51-5, AN 5 1.6 . A N 54-4.
AN 72 -36. AN7 4-16 . AN 75 -J

PHASE COMPARATOR : A N72 ·25
PHASE LOCK ED L OOP

Ci rCUIt descr ipt ion. LM56S ' AN 46- 5
Dam ping : A N4 6-3

Lock ing AN 46 ·5

Loop f ilt er : AN 46 ·2
Mul t iampli fi er : AN72·24 . A N 72·26
Noise performance : AN46-5
Phase com parato r : AN7 2·25

Theory : A N46 ·1
VCO : AN72 -24

PHASE LOCKED RECE IV ER, AN54·7
PHASE SHIFTER: AN 32-B
PHO NO PR EAMPLIFIER : AN 32 -4 , A N3 2-" . AN 64 -8
PHOTOCE LL A M PLIFIER : AN20·S, AN20-8
PHOTODIODE

A mp li f ier : AN 20 ·S. A N 29 ·13. A N 31 -3, AN 31 -1B. LB1 2-2
Level detector : A N 4 1-2

PHOTOMUL TI PLI ER TU BE SUPPL Y : A N B-9
PHOTORESISTOR A MPLI FI ER : AN29-12
PHOTOTRANSISTOR AMPLIFIE R : AN B-B

PIN D IODE DRIVER : AN 49
POLARIZATION . DIELECTRIC : AN29-7
POSITIVE AND NEGATIVE VOLTAGE REGULATORS (See

Sy mm et ric. l V olt. Regul.tors l

POSIT IVE VOLTAGE REFERENCE , A N20-6. A N31 -2, AN 3 1-B. AN56
POSITIV E VO LTAGE REGULA TOR

Ad justab le ou tput LM109: A N 42 -S

Circu it description LM 100 /L M 200 / LM300 : A N 1-2 . AN B-l
Ci rcu i t descr iption LM1 05/LM20 S/ LM305 : AN 23·1,23-2
Circuit descript io n L M 109 / LM209 / LM 309 : A N42- 1

CMO S compat ib le: AN71 -7
Current l imit : ANl -5. A N7 2-12
Dri ft com pensati on (See Dr ift Compensat ion , Vol t age Regulator)

Eff ici ency : AN 1-8

Fai lur e mechanisms: AN23·7 , L B3
Filt er ing, power suppl y : A N23·7, L B 10·2
F i xed ou tput : AN 42-5
Foldback current li mit ing : A N l -B, AN23·5, LB 3·2

Heat disslpencn: A N 1·B. A N23 -3. AN23--6 . AN23·7, LB 3

High current : AN1 ·7, AN23-4 , AN23-S. AN23·6. AN 72 ·11.

LB3. LBI O-1
High vo lta ge: AN B·B. A N8·9, A N72 -11
Hint s: AN23·7, L B3, LB l o-2, LB1 5
Impedance, outpu t : AN l -6
Low volt age: AN 56-3

Mi crop ower qu iescent po wer dra in : AN71 ·7
Noise reduct ion: A N 1-6

NPN pass t ransistors: AN8·10, AN72.l " L 810·1
Power l im i tations: A N23-3. L B3

Precision : AN42-6 . L B15
Program mable low power : AN 20 ·1 1, A N3 1-7
Pro tect ion: A N23-7. AN 72 ·11

Regulat ion , load : A N 1-5

Remote sensing : A N8·1Q
Ripple ind uced failu res: A N 23-7, L B 10-2
Shu nt regula to r : ANB-1

Shutdo wn : AN 8-4

Sw itchi ng regulator IS~e Switching Regula tod

Temper at ur e compensati on : AN 1·10. A NB· " , A N4 2-6 . L B1 5
Tra nsient respon se: AN 1·6

POWER A MP LI FIER (See Buffer , H igh Current )

PREA MPL IF IER
Cir cuit descri p tion L M38 1 du al p reamp l ifie r : AN64-2
Ftatb and : AN 70 -3

Low noise: A N70
M icrophone, sque lched : A N5 1-7

Phono : AN32·4, A N32-1 ' , A N64·8
Servo : AN 4 ·4. AN31 -16

Stereo : AN64·10. AN 64 -11

Tape pla yba ck : A N64·4
Tape record : AN 64 -7

VOX : AN51 -B
PROGRAMMABLE OP AMP : AN7 1
PROGRAMMABLE " UN IJUNCTION" OSCILLATOR, AN 72-39
PROGRAMMABLE VOLTAGE REGULATOR : AN20 -11, A N31 -7

PULSE AMP LI FIER : A N8 -11, AN13-4

PULSE COUNTER : AN72- 23
PULSE GENERATOR : AN71-6, A N72· 20 , A N7 4-7

PULSE REGULATO R: ANB ·11
PULSE WIDTH M ODU L A TOR : AN 3 1-6 . AN 74 ·15

QUAD AMPLI FIER : ANn
QUA D COMPARATOR : AN7 4

OUAORATUR E OSCIL LATQfl , A N31-5. LB'6
RECEI VER I F STRIP: AN6-5 . A N l5-2. A N 15·5. AN54. LB1 3

RECTIFIER , FAST HALF-WAVE : A N 31 .11. LB B-1

RECTIFIER . FULL-WAVE : A N2Q-B. L BB-2
REFERENCE VOLTAGE REGULATOR : AN20 -6. A N31 -2. AN31 ·8
RELAY DR IVER : A N7 2-36
REMOTE SENSING

Hi gh curre nt negat ive regu lator : AN 21 -4
High negati ve vo lt age: A N2 1-9

Li ne resistance com pensation: A NB ·l 0

RESET STAB ILIZEO AMPLIFIER: AN20-7, A N38 -4
RESISTANCE MULTIPLICATION : A N29-14
RES ISTOR NOISE : A N63-2, A N7 0-2

RF AMPLIFIER

AM /I F st rip : AN1 5. A N54
Biasing : AN6-1

Cascade: AN 6- 1, A N6-3. A N6 -4, AN 32 -9
Em itt er coupled : AN6-1. A N6-2
For w ard tr ansad mittance: A N6-3
Gain : A N6-2

IF am pli f ier : A N6-5, A Nl 5-2, ANl5-5. AN54 . LB 13
In pu t impedance: AN6-2. A N6-3

Tuned interstage c ircui ts: A N6-4 . LB 13

RF OSCI L LA TO R (See OKin_tor . RF )

RIAA PHONO PREAMPLIFIER : AN64-8
RIPPL E. POWER SUPPLY : AN21-2. A N21-6. AN23-7. L BIQ-2



SUBJECT INDEX (corr t'd ]

RISE TIME. AMPLIFIER : L B19·2
ROOT EXTRACTOR : AN 4·6 , AN31·1B
SAMPLE AND HO LD : AN4 -3. AN5-8. A N29 -G. AN 31·12. A N32·1.

AN3 2-6. AN32 -1. A N48 ·3. AN 63 -1, AN72 -34. AN75 -3 . L8 11·2

SAWTOOTH GENERATOR : AN72·22
SCHMITT TRIGGER : A N32·12. AN 72·30
SENSE VOL TAGE (See Curr ent Lim it ing l
SENSITIVITY FUNCTIONS: A Nn13
SERVO PREAMPLIFIER : AN4·4. A N3 1·16

SETTLING TIME : LB17·2
SHUNT REGULATOR : ANa-1

SINE WAVE OSCILLATOR : A N20-9 . A N 29·9 . AN3 1·5. AN3 1·6 .
AN3 1·7. AN32-7. AN32-8 . ANS 1-S. AN72·19. L Bt 6

SINE WAVE RESPONSE : LB 19
SINGLE SUPPLY AMPLIFIER : AN72
SINGLE SUPPLY OPERATION: A N 31·2. AN 48 -4
SLEW RATE : AN5·5, LB l1, LBt 9 (See Al so f requency

Compe nsat ion, Feed to rward !
SLEW RATE LIMITING: L B t9
SLOPE DETECTOR . FM: AN 54 ·6

SMALL SIG NAL RESPONSE : LB t 9
SOLAR CEL L AMPLIFIER : A N4·5
SQUARE ROOT CIRCUIT: AN4 -G. AN 3 1-18

SQUARE WA V E G ENE RA T OR : A N74 -6

SQUARING AMPLIFIER : A N 72·33

SOUELCH AMPLIFIER , AGC : A NSl
SQUELCH RELEASE TIMING : AN 5 1·12

SQUELCHED PREAMPLIFIER : AN51 ·7
SSB

Demod u lator : A N 54-4 . A N 54·5. A N54-8 . L 8 13·2
Modulator : AN8~

STA I RCA SE GENERATOR : AN 72·23, AN72·24

STEP RESPO NSE : L B19 ·2
STEREO PREAMPLIFIER : AN64.1O. AN64 ·11
SUBTRACTOR (See D ifference Ampl if ier )

SUMMING AMPLIFIER : A N20·3. AN3 1·1 . AN 31·13
SUPERHETERODYNE RECEIVER IF STRIP: AN15·5
SUPPLY VOLTAGE SPLITTING : AN 31·2
SWITCH , ANALOG : ANS-8 , AN 2S, AN32·4 , AN 32·S. AN 32·9.

AN 32-10. A N32·12. AN33. AN38. AN 53
SWITCHBACK CU RR EN T LI M IT ING lSee Foldback Current

Li m i t ing'
SWITCHING AND LINEAR REGULATOR COMBINATION :

AN2· 11

SWITCHING CU R RENT REGULATOR : AN B·4

SWITCHING REGULATOR

Capacit or select io n : AN2 1·11
Catch cnooe selecti on : AN21·11

Cu rrent lim i t ing : AN2-8 , AN 8 -4, A N2 1·12
DC pl us to DC mi nus co nvert er : L B 18
Dissipat io n: A N2 1·11

Driver : A N2 -7, A N 21· 14

Eff ic iency : AN2·5 , AN2·6 , AN2·7. A N2 1· 10
Frequency of ope rat ion : AN 2·4 . A N 2-S. AN 2·6, A N2· 7
High negat ive curren t : A N 2 1.1 , . A N2 1.12. AN2 1· 13
High posi tiv e curre n t : AN 1-11. A N 2-6. A N8 ·2
High vol tage: AN 2-11
Hint s: A N2 1·11

Induct o r core select ion : AN2 1-1 1

Li ne regu lation: A N2 ·6 . AN2 1·1 1
Mod ul ati on : AN8-6

Negat ive: AN 2-10 . AN2 1-1O. A N2 1. " . AN 2 1.1 2. AN21 ·13
Overl oad shut dow n : A NB·2. A N2 1·13

Overvott ece prot ection : A N8 -3
Po lar i ty conversion : L B 18
Ripp le: AN 2-4. AN 2 1·11
Self -OSCill at ing : A N2 -2. AN 21 -10

Shutdown : AN8·2 . AN 2 1-13
Sym met rical : AN2 -10
Synchron ous : A N2·7. AN 21·14

T heory : AN 1-11 , AN 2·2 . AN2 1-10. LB 18
SYMMETRI CAL SWITCHING VOLTAGE REGULATOR : AN 2·10
SYMMETR ICAL VOLTAGE REGULATOR

LM 100 as a sym me t ric al regulator : AN l -9
Regu lat ion: A N2 1·6
Track ing regu lator : AN20-10 . AN 2 1-6. LB7

SY NC H RON OUS A M DETECTOR : AN 54 -6

TACHOM ETER : A N7 2-32

TA PE PLAYBACK PRE AMPLIF IER : AN64·4

TAPE RECORD PREAMPLIFIER : AN 64·7

TEMPERATURE COMPENSATED ZENER DIODE : A NS6
TEMPERATURE COMPENSATION lSee D rift Compenut ionl

TEMPERATURE CONTROLLER : A NS·S
TEMPERATURE PROBE AMPLIFIER: AN3 1.17 , A N 56- 3

TEMPERATURE PROBE COMPARATOR : AN72·J8
TEST SET. OPERATIONAL AMPLIFIER : A N2 4
THERMOMETER. ELECTRONIC: AN31·17. ANS6·3
THRESHOLD OETECTOR: AN20- 10, AN3 1·3
TIME DELAY GENERATOR : AN74-11

TIME DOMAIN MULTIPLEXING : AN53· t
TIME. INTERVAL: AN31·11

TONE CONTROL : AN32-3. AN 32 -1' . AN 64 ·10
TRACKING VOLTAGE REGULATOR : L B7 (See A lso Sy mme t rical

Volt age Regu latorsl
TRANSADMITTANCE. RF AMPLIFIER , A N6-3
TRANSCONDUCTANCE AMPLIFIER : AN63·9
TRANSFER FUNCTION TEST SET : AN24-4

TRIANGL E WAVE OSCILLATOR : AN 20-10 . AN 24·6 , AN 3 1·6 .

A N 72 -2 1
TR IGGER FLlp·FLOP: AN72·2 7

TRIGGER. SCHMITT : AN32·12 . AN72·30

TUNED RF CIRCUITS (Se e Amplif ier sl
UNITY·GAIN BUFFER : AN 20-2 . A N63-7

VOLTAGE COMPARATOR
A to 0 converte r ci rcu i t : L B6·1
A C coup led : LB 6-2

Buffered ou tpu t : AN29· 1S
Cir cu i t descrip t ion LMtl t JLM 2 11JLM311 : AN 4 1· 1. LB1 2

Com partson : L B1 2·2
OT L dr jver : AN 4-2 . A N 10·2 . AN29· t5. AN3 t -3. LB t 2·2

Dual li mi t . h igh speed : A N48 ·3
Fast : L B-6

FE T: ANJ4·2
High cu rrent : A N71-4
Hint s: AN4 1·5
Lamp dri ver : AN 4·2 . AN72-29 . LBt 2·2
M icropower : AN7 1-4
MO S d rive r : AN10-2. AN 4 1·2. A N4 1-3. L B12·2
Op amp volt age com parato r : A N4·2. AN63·9. AN 71.4.

AN 72·29
Precision: AN 6J·g
Quad array : AN74

TTL dr iver : AN 4·2. A N 10-2. AN29· 15. A N3 1-3. AN 41 ·2.

AN 41·3 . AN 63·9. LB 12·2
Zero cr ossing: AN 31· 17. AN4 1·2 . AN4 1·3. LB6·2. LB 12-2

VOLTAGE CONTROLLED OSCILLATOR: A N 72·24 . A N 74 -8

VOLTAGE FOLLOWER
A to 0 ladd er dr iver : A N5·7

Band w idt h . fu ll pow er : A_~5·5

Bias cu rren t : A N 5-3 . AN 2Q-3

Buffer. vol tage ref erence: AN5-7
Circu it descrip ti on LH 00 33 : A N48·1

Circuit descri p t ion L M 102 / L M 202JLM 302: AN5·1
Ci rcui t descrip ti on LMl l 0 / LM 210/L M310: LB 11
Clamp ing. inp u t : AN5-6

Comparison: L B 11-2
Frequency respo nse: A N5·3

Gain : AN5-5
Hin ts, operati ng: AN 5~. AN 20-2. AN63-7

Increased ou tput sw ing: AN5·5
Offset adju stment : AN 31-4 . LB 9-2

Resistance, ou tpu t : AN5·5

Single supp ly : A N72-10

Slew rate: ANS-5. A N6 3·7
Source resistance effect : AN5-5
Transient respon se: A N5 -7
VOlt age refe rence: AN 2G-6. AN3 1·2. A N3 1-8. AN56
Vol tage ref erence bu f fer : AN 5·7

VOLTAGE REGULATOR ISee Positive. Neva tive . or Switch ing
Voltage Regul ator )

VOLTMETER : AN 32 -2. AN 63 ·1t , AN7 1-6, AN75-4
VOX PREAMPLIFIER : A N5 1-8
WEIN BRI DGE OSCILLATOR : AN 20·9 . A N31-6. A N3 1·7,

A N32·7. AN 5 t-8
WINDOW OISCR IM INA TO R, MULT1PLE APERTURE : A N31 ·3

ZENER DIODE
IC: A N56
Transetor-oase-emuter junc tion : AN7 1·8

ZERO CROSSING DETECTOR : AN 3 1·17 . AN 4 1·2 . A N4 1·3.

A N 74 -5. L B6-2. LB12-2
ZEROING. AMPLIFIER : AN63-8

vii
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INTRODUCTION

The great ma jor ity of linear integrated circuits
being prod uced today are DC ampl if iers, part icu­
larly operational ampli f iers. Th is has come about
both beca use the DC operational amplifier is a
basic ana log bu ilding block and because th is
device makes good use of the well-matched char ­
acte ristic s of mon ol ith ic co mponents , characteris­
t ics whic h are no rmally expe nsive to dup licate
wit h discrete parts. A voltage regulator is a cir­
cuit which requires simi lar precis ion . As shown in
the diagram of Figure 1, a basic regulat o r circ uit
employs an operatio nal ampl ifier to co mpare a
refere nce volt age with a fraction of th e output
voltage and contro l a series-pass element to
regula te the output.

FIGURE 1. Basic Series -Regulator Circuit

Perha ps the reason that mo noli th ic regu lators
have not appeared soo ner is because it is diff i­
cult to make one design flexible enough to
satis fy an apprec iab le percentage of the market.
Different systems require vast ly different output
voltages and cu rrents, as well as vary ing degree s
of regulat ion . In addit ion , the curr ent hand ling
ability of mon oli thic circui ts is limit ed because
of the large physical d ie size of hiqh-current
tran sistors . Power dissipat ion is also a factor,
since there are no read ily available multi-lead
power packages for integrated circuits.

A design is presented here which is versat ile
enough to overcome many of the se problems. It
is able to de liver regulated voltages which are
externally adju sta ble fro m 2V to 30V , operati ng
as either a linear , d issipati ng regulato r or a high
effic iency switching regulator. This covers the
range from low-level logic circuits to the majo rity
of solid -state linear systems. Although the output
current of th e integrated circuit is limited (12 mA ),
an external transistor can be added for currents
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to 250 mA o A seco nd externa l power t ransistor
will enabl e the regulat or to deliver currents in
excess of 2A.

The regulat ion is better th an I -percent for wide ly
varying load and line con d ition s. The device
also features l -percent temperat ure sta bility over
the full military te mperature range, ex ternally
adjustable short -circuit-current limiting, fast re­
sponse to both load and line tran sients, a small
standby power dissipation , freedom from oscilla­
t ion s with vary ing resist ive and reactive loads,
and the ability to self sta rt with any load .

VOLTAGE REFERENCE

The vo ltage reference of a regulato r is normall y
a tem peratur e compensated avalan che diode. Com ­
mercially availab le diodes have a breakdow n voltage
temperatu re coeff icient of O.Ol -percent fC to
o.ooos/'c. depend ing on selection. Norma l inte ­
grated circuit processing yields an avalanche diode
with acceptable charac ter ist ics for this applicat ion.
The reversed-biased emitter-base junct ion of the
t ransistors has a breakdown vo ltage of approxi ­
mately 6_5V and an un usually un ifor m tem perature
coefficient of +2.3 mVfC. Hence , th e positive
temperature coeff icient of the avalanche diode can
be very near ly ba lanced out by a for ward biased ,
diode-conn ected transistor to produce a tempera­
tu re compensated referen ce. How ever , exac t co rn­
pensation requires surface impurity concentrations
in the tr ansisto r-base d iffusion wh ich are higher
tha n des ired to produ ce opt imized t ran sisto rs. One
design objective of an int egrat ed regulator is, then,
to develop a refere nce eleme nt which permits
nearly -exact compensation wi thout requiring pro­
cess alteratio n.

Another design object ive is also centered arou nd
the referen ce. In th e regulator circuit of Figure 1,
th e output vo ltage can be ad justed down to, but
no t lower than , th e referen ce voltaqe . This mea ns
that, unless add it ional circuitry is incorporat ed,
the reference restr icts th e use of the regulator to
applicatio ns requ ir ing out put voltages above about
BV_ It is therefo re de sirable to obtain as low as
possible a referen ce voltage.

A circuit which pro vides a simpl e so lutio n to the
temperature compensat ion pro blem in add itio n
to su pplying a low reference volt age is shown in
Figure 2. In th is circuit, the breakdown diode is
supplied by a current source from the unr egu·
lated su pply . An em itter follower , a" buffers
th e output volt age of th e diod e. Th e positive
tem perature coefficient of thi s buffered output
is increased to appro ximately 7 mVrc by the
addi t ion of the d iode connected tra nsistor , 0..



A resistor divider reduces th is voltage as well as
the temperature coefficient to exactly compen­
sate fo r the negative te mperature coefficient of
0 3 • prod ucing a temperatu re co mpensated out­
put . Wit h the integrated circuit process used. this
output voltage is about 1.8V for opt imum com­
pensat ion.

FI GU RE 2. Voltage Reference Circuitry

One featu re of thi s integrated reference is that
th e reverse emitter base breakdown, must have
an extremely sharp knee (even in the 1 IlA region)
in order for the transistors in the circui t to be
acce ptable. Therefore. the d iodes can be reliably
operated at low current s where the no ise is low
and has a nearly un iform frequency spectrum.
At higher currents (above about 100 IlA for these
particular devices) the noise becomes a sensit ive
func t ion of current with low-repetition-rate pul­
sat ions. At even h igher currents. the noise red uces
in amplitude and loses it s cu rre nt sensitivity but
st ill retains a heavy fluctuat ion component .

REGULATOR CIRCUIT

A simplified sche matic of t he regulator is shown
in Figure 3. It is a single·stage di ffere ntial ampli­
fier with a Darlingto n . emitter-follower output.

FIGU RE 3. Simplified Schematic of the Regulator

The gain of th is stage is made mu ch higher th an
wou ld normally be exp ected by the use o f 0 3
and a. as collector load s. If very large PNP
current gain and good matching are assumed ,
the collector current of a. will be equal to the
collector current of a,. Th eref or e, th e d iffe rent ial
stage will be in balance ind epend ent of the
magn itude of the co llec tor currents of 0 , and
O2 and fo r th e complete ra nge of o ut put vol ta ge
settings and input vo lta ge variat ions . Even thi s
simple c ircu it gives a no load to full load regul a­
t ion of 0 .2·percent and a line regu lat ion of 0 .05 ­
percent per vo lt.

The complete schematic of th e regu lator in Figure 4
shows several addit ions . First . an em itt er follower.

,.....-.-- ---.---.---.- ......."".
1I001"~
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FIGURE 4 . Comptets Schematic of the LM1 00

0 3 , and a level·sh ift ing diode, 0 , . have been added
to increase the effective current gain o f t he PNP
transistor , O2 , This device is a late ral PNP' wh ich
has a low current gain (0 .5 to 5 ) but has the adva n­
tage that it ca n be mad e witho ut add ing any ste ps
or process controls to the norm al NPN inte­
grated circuit pro cess. On e co llecto r of the PNP
serves as a collector load for t he error-sensi nq
tra nsistor. 0 9 , A seco nd co llector supp lies current
for the breakdown diode. D, . A th ird colle ct or,
wh ich determ ines the ou t put cu rren t o f th e o ther
two , mainta ins a current nearly equal to the
collector cu rrent of a. by me ans of negative
feedback to the PNP bas e through 0 3 and 0,.

The collector current of a. is estab lished at a
known frac tio n of the resistive div ider current
through R, and R2 by th e second emitt er on 0 5 ,

This em itter -base junction of as . whic h is five
times larger th an that o f 0 6 , bypasses most of
the d ivider current, at a rat io determined by t he
relat ive geometries, to the collector of 0 5 , Th is
current , combined with th e collector curr ent o f
0 8 through t he ot her emitter of 0 5. su pp lies
current for the em itter of 0 3 to d rive th e base
of O2 ,
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R4 and Rg serve the sole purpose of start ing the
regulator . They only need to supply enough base
curren t to Q2 to br ing th e breakdown diode, D"
up to voltage . Since it can supply many t imes the
required curren t under worst-case cond it ions, sta rt­
ing is ensured .

The clamp d iode, D2, redu ces the current var ia­
tion seen by Q3 with changes in input vo ltage,
improving line regulati on . Rg is a pinch resistor2

which has a sheet resist ivity more than two orders
of magn itude higher than diffused base resistor s,
so it can be made quite small physically . Pinch
resistor s do have the d isadvantages of non -linear
voltaqe-current chara cteri stic, a large temperature
coefficient, a low breakdown voltage and rather
large product ion variations in sheet resistivity.
However, as show n in Reference 3, th ese chara c­
ter ist ics can be designed arou nd and actua lly put
to good use, as they are here.

The start-up network is co nnected to th e regulator
output terminal, rat her than ground, so that the
internal power dissipation is minimized without
requi ring large resista nce values . Because of this,
the load current of the regulator cannot drop below
the current supplied from the unregul ate d input
through R4 . If it does , the circuit will no longer
regulate. This is not usually a prob lem, since
the resistive divider wh ich sets the output vo ltage
will norm ally draw enough curren t. However , it
should be kept in mind in appl icat ion s where the
regulator might be lightly loaded and the diff erence
between the unregulated input voltage and the reg·
ulated outpu t voltage is apt to be high.

The collector of the output tran sistor , Q' 2' is
brought out separately to perm it the add it ion of
an exter nal PNP transistor for higher currents.
An emitter-base resistor for the external PNP, Ra,
is also included . This resistor is shorted out when
the regulator is used without the external tran ­
sistor .

The output of the voltage reference is broug ht
out SO that the inhere nt no ise of the breakdown
diode can be bypassed out. Since the low op eratin g
current of the diode minimi zes low-frequency
noise, adequa te bypassing can be provided by a
capacitor as small as 0.1 J.l F.

The purpose of the clamp diode, D3 , is to keep
Og from saturating when the circuit is used as a
switc hing regulator. It plays no functi onal role
in linear oper at ion.

Outp ut -current limit ing is provided by Q,o. The
value of current limit is determined by an exte rnal
resistor between the current limit , and regulated
output term inals. When the voltage drop across
this resisto r becomes h igh enou gh to turn on
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Q, o, it removes base dr ive from Q" to prevent
any further increase in out put cu rrent . It can be
seen from Figure 4 th at the voltage turning on
Q10 is the voltage drop acro ss the external cur­
rent limit resistor plus a fract ion of the emitter­
base voltage of th e series pass transistor, Q' 2'
Th is arra ngement was used for two reasons.
First , less voltage is dro pped across the cu rrent
limit resistor , permitt ing the circuit to regulate
with lower inpu t voltages . Second, since in cur­
rent limit Q' 2 is operated at a much higher
emi tte r-current density than is 0 ' 0' it has a lower
negat ive temperature coefficient of emitter -base
vol tage . The negat ive temperat ure coeffic ient of
the emitter-base voltage of Q10 along with th is
difference in temperature coeff icients causes the
current limit to decre ase by a factor of 2 as the
chip temperature increases from 25°C to 150° C.
This enab les the regu lator to de liver maximum
current to room temperature but sti ll be protected
when th e output is shorted and the dissipat ion
increases: the current will decrease as the chip
heats, hold ing the dissipat ion to a safe level.

It is interest ing to note tha t th is current limit
schem e will only work when the two transistors
are in close thermal con tac t , as they are in a
monol ithic integrated circu it .

Since a regulator is an operational am plifier with
a large amo unt of feedback, f reque ncy compen­
sation is required toprevent oscillations. However,
a voltage regulator has compensat ion pro blems in
add ition to those encountered in an operat ional
amp lifier. For one, the compensation method must
prov ide a high degree of rejecti on to input vo ltage
transients. Secondly, it must be stable with react ive
loads which are far heav ier th an those norm ally en­
countered with ope rat ional amp lifiers . Thirdly, it
must minimize the over shoot caused by large load
and line transients.

A compensation method sat isfying those require­
ments is shown in Figure 5. The operat ional arn­
plifier is connected as an integrato r and isolated

FIGURE 5. Simplifi ed Schemat ic Showing Regulator
Frequency Compensation



FIGUR E 7. Basic Regulator Circuit
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R2 , with a fine adjus tment provided by the pot en ­
t iometer, R3 . The resistance seen by the feedback
terminal shou ld be ap pro ximately 2.2k to minimize
drift cau sed by th e bias current on this terminal.
Figure 8 is based on th is and gives the opti mum

APPLICATIONS

values for R, and R2 as a funct ion of design-center
output voltage. The po tent iometer sho uld be least
1/4 of R2 to insure that the out put can be set to
th e de sired voltage.

The basic regulato r circuit for the LM100 is sho wn
in Figure 7. The output voltage is set by R1 and

It is possible to oper ate the regulator wit h or
without internal current limit ing. If current limiting
is not need ed , improved load regulat ion can be rea­
lized by sho rt ing together the current limit ter ­
minals (Rsc =0 ). Figure 9 gives the load regulation
for th is conditi on. Short circu it protection is
obtained by connecti ng a resistor between th e
current limit termina ls. The resistor value isdeter­
mined from the current limit sense voltage wh ich
is plotted asa fun ct ion of temperature in Figure 10,
for low output cur rents wh ich corr esponds to the
case whe re external booster transistors are used.
The current limit sense voltage is t he vo ltage
across the current limit terminals when the requtator
is current limiting with the auto..• . '
regulat ion and current limit char
Ion current limit resistor are giv
and 12, respect ively.FIGURE 6 . Photom icrograph of the LM100 Regulator

from the load with an emitter fo llower , wh ich
serves as a series pass t ransistor . If the feedbac k
loop is opened at po int A and th e frequency
respon se measured, it can be seen that the feed ·
back at high frequ encies where th e loop respo nse
mus t be con tro lled is through CF . React ive loads
have littl e effect since th ey are isolat ed from the
high frequency feedback path by as.
This compensatio n met hod provide s excelle nt
response to load tra nsients . That part of a load
tran sient which is not abso rbed by the output
capa citor, CL , sees the output impedance of as
whic h is qui te low since it is dr iven by an oper­
ational amplif ier with a low AC output impeda nce.

In the actual regulator (Figu re 4 ) the operat ion al
am plif ier is a single stage amplif ier (Og). Hence ,
it is stable in the integrator co nnect ion, with a
collector base capacitor on Og, without add i·
t ional co mpensa t ion which might degrade eit her
the load or line transient respons e. The series
pass tran sistor is a compo und emitter follo wer
to insu re iso lat ion fro m react ive loads . In add i­
tio n, the stab ility of the circuit is not depe nde nt
on th e output impedance of the unr egulated
supply. It is also stable with no byp ass ca paci­
tan ce on the outpu t (if external booster t ran sis­
tor s are not used) so it is possible to obt ain
extremely rapid current limit ing as might be
req uired wit h sensit ive trans istor loads.

A photo micrograph of the mo nolith ic regulator
d ie is show n in Figure 6. Since the des ign re­
quires a minimum of resistance, substituting active
devices where possible, th e entire circu it has been
const ruc ted on a 38 ·mil·square die . Thi s die size is
comparab le to that of a single silicon trans isto r.
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FIGURE 12. Current Limiti ng Characteristi cs

A byp ass capacito r is not required on the requla­
tor outp ut in the circuit of Figure 7. This permits
extr emely fast current limiting. The ou tput imped·
ance as a fu nct ion of frequency is plott ed in
Figure 13 for th is conditio n. The output impeda nce
at high frequencies can be reduced somewhat by
the add it ion of a bypass, as show n in Figure 13.
However. it is necessary to use a low-inductance
capac itor (such as a solid-tantalum capacitor ) to
gain any real advantage . Similarly, bypass ing on th e
unregulated input is not norm ally needed, although
it may be advisable to use a small (0.01 IlF)
ceramic capacito r when the regulator is fed through
lon g leads which can look like a high·O resonant
circuit .

A reduct ion in the output noise can be realized

by the add it ion of a 0. 1 IlF capacitor o n the refer ­
ence bypass termi nal. Th is reduces the noise
inherent in the refere nce d iod e.

The tra nsient respo nse of the regulator is shown
in Figures 14 and 15. Figure 14 shows the
respo nse to a current step from 3 mA to 15 mA,
without any outpu t by pass capacitor and with a
Ion current limit resistor. The overshoot can be
reduced both by the addit ion of an outpu t by pass
capacito r and by the removal of the cu rren t limit
resistor since the overshoot is deve loped across
the resisto r. The response to a line voltage transient
is shown in Figure 15. Neither the line transient
response nor th e load t ransient respo nse is affec ted
by the out put volta ge setting. The refore , the over­
shoot becomes a smaller percentage of th e ou tp ut
voltage as this volta ge is increased .
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when the device is operated under cond it ions of
high diss ipat ion .

HIGH POWER REGULATORS

Increased output current capability and improved
load regulation can be ob tained by the add itio n
of external t ransistor s. The output curr ents ach iev­
able are in fact limited on ly by the power dissipat ·
ing and curre nt hand ling capabilities of the external
transistor s. The use of these externa l t ransistors as
the series pass elements also reduc es internal d issi­
pat ion in the integrated circuit s and prevents the
temperature drift mentioned abo ve.

The regulato r provides a line regulation of 0.1·
percent per volt chang e in input voltage . The full ·
load regulat ion is better than O.S·percent . The
output voltage dr ift is less than t -percent for a
temperature change from +2SoC to either the
-SSoC or +12SoC tem perature extreme. The reg·
ulator will operate within specificat ions for ou tput
volta ges between 2V and 30 V. for inp ut voltages
between 8.SV and 40V, for a difference between
the input and output voltage between 3 V and 30V
and over - SSoC to +12SoC temperature range . Th is
applies whether the regulator is used alone or with
ext ernal current-boost ing tran sistors.

The load and line regulati on given above is for
a constant chip temperatu re on the integrated
circu it . Temperature drift effec ts caused by inter­
nal heat ing must be tak en into account separately

One circuit wh ich is capabl e of up to 200 mA load
current with l·percent regu lat ion is shown in
Figure 16. The load characteristics are essent ially
the same as those given in Figures 11 and 12 except
that the current scale is mu ltiplied by a factor of 10.

~
" " :-, ,, :~:;:: ,, ,
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FIGURE 16 . Regulator Connected for 200 mA Output
Curren t
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\Nhen external transistors are used, it is necessary
to bypass th e ou tp ut te rmin al close to the inte ­
grated circu it . Th is is requ ired to suppress oscil­
lat ions in the minor feedb ack loop arou nd the
external tra nsistor and the output t ran sist or of t he
int egrat ed circuit (Q '2 in Figure 4 ). Since t he
insta bility is inclined to occur at high frequen cies,
a low inductance (solid tant alum ) capacitor must
be used. Electr olytic capacitors which have a high
equivalent series resistance at high frequencies are
not effect ive.

It is not alwa ys necessary to by pass th e input of
th e regulat or in Figure 16, altho ugh it wou ld be
adv isable if th e regulato r were be ing operated fro m
long supply leads or from a sou rce with unknown
output impedan ce cha racterist ics. Again , if a byp ass
is used , it sho uld be of the low-inducta nce variety
and located clo se to the requ lator ,

If out put currents much great er th an abou t 200 mA
are req uired , it becomes necessary to ad d a seco nd
external transistor to provide more current gain.
The meth od of accomplish ing thi s is show n in
Figure 17 . The PNP tra nsist or, Q 2' is used to dr ive

r---.-_-----_--_-_..,,"'
_,-+- - - --{il

FIGU RE 17 . Regulato r Conn ected for 2A Output Current

a NPN power tran sistor . Q , . With th is circuit it is
necessary to bypass bo th the input and output
term inals of the regu lator , as indicated , with low
inductance capacitors to prevent oscillat ion in the
minor feedback loo p through Q 2 . Q, and the out ·
put tr ansistor o f the integrated circuit . In addit ion,
with cert ain typ es of NPN power tran sisto rs, it may
be necessary to install a ferr ite bead" in the emitter
lead of th e de vice to suppress parasit ic oscillatio ns
in the power transistor.

The load characteristics of the circu it are again
essentially the same as tho se given in Figures 11
and 12 except th at the curre nt sca le is mu ltipli ed
by a factor of 100 . As befor e, the line regulat ion,
temperatu re drift , etc., are all th e same as for the
basic regu lator.
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Another high-power regulator is shown in Figure 18.
This circuit is a minor variati on of that described
previou sly and is useful when low out put voltages

FIGUR E 18 . Circuit for Obtaining Higher Efficiency
Operation with Low Outpu t Vo ltages

are required. Here, the series pass transistor, 0 2.
and th e regulator are operated from separate
supp lies. The ser ies pass transistor is run off of a
low voltage main supply which minimizes the
input-ou tput d ifferent ial fo r increased eff iciency.
The regulato r, on th e other hand, o perates from a
low power bias supply with an ou tput greate r th an
8.5V .

With this circuit, care must be taken that Q 2 never
saturates . Other wise, Q , will tr y to supply t he
entire load current and destroy itself, unless the
bias supply is current limited _

SWITCHBACK CURR ENT LIMITING

With high power regulato rs it is possib le to run into
excessive power d issipat ion when th e out put is
shorted, even th ough the regulato r has current
limit ing. Thi s happ ens, with normal current limit ­
ing, because th e series pass tra nsisto r must dissi­
pate the power genera ted by th e full input voltage
at a current slightl y above th e full load curr ent.
Th is d issipat ion can eas ily be three t imes the wo rst
case d issipatio n in normal operat ion at full load .

This prob lem can be overco me by reducing the
short circuit current to a value substant ially less
than th e full load current . A circuit fo r do ing this
with the LM100 is shown in Figure 19. along wit h
the current limit characteristics obta ined. As can
be seen from th e schemat ic, two co mponents are
added to achieve this - R4 and R5 - Th ese resisto rs
supply a voltage which bu cks out the voltag e dro p
across the current limit sense resisto r, R3 , thereby
increasing the maximum load current from 0.5A to
2.0A . When th e output is sho rt ed , however, this
bucki ng volta ge is no longer generated so the short
circuit current is only 0 .5A.



A LIMITI NG CHARACTERISTICS
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FIGURE 19 . Circuit fo r Obtaining Sw itchb ack Current
Limiting with the LM10Q FIGURE 20 . Positive and Negative Regulators using

the LM100
In this circuit , the voltage drop acro ss the current·
sense resistor at full load is 1.5V as com pared to
about 0.37V when the bucking arrangement is
not used . However, th is does not increase th e
minimum input-output voltage differential since
the output of the LM100 does not see this increa sed
voltage. With a 10V output and a 2A load , the
circuit will st ill work with inp ut vol tages down to
13V , wors t case .

In add ition to provid ing the switc hback chara cter ­
istics, R4 and Rs also give a 20 rnA preload on the
regulator so that il can be operated without a load .

NEGATIVE VOLTAGE REGULATORS

A schemat ic d iagram for using the LM100 as
both a positive and a negative regu lator is shown
in Figure 20. With this circuit, the inputs and
outputs of both regulators have a common
groun d .

The pos it ive regulat or is identical to those des­
cribed previou sly. For th e negat ive regulator, the
normal output terminal (pin 8 ) of the LM100 is
grounded , and the grou nd terminal (pin 4 ) is
connected to the regulated negative output. Hence,
as in the usual mode of operation, it regulates the
voltage bet ween the output and groun d term inals.
A PNP booster t ransisto r, °2 , is connect ed in the
normal man ner ; and it dr ives a NPN series -pass
trans istor , OJ . The add itional co mponents (R7 , Rs ,
Rg • R10 and 04 ) are included to prov ide cu rrent
limit ing.

Figure 2 1 shows a some what simpler circ uit. Split
secondaries are used on a power transformer to
create a float ing voltage sou rce for the negat ive
regulator. With this floating source, the conven­
t ional regulator is used, except that the output is
grounded .

FIGURE 21 . Circuit fo r using the LM100 as Both a
Posit ive and a Negative Regulator

AN1-9
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FIGURE 23 . Temperature Compensat ing Voltage

Regulato r with Posit ive Temperature
Coefficient

~_ OU11'U1 VOLTAGE. AS '"FUlllCTlQN OFHMPERATURE

have the adva nta ges of fast response to load
tran sient s as well as low no ise and ripple. How­
ever. since they mu st dissipate the difference
between the unregulated supply power and th e
output power , they someti mes have a low eff i·
ciency. This is no t always a problem with AC
line-o perated equ ipment because the power loss
is eas ily afforded , beca use the input vo ltage is
already fai rly we ll regulated , and because losse s
can be mi nim ized by adjustment of tra nsfo rmer
rat ios in the power supply. In systems operating
fro m a fixed DC input volt age, the situat io n is
o ften mu ch d iffe rent . It might be necessa ry to
regu late a 28V input voltage do wn to 10V . In
th is case the power loss can qu ickly become
exce ssive. Th is is true even if eff iciency is not
o ne of th e more im portant crit eria , since the high
power dissipati on requ irements will nece ssitate
expensive power transistors and elaborate heat
sinking methods.

,
-ss ' 15 . ns
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One way of overco ming th is d iff icu lty is to go to a
switching regulator . With switching regulators, eff ·
ic iencies approachi ng gO·percent can be realized
even though the regula ted o ut put vo ltage is only a
fractio n of the input vol tage. 8y proper des ign,
transi ent respon se and rippl e ca n also be made
quite accepta ble.

A circuit using the LM100 as a switching regulator
is given in Figure 24 . It is designed for an applica ­
tion wh ere a 28V DC power source must supply a
system op erating at 1OV.

- ~ -

TEMPERATURE COMPENSATING REGULATORS

•
. ~ ~ .n .us

U MI'f IlATUR[ f el

the feedback d ivider to give th e requi red negat ive
temp eratu re coefficient. The adva nta ge of using
d iodes , rather than thermistors or other tempera­
ture sensitive resistors, is that thei r temperature
coeffic ient is quite predictable so it is not nec­
essary to make cut -and-t rv adjustments in temper­
at ure testing. Reference 6 gives a met hod of pre ­
dict ing the vo ltage change in th e emitt er base volt ­
age of a tra nsistor w ithin 5 mV over a 100 °C te mp­
erature cha nge. Diodes are not quite t h is predi ct ·
able, but diod e co nnected tra nsistors (base shorted
to co llecto r) ca n be used if greater accu racy is
requ ired .

The diss ipat ing·type regula tors desc ribed already

SWITCHING REG ULATORS

An example of th is in integ rated logic circuit ry.
Optimum perform ance can be rea lized by power ing
th e de vices with a volt age that dec reases with
increasing te mperature. A circu it which does th is
is shown in Figure 22. Silicon d iodes are used in

In th e majority of applicatio ns, it is de sired th at the
out put vo ltage of th e regulator be co nstant over the
operat ing temperatu re range of equ ipm en t. How­
ever , in some ap plicati o ns, improved perf o rmance
can be realized if the out pu t vol tage of the regulator
changes with temperatu re in such a way as to
operate the load at its o pt imum voltage.

FIGURE 22 . Temper atwe Compensat ing Voltage
Regulator with Negat ive Temperature
Coefficient

AN1 -l0



As shown in Figure 24 , the LM100 is connected in
much t he same way as a linea r regulat or when

FIGURE 24. H igh Current Switching Regulator

it is used as a switch ing regulator. Two ex ternal
transisto rs, a NPN and a PNP, are co nnec ted in
cascade to handle the o utp u t cu rrent. The regu­
lated outp ut is fed bac k th ro ugh a resistive d ivid er
which det erm ines th e output voltag e in the no rm al
manner. Th e regulator is made to osc illate by
apply ing pos itive feedba ck to the reference te r­
min al th ro ugh R. (fro m Figure 4 , t he reference
ter minal is the non -invert ing side o f the input
d ifferent ial amplif ie r).

In op era t ion, the swit ch ing tr ansisto rs, 0 , and °2,

turn on when the voltage on the feed back ter minal
is less tha n th at o n the refe ren ce ter mina l. Th is
action raises the refere nce voltage since current
is fed into th is point from th e swi tch output
t hrou gh R• . The switch ing t ra nsisto rs remain o n
u nt il the vol tage o n the feedback term inal in­
cre ases to t he higher refer ence volt age. Th e regu·
lator th en swit ches off , lowering th e refer ence
voltage. It rema ins off until th e voltage on the
feedback te rmi nal fa lls to th e lower referenc e
voltage.

When the switch tra nsistor s are on , power is
delivered from th e pow er sou rce to the load
through L, . When th e transistors tu rn off, th e
inducto r cont inues to de liver cu rren t to th e lo ad
wit h 0 , sup ply ing a return pat h . S ince fa irly fast
rise and fa ll t imes are involved, 0, cannot be an
o rdinary silico n recti fie r. A fast ·switch ing d iode
must be use d to prevent excessive switch ing tran­
sients and large powe r losses.

Add it io nal deta ils of the circuit are th at Rs lim its
the outp ut current of the LM100, which d rives
th e base o f 0 2 ' C3 caus es the full output ripple
to be delivered to the feedback te rm inal of th e
regu lator. The byp ass capa citor, C" is used o n the
input line both to m inimize the volt age t ransient s
o n thi s line an d to reduce power losses in the
line res istance.

A far more complete desc ript ion of switchi ng
regu lators is given in Refe rence 7.

CONCLUSIONS

A regulated power supply is requ ired in practically
every piece of electronic equ ipment. A mo nol ith ic
integrated circu it was described here wh ich covers
an extremely wide voltage range and can supply
virt ually un lim ited power by the add it ion of ex­
ternal t ra nsisto rs. As ind icated in Table 1, its
per formance is mo re than adequate fo r the majo r­
ity of appl icat ions. It is fle xible enough to be
used as eith er a linear diss ipat ing regulator or as a
h igh eff iciency switch ing regu lato r without sacr ific­
ing pe rfo rmance in eith er applica t ion . The LM100
also has fast t ransient response in tha t ove rshoot
and recovery t ime can be made van ishingly small
in most appl icat ions . In addit ion , the frequency
stabili ty is ind icated by th e fact that it is virtually
impossible to make the regulator oscillate in a
properly des igned circuit.

The suitabil ity of the des ign to monol ithic con­
struct ion is demonstrated by the fact that it is
bu ilt on a 38 ·m il·squa re silicon d ie - a size corn ­
pa rabl e to modern silicon tr ansisto rs. Th is sma ll
size helps to ach ieve high y ields wh ich are neces ­
sary to realize low manufacturing costs and insu re
off -the -shelf availab ility .
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TABLE 1. Typica l Perl~rm.nc. of the National LM100 Voltage Regulator
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PARAMETER CONDITIONS VA LU E

Input 'vo ltage Range , 8.5 -40V-
Out put Voltage Range 2.0 -30V

Out put -Input Voltage Different ial
;.

3.0 -30V
i

Load Regulation Rsc = 0, 10 < 15 mA 0.1%

Line Regulat ion 0.05%/V

. Temperature Stabi! ity -55°C ~TA ~ + 125°C 0.3%

_; Outpu t Noise Voltage 0.005 %

Long Term Stabil ity 0.1%

Standby Current Drain 1 mA

Minimum Load Current 1.5 mA



DESIGNI NG SWITCHING REGULATORS

INTRODUCTION

The series pass element in a conventional series
regulator operates as a variable resistance which
drops an unregulat ed inp ut vo ltage down to a
fixed ou tpu t vo ltage. This element , usually a tran ­
sistor, must be able to dissipate the vo ltage differ­
ence between the input and output at the load
current. The po wer generated can becom e exces ­
sive, part icularly when the input vo ltage is not well
regulated and the diffe rence between th e input
and out pu t voltag es is large.

Switching regulators, on the ot her hand , are capa ­
ble of high efficiency ope ratio n even with large
d ifferences between the inpu t and output voltages.
The efficiency is, in fact , negligibly affec ted by th e
voltage d ifference since thi s type of regulator act s
as a con ti nuou slv-var iable power converter .

Sw itching regulators are , therefore, useful in
ba tte ry-powered equipment whe re ,the required
outpu t voltage is co nsiderably lower than the
battery volt age. An example of this is a missile
with a 30V batt ery as its only pow er source, con­
tain ing a large numb er of integrated logic circu its
wh ich require a 5V supply. Switching regulators
are also useful in space vehicl es whe re con servat ion
of powe r is ex t reme ly impo rta nt . In add it ion, they
are freq uently the most economical so lution in
co mmercial and industrial app lications where th e
increased efficie ncy redu ces the cost of th e series­
pass transistor s and simplifies hea t sinking.

March 1969

One of the disadvantages of switching regulators is
tha t th ey are mo re complex than linear regulat or s,
but th is is often a subst itution of electrical com ­
plexity for the therma l and mecha nical comp lex ity
of high pow er linear regulators. Another disad­
vantage is higher ou tp ut rippl e. However, this can
be held to a mini mum (about 10 mV) and it is at a
high enough frequ ency so that it can be easily fil­
tered out . Another limita t ion is that t he response
to load transients is not alway s as fast as wit h
linear regulator s. but th is can be largely overco me
by pro per design. The reject ion of line transients,
howev er, is every bit as good if no t bett er than
linear regulators. Lastly. switching regulators
thro w cur rent t ransients back into th e un regulated
supply which are somewhat larger than the maxi­
mum load curren t. These, in some cases, can be
trou blesome un less adeq uate filtering is used.

This article will demonstrate th e use of a mono­
lit hic voltage regulator in a numb er of switch ing
regulator app licat ions. These include bo th self­
oscillati ng and synchro nously driven regulators in
the O.lA to 5A range. Circui ts are shown fo r both
positive and negativ e regulators with o utput volt ­
ages in the 2V to 30V range . Methods of isolati ng
the integrated circu it from the input voltage are
given, pe rmitting input voltages in exce ss of 100V .
Further , current limitin g scheme s which keep peak
current s and d issipation well wit hin safe Iimits for
bo th over-load and short -circu it conditions are pre­
sented. Finally, component selection detail s pecu ­
liar to switching regulators are covered .
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SWITCHING REGULATOR OPERATION

Th e me t ho d by whi ch a swi tching regulator pro ­
duces a voltage conversion wit h h igh efficiency can
be ex p lained with t he a id of Figu re 1. Q, is a
sw itc h t ran sist o r wh ich is tu rned o n a nd off by a
pu lse wavefo rm wi t h a given duty cycle, and D, is
a catc h dio de whi ch p rov ides a continuou s pa th
for t he inductor cu rrent w he n Q, tu rn s off. T he
voltage wavefo rm on th e co llec to r of Q , wi ll be as
shown in the figu re. The outpu t of th e LC filte r
will be th e ave rage va lue o f t he switched wave·
for m, V r - If th e vo ltage drops ac ro ss th e t ransis to r
a nd d iod e a re neg lect ed, t he o u t pu t vo lta ge will be

R2

R1

01

D1

11
t on

V O U T = V , N T ; ( 1)

and it is independent o f t he loa d cu rrent . It is
obvious fro m th e equation that cha nges in inp u t
vo lta ge can be com pen sat ed for by var ying th e
duty cycl e o f th e sw itche d wavefo rm. Th is is wha t
is done in a sw itch ing re gulator.

V' N

--,"-~1J1mlJ'-__--V
O UT

D1

o

FIGURE 1

Switching Circuit for Voltage Conversion

F igur e 2 shows a self -osci llating swi tching requ­
later wh ich produces this dut v-cvcle co ntrol. A
ref er en ce vo lt age , V,ef equal to the desired output
vo ltage , is supp lied to one in put o f an operat ional
a mplifier , A , . T he o pe ra t ional a mp lif ier, in t urn,
d r ives t he sw itch transist o r. T he resist ive di vide r ,
arranged such that R , » R2 , pro vid es a slight
a mo un t of positive feedback at h igh fr equen cies to
make the c ircu it o sc illate. At lower fr equencies
wh er e th e attenuati on o f th e LC filt er is less than
t he attenuati on of th e resist ive di vider , t here is ne t
negat ive feedback to the inverti ng input o f the
o per at ion al am plifier .

AN2-2
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FIGURE 2

Self-oscillat ing Switch ing Regulator

In o pe rati on, w he n the circuit is f irst t urned o n ,
the o u tpu t vo lta ge is less t ha n t he reference volt­
age so t he swit ch tr an sistor is turned o n. Whe n this
ha ppe ns, current flo w through R, ra ises t he vo tt ­
age o n t he no n-invert ing in pu t of t he o perat ion a l
amp lif ier slight ly above th e ref eren ce vol ta ge . T he
c ircu it wi ll rem ain sw itched o n unt il the o utp u t
r ises to th is vo ltage. T he amp lifie r no w goes into
t he ac ti ve regio n, ca us ing t he swi tch to tu rn o ff .
At t h is point , t he ref er en ce voltage seen by th e
amplifier is lowered by feedback through R " and
t he ci rcui t wi ll stay off unt il t he ou t pu t vo lt age
d ro ps to th is lower voltage . Hence, the output
vo lt age osc illat es about th e ref erence vo lta ge. T he
amp litude of t h is oscillat io n (o r the o utp ut r ippl e )
is near ly eq ual to th e vo lta ge fed bac k t hro ugh R 1

to R2 and ca n be made quite small.

THE LM100

T he swi t ch ing regulat o r circuits described he re use
th e LM100 integrat ed vo ltage regula to r as t he con ­
trol element . T h is d evice conta ins, on a single
silicon chip, th e voltage reference, th e operational
amplifier and the circuitry for driving a PNP
swit ch transistor . Discr et e sw it ch transistors, cat ch
d iodes and react ive e lements are emp lo yed since
t hese co m po nent s are not easily int egrated.

A co mpl et e circui t d escr iptio n of th e LM100 is
given in Appl icat ion Note AN ·1 a lo ng with a nurn­
ber of its app licat io ns as a linear regul ator. How­
ever, a br ief descri p t ion will be included here in
or d er to faci lita te u nd erstand ing o f the requl ate r
c ircu its which fol low .



Figure 3 shows a schemat ic di agram of the LM 100.
The voltage referen ce port ion of th e circuit starts
w it h a breakdown diode. 0 , . wh ich is supp lied by
a current source fr om the un regulated inpu t (one
o f the co llect or s of 0 2 1. T he ou tp ut of the refer­
ence diod e. which has a positive tempe rature
coeffici ent of 2.4 mVt C. is buffered by an emit ·
t er fo llower. 0 a, whi ch incr eases the temp erature
coefficient to +4.7 mVt C. This is further in ­
c r eased to 7 m Vr C by the diode-con nected
t ransisto r . 0 6 , A resistor d iv ider reduces this volt ·
age as well as the temperatu re coefficient to ex­
actl y compensate for the negat ive tempera ture
coeff icient of 0 7 • producing a temperatu re-corn­
pensated ou tpu t o f 1.8V .
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FIGURE 3

Sc hemat ic and Conn ection Diagrams of the
LM1 00 Voltage Regulator

Th e tr ansistor pair. Os and Og. form the input
stage of the operat ional amp li fier . The gain of the
stage is made high by the use of a current source.
one of the co llec to rs o f O2 • as a co llector load.
The output of th is stage dr ives a compound em it ·
ter fol lower. 0 " and 0 , 2' T he output o f 0 ' 2 is
tak en across Rs to drive th e PNP switch tr ansistor.
An add it iona l t ransistor . 0 , o - is used to limit the

outpu t cur rent of 0' 2 to the value requ ired for
dri ving a PNP t ransistor conn ected on the booster
outp ut . Thi s current is determi ned by a resist or
placed betwe en the current li m it and regu lated
out put term inals. The value of th e drive curre nt
can be determined from Figure 4 wh ich plots the
outpu t current as a fu nction of temperatu re for
various current limit resisto rs.
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FIGURE 4
Switc hed Output Cur rent as a Funct ion of
Tem perat ure for Various Valu es of Current
Lim it Resistors

As fo r the remain ing deta ils of the circuit. 0 5 • 0 3
and 0, are part of a bias stabil izat io n ci rcu it fo r
O2 to set i ts co llec tor cu rrents at the desired value .
Rg • R. and 0 2 serve the sole function of start ing
the regul ator . Lastly. 0 3 is a clamp diode which
keeps Og from satu rating when it is switch ing.

SWITCHING REGULATOR CIRCUITS

Figure 5 demo nstrat es the use o f the LM 100 as a
switc h ing regulator. Feedback to the invert ing
input of th e operati ona l ampli f ier (Pin 6 of the
LM 100) is obtained through a resist ive divider
wh ich can be used to set the output voltage any­
whe re in the 2-30V range. R3 dete rmin es the base
dr ive fo r the switch t ransisto r. 0 , . provid ing
enough driv e to saturate it w ith max imu m load
cu rrent. R. works into the 1 kn imped ance at the
reference terminal. producing the posit ive feed­
back . C2 serves to minimize outpu t ri ppl e by
causing the fu ll r ippl e to appear on the feedback
termin al. Th e remai ning capacitor . C3 • removes
the fast-r iset irne tr ansient s wh ich wou ld othe rw ise
be coup led into Pin 5 t hrough th e shunt capaci­
tance of R• . It must be made small enough so that
it does not seriously integrate the waveform at t his
po int.
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T he ci rcuit shown in Figur e 5 is su itable for out­
put curr en ts as h igh as 50 0 mA oThi s limit is set by
the output curre nt ava ilable from the LM100 to
satu rate the switch trans isto r, 0, . For lower cur­
rents, th e valu e of R3 shou ld be increased so that
th e base of 0, is not dr iven unn ecessarily hard .

peak currents wh ich are signif ica nt ly larger than
the load cu rrent . The cha nge in induc to r cu rrent
can be writt en as

(3)

R'
2M

In o rde r fo r th e peak cu rrent to be about 1.2 ti mes
th e max imu m load current, it is necessa ry that

The size of th e outpu t capacito r can now be deter­
mined fro m

wher e f is th e desired switc hing freq uency and V1N

is the no minal input vo ltage.

(5)

(4)
2.5 VOUTtoff

L, = lOUT (mex l

1 ( VOUT)
toff = f 1 - v;-;; ,

whe re ~VOUT is the peak-to-peak output r ipple
and V1N is th e nomi nal input vo ltag e.

It now remains to determine if th e compo ne nt
va lues obtained ab ove give satis fac to ry load ­
transient respon se. The overshoot o f the regulator
can be determ ined from

A valu e for toff can be est imate d from

The optimum switching frequency for these requ­
lato rs has been deierm ined to be between 20 kHz
and 100 kHz. At lower frequencies, the co re
beco mes unnecessa rily large ; and at highe r fre·
qu enc ies, switc h ing losses in 0, and 0, become
excess ive. It is impo rt ant, in thi s respect , tha t both
0 , an d 0, be Iast-switch inq devices to minimize
switc hing losses.

°gn ln, dli lJl' , m lSTop VIeW

fSGltd 1'"lllu,"
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FIGURE 5

Swi tching Regu lator Using the LM100

for increasi ng loads, and

The output rippl e o f the regulator at th e switc hing
frequ ency is ma inly det erm ined by R4 . It shou ld
be evident from th e descrip tio n o f circu it opera­
tio n that the peak -to -peak output ripple will be
nea rly equal to the peak -to -peak vol tage fed back
to Pin 5 of th e LM100. Since the resistance look­
ing int o Pin 5 is app ro ximat ely 1000 n , this vo lt·
age will be

(7)

(8)

1000 V1N
;j. v, « "" --R-

4
- - (2)

for decreasi ng loads, where ~ IL is th e load-cu rrent
transient . T he recovery tim e is

In pract ice , the ripp le will be some wha t larger tha n
th is. When th e switc h t ransistor shuts off , the cur­
rent in the inducto r will be greate r than the load
cu rre nt so the ou tpu t vo ltage will continue to rise
abov e the valu e requir ed to shut o ff th e regulator.
An impo rt ant con siderat ion in choos ing the value
of the inductor is that it be large enough so tha t
the cu rrent through it does not change d rastically
du ring the switch ing cyc le. If it do es, the switch
transistor and ca tc h d iod e must be ab le to hand le

t = 2 L,tl iL (9), V1N - VOUT

and
2L 1t11 L

(10)t = - - -
r VOUT

for increasing and dec reasing loads respectively.

In ord er to improve th e load transien t respo nse, it
is necessa ry to allow larger pea k to average curre nt

AN2 -4



rati os in the switch t ransistor and catch diod e.
Reduc ing th e value of inductance given by Equa­
t ion (41 by a fac to r of 2 w ill reduce the overshoot
by 4 t imes and halve the response time. Th is, of
course, assumes that the outp ut capac it ance is
doubled to main tain a constant switching Ire­
quency .

Th e above equat ion s out l ine a design proc edure
for determin ing th e value for R4 , L " and C"
given th e swi tc hing f requency and the output
r ippl e. T hese equat ions are no t exact, but they do
prov ide a start ing po int for designing a regu lator to
fit a given appl icat ion.

As an example, th is design method wi ll be appl ied
to a regul ator wh ich must del iver 15V at a maxi­
mum current of 300 mA from a 28V supp ly . To
st art, a 40 k Hz switc hing fr equency w ill be
selected along w it h an out put r ipple o f 14 m V,
peak-to-peak.

From (2 ), R4 is calcu lated to be 2 MH . In deter­
min ing L" t off is fo und to be 11.6 us f rom (5 ).
Inser t ing this into (4) gives a value of 1.45 mH for
L , . T he value of C, obtained from (61 is then 57.5
p F.

In th e actual circuit of Fi gur e 5, a standard value
of 47 p F is used for C, ; and L, is adjusted to 1.7
mH o Th e switc hing fr equency ob tained exper i­
ment ally on thi s ci rcu it is 60 k Hz and th e peak -to ­
peak out put r ipp le is 20 mY. T he fairly -large di s­
agreement bet ween t he calcu lated and exper i ­
ment al values is not alarm ing since many simp l itv­
ing assumpt ions were made in th e derivat ion of t he
equat ions. T hey do, however, prov ide a convenient
method o f handli ng a large number o f mutually ­
dependent var iab les to arr ive at a wo rk ing circui t .

More exact expressions wou ld involve a design
proc edure which is to o cumbersome to be of
pract ical value.

Th e var rat ion of switc hing f requency wit h input
vo l tage and load curre nt is shown in Fi gures 6 and
7. T he sharp r ise in fr equency at low ou tput cur ­
rents happens because the output tr ansisto r of t he
LM 100 (0 ' 2) begins to supp ly an appreciable
po rt ion of the load cur rent di rect ly .

The eff iciency of the regul ator over a wide range
o f inpu t vo lt ages and outp ut currents is given in
Figures 8 and 9.
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HIGHER CUR RENT REGUL ATORS

If ou tp ut cu rrents greater than abo ut 500 mA are
requi red, it is necessary to ad d ano th er switch
t ransisto r to o bta in mo re cu rren t gain. T his is
illust rat ed in Figure 10 . Wit h the except ion o f the
ad ded NPN po wer switch, Q 2 ' this ci rcu it is th e
same as th at described previously .

A pho tog rap h of a hiqh-current regulat or is show n
in Figu re 11. It is capa ble o f delivering output cur­
rents of 3A co nt inuo usly wit h on ly a sma ll hea t
sink. Figure 12 shows th at the eff ic iency is be tt er
than 80 percent at thi s level. Output currents to
5A ca n be obtained at reduced efficie ncy . How­
ever, th e case temperatu re of th e po wer switch and
ca tch d iode approach 100° C un der th is co nd it ion,
so co nt inuous o pe rat ion is not recommended
u nless mo re heat sink is provid ed .

FIGU RE 11

High Current Switch ing Regulator
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Currents
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Figure 13 shows t nat th e eff iciency is not signif·
ica ntly affec ted by input vo ltage . In Figur e 14 it
can be seen that the switching frequency is fa irly
con stan t over a wide range o f input voltages. Fig·
u re 15 s h o ws t ha t t he sw itch ing freq uency
increases with inc reasing load curren t . T he highe r
dc cu rrent through th e ind uct or reduces th e inc re­
me ntal induc tance ca using the frequency to go up .
The last grap h. F igure 16, illust rates t he line requ­
lat ion o f th e device . t his can be improved by
putting a sma ll ca pac ito r (0 .0 1 IlF) in series with
the po sit ive feedb ac k resistor , R3 , to iso late the
reference t ermina l fro m the dc inpu t vo ltage
chang es.
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At low outp ut cu rren ts th e inductor current can
drop to zero at some t ime afte r the switch tran­
sisto r tu rns off . When this happens, ringing occ urs
on t he switching waveform. This is perfec t ly
no rmal and cau ses no ill effects.

The use of so lid tanta lum capacitors fo r C, and C3
is recommended when the regulat or is expec ted to
perfo rm over t he full militar y tem perature range.
The reason fo r using 35 V capacitors on the out ­
pu t , even tho ugh th e ou tp ut voltage is only 10V, is
that the 40 mV peak -to -peak ripp le o n the output
would, fo r examp le, exceed the ratin gs of a
100 /-I F, 15V capacito r.

Aluminu m electro lytic capacitors have been used
successfu lly over a limited temperatu re range. And
th ere is basica lly no reaso n why wet fo il o r wet
slug tant a lums co uld no t be used as long as th eir
equivalent series resista nce is low enough so that
th ey behave like capacito rs with the high fre­
quency swi tc hed-current wavefo rm. It is a lso
important that manufactu rer' s data be con sulte d
to insure tha t they can withstand t he high fre­
quency r ipple.
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FIGURE 15

Var iat ion of Swit ching Frequency with Out­
put Current

5.0

As was me nt ioned wit h the low curren t regula to r,
it is necessary t o use fast-switch ing d iodes and
transistors in t hese circu its. Ordin ary silicon rec t i­
f ie rs o r low-frequency po wer tr ansist ors will
operate at dr ast ica lly-redu ced effic iencies and will
qui ckly overheat in these circuits.

DRIVEN SWITCHING REGULATOR

When a number of switc h ing regulato rs are used
togeth er in a system it is somet imes desirab le to
synchronize th eir operat ion to mo re un iform ly
distr ibute th e switched current wavefo rms on th e
input line. Sync hrono us ope ra tion is also wanted
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when a switch ing regu lator is op era ted in co nju nc­
tio n with a power convert er .

A ci rcu it fo r sy nchro nizing the switch ing regulator
with a square wave dri ve signa l is show n in Fig­
ur e 17. In th is circuit, positive feedback is no t
used . Inst ead , t he square wave d rive signal is
in t egrated ; and th e resul t ing tri angu lar wave
(about 40 mV peak -to -peak) is applied to the
refere nce by pass te rmina l of th e LM 100 . Thi s t rio
angu lar wave wi ll cau se the regu lator to swi tc h
since its gain is so high that th e wavefo rm over­
d rives it . T he duty cycle of th e switc hed wavefo rm
is co nt ro lled by th e vo ltage on th e feedback
terminal, Pin 6. If th is vo ltage go es up , th e duty
cycle wi ll decr ease since it is picking off a sma ller
po rtio n o f th e tr iangula r wave on Pin 5. By th e
same tok en, t he du ty cyc le will dec rease if the
vo ltage on Pin 6 drops.

r-.....~.....'I1IRSl~,.........---....- .....-VOUT· 5V
01

lN38BO

· Sasing d"" .m " Top V~W

f Solidti ntalum

' 100 turns # 22 on ArnoldEn,inHring
A9J0157-2 molybdenumperm. lloy ecte

FIGURE 17
Driven Switching Regulator

Thi s action produces the desi red regulat ion : if the
out put vol tage st arts t o go up, it will raise the
vol tage o n Pin 6 such that a smaller po rtio n of th e
triangu lar wave is picked off . This reduces the
duty cycle, counteracting the outpu t vo ltage
increase.

In order for t his ci rcui t to wo rk properly, t he
ripple voltage on Pin 6 shou ld be less t han a
quarte r of th e peak -to-peak amplitude o f th e tr i­
angula r wave. If t his cond it ion is not sati sfied , th e
regu lato r will t ry to osci llat e at its ow n frequ ency.
Furt her , since th e resistance loo king into Pin 5 is

AN2-B

about 1 kn , the integ rating capac itor, C3 , shou ld
have a cap aci tive react ance of less than lOOn at
th e drive frequ ency. Th e value of R3 is det ermined
so that th e amplitude of the tri angul ar wave on
Pin 5 is about 40 mY.

Driven regu lators a lso have other advan tages. Fo r
one, it is po ssible to de sign t he LC filter ind epen­
d ent o f sw it ching frequ ency consideration s.
Hence, lower output ripple and better tr an sient
response can be rea lized. A second adva nta ge is th e
frequ ency stability . In a se lf-osc illat ing regu lator ,
the switching frequ enc y is co ntro lled by a rela ­
t ively large number of fact ors. As a resu lt , it is,not
we ll de te rm ined whe n nor mal tolerances are taken
into accou nt. With low and med ium pow er
regulator s, this is no t usua lly a problem since th e
eff iciency does not var y greatl y with frequ ency.
Ho wever , h igh po we r regulators te nd to be mor e
frequ ency sensit ive and it is desirable to operate
th em at co nsta nt frequency.

CURRENT LIMITING

In th e circuits described previou sly, th e regulator
is not pro tec te d fro m overloads or sho rt-c ircu ited
output. Providi ng short-circu it protect ion is no
simp le problem, since it is necessary to keep the
regu lator switching when th e output is sho rted .
Oth erwise, the d issipat ion will become excess ive
even th ough the current is limi ted .

A circuit th at do es this is shown in Figure lB. Th e
peak current through the switc h tr ansisto r is
sensed by RG• When th e vo lta ge drop across thi s
resisto r becomes large enough to tu rn on 0 3 , th e
output vo ltage begins to fa ll since current is being
supp lied to th e feedback term inal of the regu lator
from th e collecto r of 0 3 so less has to be supp lied
from th e output th rough Rl ' Fur thermor e, the cir ­
cuit will cont inue to oscillat e, even with a shorted
output , because o f positive feed back through RG
and th e re lat ive lv -long discharg e tim e consta nt of
C2 ·

It is necessary to pu t a resistor, R7 , in series with
th e base of 0 3 to insur e that excessive current will
not be driven into th e base. In add it ion, a
cap ac ito r, C4 , must be add ed across th e input o f
0 3 so that it do es not turn on prematu rely on th e
large curre nt spik e (about twice th e load curre nt )
through the switch tran sist or caused by pulling the
stored charge out of the cat ch di od e. A zener
d iode bias supply must also be used on th e output
of the LM100 since th e curre nt lim it ing will no t
work if th e volt age on "t his point dro ps below
about 1V.



FIGURE 18

Swi tchi ng Regulator w ith Curren t Limiting

The curr ent limiting characteristics of this circu it
are show n in Figure 19. Figure 20 shows how the
average input current actua lly drops off as th e cir­
cuit goes into curre nt limit ing.
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Illust rating Drop in Input Current as Regu·
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d iff icult to prove th at t he circui t will susta in a
co nt inuous short circuit under worst -case co nd i­
tions. This is particularly tru e with high curren t
regula tors where the required amou nt of over­
design can becom e qu ite expensive.

Figure 21 shows a circui t which is mo re easily
designed for continuous sno rt -circuit prot ect ion
unde r worst-case conditions. In this circuit, the
current ·sensing resisto r is located in series with the
inducto r. Therefore, the peak·limi t ing current can
be more 'precisely de te rmined since the curren t
spike generated by pulling thestored charge ou t of
the catch diode .does not flow through the sense
resistor.

R2
l .U
1%

01
SV,R3

L1' 22

R4
10K

VI ... > 8.5V

-e...n,.,•••mn Top V,.....

' Sohd tanll ilim

'70 tllfm =20 011Arllold En'lnrtf llli
A!lJ01572 molybdrllllmptlr"" o, to "

v,.

I I I I I I
I I '"I I ~ I

1,/
VI... · 2aV 1\

\
I I I ,
I I I I I I \

S.OS

s.oo

s 4.9!i
~

" 4.90

i 4.0

~ 3.0
~

~ 2.00

1.0

o
0.5 1.0 1.!i 2.0 2.5 1.0 l .5 4.0 4.5

OUTPU T CURRENT (A'

This current limit ing scheme protects th e switch­
ing transistors from overload or short-circui ted
output . However, the drop -out curr ent and short ·
circuit curre nt are not well controlled, so it is

FIGURE 19
Current Limit ing Characteristi cs

FIGURE 21
Sw itch ing Regulator with Cont inous Short­
Circuit Protection
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A ll circu it s discussed thus far are for regulators
with positive out puts. Although negat ive regu­
lators can be obtained by fl oat ing the unregulated
supply and ground ing the outp ut , thi s is not
always conv enient .

NEGATIVE REGULATORS

Fi gure 24 shows a ci rcu it fo r a negati ve switch ing
regulator where the unregulated input and regu­
lated output have a common grou nd. T he only
limitat ion of the ci rcui t is that there must be a
posit ive vo lt age greater th an 3V available in order
to proper ly bias the negat ive regulator .
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FIGURE 22
Current Lim it ing Characterist ics
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Posit ive and Negat ive Sw itching Regulators
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Operat ion of this circu it is essentiall y the same as
the previous one in that an NPN trans istor, °4 ,

senses the overcurr ent condition and turns on 0 3
wh ich supplies the curr ent -limit signal to the feed­
back term ina l. Th e zener diode , °3 , is required on
the feedback term inal to guarant ee th at thi s ter­
mi nal cannot go more than 0.5V higher than Pin 1.
If this does happen , th e circuit can latch up and
burn out . The perfo rmance of t his current·l im it ing
scheme is illust rated in Figures 22 and 23.

FIGURE 23

Plot of Input Cumnt as Regulator Goes
Into Limiting

With th is ci rcu it it is not onl y possibl e to more
accurat ely determi ne t he li miting current , but as
can be seen f rom Figures 22 and 23, th e limi t ing
character isti c is considerably sharper. One dis­
advantage of this circui t is tha t the load current
flows continuously through th e curren t sense
resisto r, reduc ing efficiency. As an examp le, w ith a
5V regulat ed output the efficiency will be reduced
by 10 percent at full load.

In th is ci rcu it , th e normal ou tput term inal of the
LM 100 (Pin 8) is ground ed and th e ground ter­
min al (Pin 4) is connected to th e regulated nega­
t ive ou tput . Hence, as before, it regulates th e volt ­
age between the outp ut and ground termi nals. The
unr egulated input termin al (Pin 3) is run fr om a
posit ive volt age for proper biasing. A PNP booster
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t ransistor, °3 , is connected in the nor ma l manner ;
and it d rives a Dar lington-con nec ted NPN switch.
Positi ve fee dback is deve lop ed by th e res ist ive
d ivider, Rs and R, 2-

It is necessary to use a Darlingto n switch even
though the current gain is not need ed . The power
switc h t ransistor, 0 4, canno t be op erated with a
fixed base drive: if the base d rive is mad e large
enough to insu re saturat io n at ma ximu m load cu r­
rent , it will overstore so bad ly at lower currents
that the output ripp le will increase radically. With
the extra tr ans isto r, however, it is ke pt out of satu­
rat io n at lower out pu t curre nts, elimina t ing t he
probl em.

SWITCHING AND LINEAR REGULATOR
COMBINATION

In certain app licat ions, the outp ut ripple and load
tr ansient respo nse requirements rule ou t the use o f
a switc hing regulato r, yet t he input -ou tpu t voltage
diffe rential is st ill high. In th is case , a power con­
verter might be used to reduc e the input vo ltage
and thi s reduced voltage wou ld be regulat ed by a
linear regulato r. This arrangement, however , is not
nearly as eff ic ient as th e switching and Iinear regu­
la t or combinati on show n in Figure 26 . Th e
switch ing regulat or not only reduces th e input
voltage with h igh efficiency, but it also regulat es
it . Therefore, the linear regulat o r operates with a
fixed inp ut-output voltage different ial wh ich hold s
diss ipatio n to a minimum.

HIGH VOLTAGE REGULATORS
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With switc hing regulator s, an applicat ion can easily
arise whe re th e input voltage can be higher than
th e 40V maximum rat ing o f the LM100, even
though th e output voltage is with in the 30V maxi ­
mu m. As show n in Figure 25, it is poss ible to
isolat e the LM100 from the u nregulat ed supp ly so
that it ca n be used with inpu t vol tages limited on ly
by the switch tr a nsisto rs and th e ca tch d iode.

FIGURE 25

Sw itching Regulator for High-voltage Inputs

FIGURE 26
Switch ing and Linear Regulator Comb ina­

t ion fo r Obtaining Very low Ripple and Fast
Transient Response

In th is ci rcu it , the volta ge seen by th e LM100 is
main tai ned at a fixed level wit hin rat ings by t he
zener diode, D2 . The zener voltage mus t be at least
3V grea te r than th e ou tpu t voltage. The output of
th e LM100 is level-shift ed up to the input vo ltage
by an add itional NPN tr ansistor, °3 , which is
op erated commo n base. T his d rives th e PNP switch
driver in the normal manner.

In th is ci rcu it, the linear regulator is biased by a
zener pre-regulat or (Rg , D2 and °5 1 to isolate it
from no ise on th e unregulat ed supply. Thi s
sepa rat e bias supply permi ts the linear pass t ran ­
sistor, °3 , to ope rate right do wn into saturat ion.
The collec tor of 0 3 is supp lied by the outpu t o f a
switching regulator which is mad e enough higher
than th e linea r regu lator outp ut to allow for the
ma ximum overshoo t o f th e switching regu lator
p lus th e satura t ion of 0 3 '
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SUMMARY

A number of switching regulator circ ui ts wh ich use
a readil y-available monol ith ic vol tage regulato r as
th e voltage ref erence and cont ro l circu itry have
been descri bed. Th ese regul ator s are usefu l over a
2V to 30V range for eit her positive or negativ e
supp lies. A lthoug h the discussion was li mi ted to
ci rcuits pro vid ing maximum outp ut currents fro m
100 mA to 5A , it is possible to ob tain even highe r
outp ut currents. The ou tput cur rent is. in fact ,
limi ted by th e discrete component s - not by th e
basic design or the integrated ci rcu it.

Th e majori ty of the circuits shown were self ­
o sc i llati ng regulators; howeve r, a method o f
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dr ivi ng th e regul ator in synch ro nism with an
external clock signal was given. In add it ion , ci r­
cuits which provide over load protect ion, lim itin g
bot h the ou tput curr ent as well as th e power dissi­
pat ion , were presented. The performance o f the
regulato r ci rcuits was described in detai l. and a
design proced ure was outl ined. Suggest ions were
also made on t he selection o f components for
switching regulators.

The circui ts which have been described here for
the LM 100 wor k equall y well wi th the LM200
or th e LM300 _ Th ese devices are ident ical, excep t
that th e LM200 is specif ied over a _25°C to 85°C
temperature range and the LM300 is specified fr om
OoC to 70 0 e instead of the _55 °C to 125° C
tempe rat ure range for th e LM 100.



DRIFT COMPENSATION TECHNIQUES
FOR INTEGRATED DC AMPLIFIERS

INTRODUCTION

Wit h .DC amp lifiers, it is usual ly possible to
substant iall y im prove dr ift performa nce by using
additional cir cui try along wi th some for m of ad just­
ment . In fact , one of the reasons th at discrete ­
component operat ional amp lifiers have better input'
current specif ications tha n mo no lith ic amplifiers
is t hat current compensat ion is used. Mono lith ic
cir cu it s cannot incorporate th ese techn ique s b e­
cause it is no t possible to select comp onents or
make adj ust ment s. The se adjustments can, how­
ever, be made exte rna l to th e amplif ier . Th is
art ic le w il l d iscuss a num ber of co mpensation
met hods which can substantia ll y reduce the input
currents of monolith ic amplif iers, especially in
l irn ite d-te rnperat ure-ranqe appl icat ions.

Bias curr ent compensat ion reduces offset and drift
when th e ampl if ier is operated fr om high source
resistances. With low source resistances, such as a
thermocoup le, th e dr if t contribution due to bias
current can be made quite smal l. In thi s case, the
offs et volta ge drift becomes im port ant.

A techn ique is presented here by which of fset vo lt ­
age drifts better than -D.S uvr : can be realized .
The compensatio n techn ique involves o nly a single
roo m-temperature balance adjustmen t. Th erefore,
chopper-stabi lized perf orm ance can be reali zed,
with low source resistances, in a tair tv -slmple amp ­
lifier w ithout ted ious cu t -a nd -t ry com pensati on
meth ods.

BIAS CURRENT COMPENSATION

Th e simp lest and most effective way of cornpen­
sat ing fo r bias curr ents is shown in Figure 1. Here,

._'-?- '-,. ,"' . 00'''', .

.l·FIGURE 1. Su mm ing Amp lif ie r with Bias-Curren t
Compensat ion for Fi xed Source
Resistances.

the of fset produced by the bias curr ent on t he
invert ing input is cancelled by th e offs et vo ltage
produ ced across th e variable resistor , R3 . The
main advant age of th is scheme, besides its sirnp ll ­
city , is that the bias curre nts of t he two input
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t ransistors tend to tra ck well over tem perat ure so
that low drift is also achieved . The d isadvanta ge
of the method is th at a given compensation sett ing
works on ly w it h f ixed feedback resistor s, and t he
compensat ion must be readjus ted if t he equ ivalent
parall el resistance o f R1 and R2 is changed .

Figure 2 shows a sim ilar ci rcui t for a non -inverting
amplifier . Th e of f set voltage produced across t he
DC resistance of th e source due to t he inpu t

~
' ; "

- ' - ,. ,t>· "." . '

- "

FIGURE 2 . No n-In verti ng Ampl ifier wit h Bias-Curr ent
Compen satio n for Fixed Sou rce Resistan ces.

curren t is cancelled by th e drop acro ss R3 . For
proper adj ustment range, R3 sho uld have a max­
imum value abou t three t imes th e sou rce resistance
and t he equivalent parall el resistance of R1 and R2
should be less than one-t h ird th e input source
resistance.

Thi s circuit has the same advantages as that in
Figure 1, however, it can only be used when th e
input source has a f ixed DC resistance, In many
applicat ion s, such as lon q-in terva l integrators, sam ­
ole-and-ho ld circuits, swi t ched-gain amplifi ers or
vol tage foll owers operat ing from unkn own source,
th e source impedance is no t defined . In these cases
ot her com pensation schemes mu st be used.

Figure 3 gives a compe nsation techn ique wh ich
does not depend upon having a fi xed source resis­
tance. A curr ent is injected into t he input term inal
from the base of a PNP t ransistor . Since NPN inpu t
transistors are used on the in tegrated ampl ifier , '

the base curr ent of th e PNP balances out t he base
curr ent of t he NPN. Fu rther, sinc e a sil ico n-p lanar
PNP transistor has appro xi mat ely th e same current ·
gain versus temperat ure character ist ic as the inte­
grated tr ansistors, an improvement in temperature
dri f t wi ll also be realized . t However , perfe ct

"This is t ru e fo r all m o no lith ic operat ional am pl if ier s pr e­
sent ly ava il ab le .

tit t he o perat io nal amplifier uses a Darlingto n input stage.
how ever , the d ri ft co mpensat io n w i ll no t be near ly as
good.
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FIGURE 3 . Summing Ampl ifier with Bias·Current
Compensation .

compensa tio n should no t be expected because of
unit-to -un it variations in the tem perature charac­
te rist ics of bo th the PNP transistor and the inte­
grat ed circu it .

Although th e circu it in F igur e 3 wo rk s well fo r the
sum m ing am plifi er co nnec ti o n. it does have lim it­
ati o ns in oth er applic atio ns. It coul d . for example.
be used for the vo lta ge fol lower configu ra tion by
connect ing the base of th e PNP to the non ·invert ing
input. However . th is wo uld red uce the in pu t im ped·
an ce (to about 150 MQ) because . the current
supplied by the PNP wi ll vary w ith the input
voltage level.

If thi s characteristic is objectio nable. the more­
co m pl icated ci rc uit sho wn in Figure 4 ca n be used .

FIGURE 4 . Bias-Current Compensation for Non -Inverting
Am plifier Operated Over Large Comm on
Mode Range .

The em itter of the PNP tr an sist or is fed fro m a
curr en t so urce so tha t the co m pensat ing curr ent
does not var y with input- vo lta ge level. The des ign
of the current so urc e is such as to give it abo ut th e
same character isti cs as those on the input stage of
the better mono lithic ampl if iersf to give clo ser corn ­
pensa t ion wi th cha nges in temper ature and supply
voltage. The c irc u it makes use of the emitter base
voltage d ifferentia l betwee n two transistors oper ­
ate d at di ff erent co llect o r currents. ' ·2 Alth ough it
is reco mmended in the references that thesetran­
sisto rs be well matched . it is not really necessary
sinc e the de vice s are operated at much different
collector curr ents.

Figure 5 show s a no th er compensation scheme for
the voltage follo wer connect ion. Th is circu it is
much simp ler th an th at shown in Figure 4. bu t the
temperat ure com pensation is no t qu ite as good. The
co m pensa t ing curr ent is obta ined th rough a resistor
connected across a d iode which is bootstrapped to
th e output . The d iode act s as a regu lato r so that the

f Th e 709 and th e LM101.
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FIGURE 5. Voltage Follower with Bias-Current
Compensation .

co mp ensat ing curr ent does not change appreciably
with signal level, giving input im ped ances about
1000 MQ . The negat ive tem perature co effic ient of
the d iode vo ltag e a lso provide s so me temperat u re
co m pensation.

All t he circu its discussed th us far ha ve been tailor ed
fo r pa rt icu lar applica t ion s. Figure 6 show s a corn ­
pletelv-qeneral scheme wher ein bo th inputs are

--~-..-. ......__..

FIGURE 6. Bias-Current Compensation for
Differential Inputs.

current com pensated over the fu ll common mode
range as we ll as against po wer supply and temper­
at ure varia t io ns. Th is ci rcuit is su itable for use
eit he r as a sum m ing am pl ifier o r as a non­
invert ing amplifi er. It is not req uired th at the DC
impedan ce seen by both inputs be equ al , alt hough
lower d rift can be expected if th ey are .

As was mention ed earli er . a ll t he bias co mpe nsa­
t io n circuits requ ire ad just ment . With the cir cu its
in Figure s 1 and 2. th is is mer ely a matter o f
ad jus ti ng the potent iom eter fo r zero ou tput wit h
zero input . It is not so sim ple w ith the other
circu its, ho we ver. Fo r one. it is d iffi cu lt to use
potentiometers be cau se a very wide range of resi s­
tan ce values are requ ired to accommodate expected
un it -to -un it variati o ns . Res ist or se lect ion mu st
the refore be used . Te st ci rcuits for se lect ing bias
compensat ion resist or s are given in Figure 7_

FIGURE 7. Test Circuits for selecti ng
Bias·Compensatio n Resistors.



OFFSET VOLTAGE COMPENSATION

The highly predictable behavior of the e mit ter-base
voltage of tra nsist ors has suggest ed a uniqu e drift
com pensa tio n method ; it is sho wn in Reference 3
tha t the o ffset vo lta ge dr ift of a d iffe re nt ial tran­
sist o r pair ca n be reduced by ab out an order of
magni tude by unbalancing the co llector currents
such that th e init ial offset voltage is zero . The basis
for this comes from the eq uation for the emitter­
base vo ltage d ifferential of two tr an sistors operating
at the sam e temperature :

:

kT 15 2
t1V B E = - loge - -

q 15 1

kT l e2
- loge
q le1

(1)
FIGURE 8. Example of a DC Am plifier Using

the Drift -Compensation Techni que .

where RL is the average va lue of the two co llecto r
load resistors on the input stage and l c is the
average o f the two collect o r currents.

In order to get low drift, it is necessary that the
gain of the preamplif ier be high en oug h so that th e
drill of th e o pera t ional amplifier does not deg rade
perfo rman ce . The gain can be d et ermined from th e
expression for the t ran sco nd uct a nce of th e input
transistors:

out pu t fo r zero input , unbalances th e co llector load
resisto rs of the tra nsisto r pair suc h th at the cot ­
lecto r curr ents are unbala nced for zero offset . Th is
gives m inimum dr ift. An interesti ng feature of th e
circu it is th at th e performan ce is re lat ively un­
affected by supply voltage variati on s: a 1V change
in either suppl y causes an off set vol tage cha nge of
about 10 IJ.V. Th is happens becau se ne ither te rm in
Eq uat io n ( 1) is aff ected by the magn itu de of the
co llector currents.

(4)

(3 )

(2)
= q le

kT

The vol ta ge gai n is

Exper imen t ind icates th at this is indeed t rue. Th er­
ma l d rills less th an 100 IJ. V over the - SSoC to
+12SoC temperatu re range have been real ized con ­
sistently . In order to obtain th ese low d rift s,
however. it is almost necessary to use a mono ­
lithi c tr ans ist o r pa ir, since a O.OSoC temperatu re
different ial wi ll give a 100 IJ. V drill . With a mono­
lith ic pa ir , the ph ysical pro xim ity of the devices as
well as the high thermal conduct ivity of silico n
hold s thi s differentia l to an abs olute min imum .

It is wo rthw hile no t ing he re th at these expressions
make no assumpt ions about th e current gain of t he
t ransisto rs. It is show n in Reference S and 6 th at
the emitter-base vo ltage is a fun ct io n of collector
current no t emitter cu rrent . Therefore, the balance
will not be upset by base current (except for
interact ion wit h th e DC'source resis ta nce).

The first term in Eq uat ion ( 1) is th e offset vol tage
of the two transistors for equal col lector currents.
It can be see n tha t th is offset vo ltage is di rectly
proport ion al to the absolute temperature - a fact
which is substantiated by experiment 4 Th e second
term is th e ch ange of offse t vol tage wh ich arise s
from operat ing the tr ansistors at unequ al collector
currents . For a fixed rat io of co llect o r currents,
this is also proportiona l to abso lute te mperature.
Hence, if the col lec to r currents are unb a la nced in
a fixed rat io to give a ze ro emitter-base vo ltage
d iff erent ial, the temperatu re dr ill will also be zero .

where k is Bo lt zmann 's co nstant , T is t he absolute
tem perat ure , q is the charge of an elec tron , Is is a
co nstant wh ich de pe nds on ly on how the t ran sistor
is made and Ie is th e collector current . Thi s
equ ation is d erived in Reference 2 .

For low dr ift , th e t ra nsistors m ust o pe rate fr om a
low enough sourc e resistance th at the vo ltage drop
ac ross th e source du e to ba se current (or base
current d ifferent ial if bo th bases see the same
resista nce ) is insignif icant . Furtherm ore, the t ran­
sistors must be opera ted at a low enough collector
current that the emitter-conta ct and base-spreadinq
res istances are negl igib le, since Equ at ion (1) assumes
that they are zero .

Sub stituting Equ ati on (2 ). this becomes

= ql eR L
A v kT

= qV R L

kT

(S)

(6)

A co mplete amplif ier us ing th is principle is sho wn
in Figure 8 . A monolith ic t ransisto r pair is used as
a preampl if ier for a co nvent ionaloperational amp­
lifier. A null potentiometer , whic h is set fo r zero

The input refe rred dri ll is then
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where L:iVo s is the offset vo ltage dr ift of the
operat ion al ampl ifier and L:ilos is its offs et curre nt
dri ft .

Using Equat ion (7) ,

With t he cir cui t shown in Figure 8, Equ ati on (8)
gives a 25 p V input- referred drift for every 10 mV
of offs et vo ltage dri ft or fo r every 100 nA of offse t
curre nt dr if t . It is obvious f rom thi s that th e of fset
current drift is most imp ortant if an operatio nal
ampl if ier w ith bi pola r input t ransisto rs is used .

An other important considerat ion is th e matchi ng
of th e co llec tor load resistors on th e pream pli fi er
stage. A O.l -percent imba lance in the load resistor s
due to th erm al m ismatches or any o ther cause wi ll
produ ce a 25 pV shif t in offset. Th is inc ludes the
balancin g poten ti ometer which can introdu ce an
erro r th at w ill depend on how far i t is set of f mid­
point if it has a different temperatu re coeff icient
than th e resistors .

Th e mo st obvio us use of thi s ty pe of low dr if t
ampli f ier is w ith th erm ocouple s, magnetomete rs,
curre nt shunts , w ire st rain gauges or similar signal
sources where very low dr ift is required and the
source resistance is low enough th at t he bias
curre nts do no t cause a pro blem. Th e 0. 5 to 1 p V I
°c dri ft' real ized w ith th is relat ively simp le amp­
lifier over a - 55° C to +125° C temperatu re range
compa res favorabl y w ith th e drift figures achieved
with chopper ampl if iers: 0.4 pVl'c for mechan ical
choppers, 0 .5 p Vrcw ith pho toe lectr ic choppers
over a O° C to 55° C temper ature range and 2 p Vrc
wit h fi eld -eff ect ·transistor choppers over a - 55° C
to +125° C temperature range. In order to give some
appreciation of the level of perf ormance, it is
int eresting to not e that no substantial improvement
in perfo rmance wo uld be reali zed by oper ati ng th e
amplifier in a temperature-cont roll ed oven. Any
improv ement would be masked by various therm o­
elect r ic effects not d irect ly associated wi t h the
amplif ier unl ess ext reme care were taken in th e
choi ce of input lead material , th e method of mak·
ing connect ions and th e balanci ng of thermal path s.
Th ese fact or s are, in fact , important when making
oven tests to veri fy the dr ift of th e am pli fi er since
th erm oelectric effect s can easily produce dr ift
voltages larger th an those of th e ampli fie r i f they
are not pro per ly handled .

" Dri f ts of 0 .05 1J vt c over a 0-50°C temp erat ure range
we re reported in Ref erence 3 using matched d iscrete
tra nsistors in on e can .
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SUMMARY

A number of compensat ion circ uits designed to
increase the DC resolu t ion of monolith ic opera­
t ional amplifi ers have been present ed. Both current
compensat io n techniques for high im pedance levels
as wel l as meth ods of achieving cho pper-stabi li zed
dr ift performance at low imp edance levels have
been cover ed.

Fairly-simple curr ent compensat io n which requires
that the im pedance levels be fixed have been des­
cribed alo ng wit h compensat ion which is eff ecti ve
in cases where the source imp edance is not well
def ined. Thi s latter category inc ludes lon q-int erval
integrators, sample-and -ho ld circui t s, switc hed-gain
amplif iers or volta ge foll owers which operate f rom
an unknown source. Th e app licat io n of these
schemes is generall y l im it ed to integrated amp l if iers
since modular amp lifiers almost always incorporat e
current compensat ion.

The dr if t -reduct ion techniques prov ide stabi liti es
better th an 0.5 pVf c fo r low imp edance sourc es,
such as therm ocoup les, current shunts or strai n
gauges. Wit h a properl y designed circu it , com pen­
sation depends on ly on a single roo m tempe ratu re
adjust ment , so excellent perf orm ance can be ob­
tai ned from a fairl y -simple amp lif ier.

REFERENCES

1. R. J. Wid lar, " A Un ique Circui t Design for a
High Perf orm ance Operat ion al Am plif ier Espec­
ially Su it ed to Mon olithic Const ruc t ion," Proc.
o f NE C, Vo l. XX I, pp. 85·89, Octo ber , 1965.

2. R. J. Widla r , " Some Circuit Design Techniques
fo r Lin ear Integrated Circu it s," IEEE Trans. on
Circuit Theory, Vo l. X II, pp. 586-590, Decem­
ber , 1965 .

3. A . H. Hoffait and R. D. Th ort on , "Limit at ions
of T ransistor DC Amplif iers," IEEE Proc., Vo l.
52 , pp . 179·184, February . 1964.

4. A . Tuszyn ski , " Correlat ion Between th e Base­
Emitter Voltage and It s Temp eratu re Coeffi·
cient. " Solid State Design, pp. 32 ·35, Jul y ,
1962.

5. C. T . Sah, "Effect of Surface Recombi nat ion
and Channel on P·N Jun cti on and Tr ansistor
Charact er istics," IRE Trans. on Electron D e­
vices, Vol. ED-9, pp. 94 ·108, January , 1962.

6. J. E. lw ersen, A . R. Bray, and J. J. Klei mack ,
" Low -Curr ent Alpha in Si licon T ransistors,"
IRE Trans. on Electron Devices, Vol. ED-9,
pp . 474-478, November , 1962.



MONOLI THIC OPERATIONAL AMPLIFI ERS ­
THE UNIVERSAL LINEAR COMPONENT

INTRODUCT ION

Operational amp lif iers are undou btedly the easiest
and best way of perfo rm ing a wi de range of linear
fun ctions from simple ampli f icati on to com plex
analog computation . The cost o f mono l it hic am­
pl if iers is now less than S2.00, in large quantities ,
wh ich makes it attract ive to design them in to cir­
cu it s where th ey would not otherw ise be con­
side red. Yet low cost is not the on ly attract ion of
mon ol i thic ampli f iers. Since all com pone nts are
simul taneously fabri cat ed on one chip, much hi gher
circuit com plex it ies th an can be used wi th d iscrete
amp lifiers are econom ical. Th is can be used to give
impr oved performance . Furt her, th ere are no insur­
mountable techn ical di ff icult ies to temperature sta­
bil izing th e amp li fi er chip, giv in g chopper-stabi li zed
perf or mance wi th l it tle added cost.

Operat ional amp li fie rs are designed fo r high gain,
lo w offs et vo l tage and low input cu rren t. As a re­
sui t, dc biasing is considerably simplif ied in most
appl icat ions; and they can be used with fairl y sim­
pie design rules because many pot ent ial err or term s
can be neglected. Th is art icle w ill give examples
demonstr at ing the ran geof usefuln ess o f operat ion ­
al ampl i f iers in lin ear circu it design. Th e examples
are certain ly no t all-inclusive, and it is hoped th at
th ey will sti mulate even more ideas from othe rs. A
few pract ical hints on preventi ng oscill at ions in
operat iona l amp l i fi ers will also be given since this
is probably the largest single pro blem tha t many
engineers have w ith th ese devices.

Although th e designs present ed use the LM10 1 op­
erat ional ampl i f ier and th e LM 102 voltage foll ower
produ ced by Nat ional Semico nducto r, most are
generally applicable to all mon oli th ic devices if th e
manufacturer's recommended frequency co rn pen­
sat ion is used and di ff erences in maximum rat ings
are taken into account. A com plete descrip ti on of
the LM101 is given elsewhere;l but , br iefly, i t di f­
fers fro m most ot her mon ol ithic ampl if iers, such
as the LM709,2 in th at i t has a ±30V diff erentia l
input vol tage range, a +15V, - 12V common mod e
range with ±15V suppl ies and it can be cornpen­
sated wi th a single 30 pF capacit or . Th e LM102,3
which is also used here, is designed specif ically as a
voltage foll ower and featu res a maximum input
current o f 10 nA and a 10V/J,Js slew rate.
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OPERATIONAL·A MPLI FIER OSCILLATOR

The fr ee·runnin g mul ti vi brato r shown in Figure 1
is an excelle nt example of an appl icat ion whe re on e
does not normally cons ider using an operational
ampli fie r. However, th is circuit operates at low f re­
quenci es wi th relati vely small capacitors because it
can use a longer port ion o f the capacito r t ime con ­
stant since th e thr eshold po int of th e operati onal
amp li fie r is well determin ed. In addit ion, i t has
a comp letelv-svrnmetr icat ou t put waveform along
with a buf fered out put, although the sym metry can
be varied by return ing R2 to som e vo ltage other
than ground.

"'",.

CO'

''' '''r "Al l fil)t(

9100;

_ '=" ·C~o"" 'o'OK,II '''a" ,' 100"',

FIGU RE 1. Free-Runninq Mult ivibrator

Ano ther advantage of the circ uit is that i t w ill
always self start and cannot hang up since there is
more dc negative feedback than positive feedback.
This can be a probl em wit h many " te xt book"
multi vi brators.

Since th e operati onal ampl if ier is used open loop,
the usual fr equency compensat ion com pon ent s are
no t required since they will on ly slow it down. But
even w ithout the 30 p F capacito r , the LM10 1 does
have speed l imitat ions which restri ct th e use of thi s
ci rcu it to frequencies belo w about 2 kHz.

The large input vo ltage range o f the LM 101 (both
differen t ial and single ended) permi ts large vo ltage
swings on the input so that several t im e constant s
of the timing capacitor, Cl , can be used. With most
o ther amplif iers, R2 must be reduced to keep f rom
exceeding these rat ings, which requires that C1 be
increased. Nonethe less, even when large values are
needed fo r Cl, small er polarized capaci to rs may be
used by retu rn ing them to the positiv e supply volt­
age instead of ground.
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LEVEL SHIFTING AMPLIFIER

Frequently. in the design of linea r equipment, it is
necessary to tak e a voltage which is refe rred to
som e dc level and produce an amplified outpu t
which is ref er red to ground . The most st raight·
for ward way of doing this is to use a differential
amp lif ier simila r to that shown in Figure 2a . This
cir cuit , however , has th e disadvantages th at the
signa l so urce is load ed by curre nt fro m the in put
divider. R3 and R4 , and that the feedback resis­
tor s must be very well ma tched to prevent erron e­
ous outputs from the comm on mode input signal.

A ci rcui t whi ch do es not have these probl ems is
shown in Figur e 2b . Her e. an FET transistor on
the output of the operational amplifie r produces
a vol tage drop across the feedback resistor, R I,
which is equal to th e input voltage. Th e voltage
ac ross R2 wil l then be equal to the in put voltage
mul tiplied by the ratio. R2/R I ; and the common
mode reject ion w ill be as good as th e basic rejec­
tion of the amp lif ier, ind epende nt of th e resist or
tolerances. Th is vo lta ge is buffe red by an LMI 02
voltage foll ower to give a low impeda nce outp ut .

An advantage of th e LMI 0 1 in this c ircu it is that
it will wo rk with inp ut voltages up to its pos it ive
supply voltages as long as th e suppl ies are less than
±15V.

a. Standa rd Different ial Amp lifier

FIGURE 2. Level-Sh ift ing Ampl if iers

V_to

a. Compa rator for Driving OTL
and TTL Integrated Circuits

FIGURE 3. Voltage Com pa rat or Curcuits

AN4- 2

VOL TAG E COMPARATO RS

The LMIO I is well su it ed to co m parato r appl ica­
tions for two reasons : first . it has a lar ge diff eren·
tial input voltage rang e and, second. the output is
easily cla mp ed to mak e it com pat ible wi th various
driv er and logic ci rcui ts . It is t rue that it do esn't
have th e speed of th e LM7104 (10 I1sversu s 40 ns,
under equ ivalent co ndi t ions) ; however, in many
linear ap plica t io ns speed is not a problem and th e
lower input curren ts along with h ighe r voltage capa­
bility of the LMIO I is a tr emendous ben ef it .

Two comparator ci rcuits us ing the LMIO I are
show n in Figure 3. The one in Figu re 3a shows a
clamping scheme which makes th e output signal
d irectly compatible with DTL or TTL inte grate d
circu its. An LMI 03 breakdown diode clamps th e
output at OV or 4 V in th e low or h igh states, respec­
tively . This pa rticular diode was chosen becau se it
has a sharp breakd own and low equivalent capac i­
tan ce . Whe n wo rking as a compara to r, th e amplifie r
operat es o pe n loop so nor mally no frequ enc y com­
pen sat ion is need ed. No ne the less, the st ray capaci­
tance bet ween Pins 5 and 6 of th e amplifier should
be minim ized to prevent low level osc illati on s wh en
the comparator is in the active region . If this be­
comes a problem . a 3 pF capacitor on the normal
compensation terminals will elim inate it .

b. Level -Isolation Am plif ier

b. Comparator and Lamp Driver



Figure 3b shows the connecti on of th e LM101 as a
comparato r and lam p dr iver. Q1 swi tches th e lamp,
w ith R2 l im iti ng the current surge resulting f ro m
turn ing on a cold lamp. R1 determ ines the base
drive to Q1 while 0 1 keeps the ampli f ier from pu t­
t ing excessive reverse bias on th e emitter-base junc­
ti on o f Q1 when it turn s off .

MORE OUTPUT CURRENT SWING

Because almos t all mo nolith ic amplif iers use class-B
outp ut stages, they have good loaded ou tpu t vol t ­
age swings, deli ver ing ±10V at 5 mA with ±15V
suppl ies. Demanding much mo re current fro m th e
integrated circui t would requ ir e, for one, that the
output tr ansistors be made consi derably larger. In
additi on, the increased dissipation coul d give ri se
to tr oubl esom e th erm al gradients on th e chi p as
well as excessive package heat ing in high-t em pera­
ture appl icat ions. It is therefo re advisable to use
an external bu ff er wh en large output current s are
needed.

A simple way of accom pli shing th is is show n in
Figure 4. A pai r of com plemen tary tr ansistor s are
used on the ou tpu t of th e LM 101 to get the in­
creased current swing . Al though this ci rcuit does
have a dead zone, i t can be neglected at fr equen­
cies below 100 Hz because of th e h igh gain o f th e
amp li fi er. R1 is inc lud ed to el iminate parasit ic oscil­
lati ons f rom the output transistors. In addition , ade­
quate bypassing should be used on the collectors
of th e output t ransistors to insure that the ou tput
signal is not coupled back into th e am plifier. Th is
circu it does no t have current li miting, but it can be
added by putting 50n resistors in series wi th the
collec tors of Q1 and Q2.

"

FIGURE 4. High Cur rent Output Buffer

AN FET AMPLIF IER

For ambi ent temperatures less th an about 70° C,
junct ion f ield effe ct tra nsisto rs can give exception­
all y low input currents when they are used on the
in put stage of an operat ion al ampl i f ier. However,
mono lithic FET amplifi ers are not no w availa ble
sinc e it is no simple matter to d iffu se hi gh quali ty
FET's on the same ch ip as the ampli f ier. Non eth e­
less, i t is possible to mak e a good FET ampli f ier
using a discrete FET pair in conjun ct ion with a
monol i th ic cir cuit .

Such a ci rcui t is illustrated in Figure 5. A matched
FET pair , connected as source foll owers, is put in
f ront of an in tegrated operat ion al ampl if ier. The
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FIG UR E 5. FET Operat ion al Am pli fie r

composite ci rcui t has roughly th e same gain as th e
integrated circui t by itself and is comp ensated for
unity gain with a 30 pF capacitor as shown. Al­
tho ugh it wo rks well as a summ ing ampli fie r, the
ci rcui t leaves somethi ng to be desir ed in appl ica­
t ions requir ing hi gh common mo de reject ion. This
happens both because resistors are used for current
sourc es and because the FET 's by th emself do not
have good common mo de rejecti on .

STORA GE CIR CUI TS

A samp le-and -ho ld circ ui t wh ich combi nes the low
in put curr ent of FET's with the lo w of fset vo ltage
of mono l i thic amp lifiers is shown in Figu re 6. The
circ uit is a unity gain ampli f ier employ in g an op era­
t ional ampl i f ier and an FET source foll ower. In
operat ion , when the sample swit ch, Q2, is turned
on, it closes th e feedback lo op to make th e output
equal to th e input , differ ing only by th e of fset volt­
age o f the LM10 1. When the switch is opened, the
charge stored on C2 holds the out put at a level
equal to the last value o f th e input vo ltage.

Some care must be taken in th e select ion of the
hol ding capacitor. Certain t ypes,includ ing paper and
mylar, exh ibit a polarizati on phenomenon whi ch
causes th e 'sampled voltage to drop off by about
50 mV , and then stabi liz e, wh en th e capacitor is
exercised over a 5V range during th e sample inter ­
val. Th is drop of f has a t im e constant in the order
of seconds. The effec t , ho wever, can be minimized
by using capacitors w ith tef lon , pol yethy lene, glass
or po lycarbonate dielectrics.

A lthough th is cir cuit does not have a part icularly
low out put resistance, f ixed loads do no t upset the
accur acy since th e loading is auto matica ll y com­
pensated for du rin g th e sample interval. However,
i f the load is expected to change af ter sampling , a
buffer such as the LM 102 must be added between
the FET and the out put .

A second pole is int roduced into th e loop response
o f th e ampli fier by th e swi tc h resistance and th e
holding capacitor, C2. Thiscan cause problems wi th
overshoo t or oscilla tion if i t is no t compensated for
by add ing a resistor, R1, in ser ies with th e LM 101
compe nsation capacitor such th at the breakp oint
of the R1Cl comb inati on is roughly equal to th at
o f th e swi tch and th e ho lding capaci to r.
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FIGURE 6. Low Drift Sampl e and Hold

FIG URE 7. Posit ive Peak Detector wit h
Buffered Output

As with the sample and hold . the diff eren tial input
volt age range of th e LM10l permits diff erences be­
tween th e input and output voltages when the cir­
cuit is holdin g.

Add ition al features of the circu it are th at th e am­
plifier act s as a buff er so that th e circuit doe s not
load th e input signal. Furth er, gain ca n also be pro­
vided by feed ing back to the inverting input of
the LM10l th rough a resistive d ivider instead of
directly.

In certain servo svste rns, it is des irable to get th e
rate signal required for loo p stab ility from some
sort of elect rical. lead network, Th is can. for ex­
ample. be acco mplished with reactiv e eleme nts in
the feedb ack network of th e servo preamplifier.

NON-LINEAR AMPLIF IERS

Many sat urat ing servo amplifi ers operate over an
extr emely wide dy namic range. For exam ple, th e
maximum error signal could easily be 1000 times
the signal requ ired -to satu rate the syst em. Cases
like th is cre ate problems wit h electrical rat e net ­
works because the y cannot be placed in any part

SERVO PREAMPLIFIER

When a no n-Iinear t ransfer fun cti on is needed from
an operat ional amplif ier, many meth ods of obtain­
ing it present th emself. However, th ey usuall y reo
qu ire diodes and are therefor e diffi cult to tempera­
ture com pensate fo r accurate breakpoints . One way
of gett ing around this is to make th e output swing
so large that the diode thr eshold is negligible by
comparison. but this is no t always practi cal.

A method of producing very sha rp, temp eratu re­
stable break points in th e tra nsfer func tio n of an
op eratio nal am plifier is sho wn in Figure 8. For
small input signals. the gain is determi ned by R1
and R2. Bo th 02 and 0 3 are cond ucting to some
degree, but they do nRt;"affect th e gain because
th eir curr ent gain is h i g~ and th ey do not feed any
ap prec iable cu rrent back int o th e summing mod e.
When th e outp ut voltage rises to 2Y (det ermin ed
by R3. R4 and Y-). 03 draws eno ugh current to
satu rate . connect ing R4 in parallel with R2. This
cuts the gain in hal f. Similarly. when the ou tpu t
volta ge rises to 4Y. 0 2 will satu rate , again ha lving
the gain,

Temperature compensat ion is achieved in this cir­
cuit by including 01 and 04, 04 compensa tes the
emit te r-base voltage of 0 2 and 03 to keep the
voltage across th e feedb ack resistor s, R4 and RG,
very nea rly equal to the ou t put voltag e while 01
com pensates for th e emitt er base voltage of th ese
transisto rs as the y go int o saturation. mak ing th e
voltage across R3 and R5 equal to th e negat ive sup­
ply voltage, A det rimental effect o f 04 is tha t it
causes the output resistance of the am plifier to in­
crease at high out put levels. It may the refore be
necessa ry to use an output buffer if the ci rcui t
must drive an app reciable load .

Cl
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INPUT

The peak det ect or in Figure 7 is similar in many
respect s to th e samp le-and-hold circu it. A d iod e is
used in place of the sampling switch . Connected as
shown. it will conduct wheneve r th e input is greate r
than the output . so the output will be equal to the
peak value of th e input voltage. In th is case, an
LM102 is used as a buff er for th e sto rage capacito r,
giving low drift along with a low outp ut resistance.

It is possible to use an Ma S transistor for 01
wit ho ut worrying about the th resho ld stability .
The thr eshold voltage is balanced out durin g every
sample interval so only th e sho rt·term thresho ld
stability is importan t. When Ma S transist ors are
used along with mechan ical switc hes, drift rates
less than 10 mY/m in can be real ized.

AN4-4
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FIGURE 8. Nonl inear Operational Amplifier wi th Temperature-Compensa ted Breakpo ints

of th e system whi ch saturates. If th e signal in to the
rat e network saturates, a rate signal wi ll on ly be
developed over a narr ow range o f system operation;
and instability wi ll result when th e error becom es
large. A ttempts to place th e rat e networks in front
of th e erro r ampli f ier or make th e error ampli f ier
l inear over th e entire range of err or signals I re­
quent l y gives rise to excessive de error fr om signal
attenuat ion.

Th ese probl ems can be largely overcome using th e
kind of circu it shown in Figure 9. Th is ampli f ier
operat es in the lin ear mod e unti l the output vo ltage
reaches approx imately 3V with 30 IlA output cur­
rent fr om th e solar cell sensors. At thi s po int the
breakdown diodes in th e feedback loop begin to
conduct, drasti cally reduci ng the gain_ However, a
rat e signal w il l st i ll be developed because current is
being fed back in to the rat e network (R 'l , R2 and
Cl ) just as it would if th e amp lifier had remained
in th e lin ear operat ing region . In fact, th e amplif ier
w ill not actuall y saturate until th e erro r cur rent
reaches 6 mA, which would be the same as having
a lin ear ampl if ier w ith a :!:600V output swing.

l "IIlJ
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FIGURE 9_ Satur at ing Servo Preamp l if ier with
Rate Feedback

COMPUTING CIRCUITS

In analog compu tat ion it is a relati vely sim ple
matter to perform such operat ions as addition,
subtract ion , integrati on and differentia tion by in-

co rporati ng th e pro per resistor s and capacitors in
th e feedback circuit of an amplif ier. Many of th ese
ci rcuits are described in reference 5. Mult iplicat ion
and division, however, are a bit more difficu lt .
These operat ions are usuall y perform ed by takin g
th e logari thm s of th e quantities, adding or subtract ­
ing as requir ed and then tak ing th e anti log.

At f ir st glance, it might appear that ob taining th e
log of a vol tage is diff icul t; but i t has been shown 6

tha t th e emitter-base voltage of a silic on tran sistor
follows th e log of i ts collector current over as many
as nine decades. Th is means that common tran sis­
tors can be used to perform th e log and anti lo g
op erat ions.

A circuit whi ch perform s bo th mu l t ipl ication and
div ision in th is fashion is show n in Fi gure 10. It
gives an ou t put which is proport ional to the prod­
cut of two in puts d ivided by a third, and it is about
th e same com plex ity as a divider alone.

Th e circuit consi sts of three log conv ert ers and an
anti log generato r. Log converters simi lar to th ese
have been described elsewhere,7 bu t a bri ef descrip­
tion follows. Taking amp li fie r A 1, a logging tr an­
sisto r, 01 , is inserted in the feedback loop such
that it s coil ector cur ren t is equal to the input volt­
age divided by the in pu t resistor, R1. Hence, the
emitter-base voltage of 01 wi ll vary as the lo g o f
th e inp ut voltage, E1.

A2 is a simi lar amp lifi er operati ng wi th logging
transistor, 02. Th e emitter-base junctions o f 01
and 02 are con nected in series, adding th e log
voltages. Th e th ird log converter produ ces th e log
of E3. This is series-connec ted wi th the antilog
tr ansistor, 04 ; and th e combination is hooked in
paralle l wi th the output of the other two log con ­
verto rs. Therefore, the emi tter-base of 04 w ill see
the log o f E3 subtracted fro m th e sum of the logs
of E l and E2. Since th e collec to r curre nt of a tr an­
sistor vari es as the exponent of th e emitter-base
vol tage, th e collector current of 0 4 will be pro­
port ional to th e product of El and E2 div ided by
E3. This current is fed to the summing amp li fie r,
A4 , giving the desired output.

A N4 - 5
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FIGURE 10. Analog Mult iplier /Div ider
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This c ircuit can give 1-percent accuracy for input
volta ges fro m 500 mV to 50V . To get th is precision
at lower input volt ages, th e offset of th e amplifiers
handling them must be individually balanced out.
The zener diode, 04. inc reases th e collector-base
voltage acros s th e logging tr ansistors to improve
high current operat ion. It is not needed, and is in
fact und esirable, when th ese tran sistor s are runn ing
at currents less than 0.3 mAo At curre nts above
0.3 mA, th e lead resistan ces of th e tr ansisto rs can
beco me important (0.25 rl is 1-percent at 1 mAl
so the tr ansistors should be installed with short
leads and no sockets.

An import ant fea ture of thi s circuit is that its oper­
at ion is independent of temp erature because the
scale fact or change in th e log conve rte r with tem­
perat ure is co mpensat ed by an equal chang e in the
scale factor of th e anti log genera to r. It is only re­
quired th at 01 , 0 2, 0 3 and 04 be at the same
temp erature. Dual t ransisto rs should be used and
arranged as sho wn in the figure so th at thermal mis­
match es betwe en cans appear as inaccu racies in
scale facto r (0.3-percent t C) rather than a balance
erro r (8-percent t C). R12 is a balance poten tiom­
ete r which nulls ou t the offset voltages of al l the
logging transistors. It is adjuste d by sett ing all input
volta ges equal to 2V and ad justi ng for a 2V ou tput
volt age.
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The logging transistors provide a gain whic h is de­
pendent on their o perating level, which co mplicates
frequ enc y com pensation. Resisto rs (R3, R6 and
R7) are put in th e amplifier output t o limit th e
maximum loop gain, and the compensation capac i­
tor is chosen to correspo nd with this gain. As a
resu lt , the amp lifier s are not espec ially designed for
speed, bu t techni ques for o pt imizing thi s param eter
are given in reference 6.

Finally, clamp diodes 0 1 through 0 3, prevent ex­
ceeding th e maximum reverse em itte r-base voltage
of the logging tr ansist ors with negati ve inputs.

ROOT EXTRACTOR '

T ak ing th e root o f a number using log converters
is a fairly simple matter. All th at is needed is to
take the log of a voltage, divide it by, say 1/2 for
the square root , and then take th e antilog. A cir­
cu it which acco mplishes th is is shown in Figure 11.
A1 and 01 form the log co nverte r fo r t he input
signa l. This feeds 0 2 whic h prod uces a level shift
to give zero voltage int o the R4, R5 d ivider for a
1V inpu t. This divider reduces the log voltage by
the rat io for th e roo t desired and dri ves th e buffer
amplifier, A2. A2 has a second level shifti ng diode,
0 3, its feedb ack net wo rk wh ich gives the outp ut
voltage needed to get a 1V output from th e ant ilog
generat or , co nsist ing of A3 and 0 4, with a unity

·The " extract ion" used here doubtless has origin in the
dental operat ion most of us wo uld fear less than having
to f ind even a square root w ithout tables or other aids.
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FIGURE 11. Root Extractor

input . The offset voltages of the t ransistors are
nul led out by imbalancing R6 and R8 to give 1V
outp ut for 1V input, since any roo t of one is one.

Q2 and Q3 are connected as diodes in order to
simpli fy the circuit ry . This doesn 't introduce prob·
lems because both operate over a very limited cur ­
rent range, and it is really on ly requi red that th ey
match . R7 is a gain -compensating resistor which
keeps the currents in Q2 and Q3 equal w i th changes
in signal level.

As with the mu lt iplier /d ivider , the circuit is insen­
sit ive to tem peratu re as long as all th e t ransistors
are at the same tempe ratu re. Using t ransistor pairs
and matchi ng them as shown mi nimizes th e effec ts
o f grad ients.

The circuit has l ·percent accuracy for in pu t vol t­
ages bet ween 0.5 and 50V. For lower input volt·
ages, A 1 and A3 must have their offsets balanced
out indi viduall y .

FREQUENCY COMPENSATION HINTS

The ease of designing with operationa l amplifiers
sometimes obscur es some of th e ru les which must
be foll owed with any feedback amp li f ier to keep
it fr om oscillat ing . In general, th ese problems stem
from stray capacitance, excessive capacitive load-
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a. Measuring Loop Gain

FIGURE 12. Illustrat ing Loop Gain
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ing, inadeq uate supp ly by passing or im proper fr e­
quency com pensation.

In fr equency co mpensat ing an operat io nal amp li­
f ier, it is best to foll ow th e manufactu rer' s rec­
ommendat ions . However, i f opera t ing speed and
f requency response is not a considerat ion, a greater
stab ility margin can ususally be obta ined by in­
creasing the size of th e compe nsat ion capacitors.
For exam ple, replacing th e 30 p F compensat io n
capaci to r on th e LM10l w ith a 300 p F capacitor
wi l l make it t en t im es less suscept ible to osci lla t ion
problems in th e un it y ' gain connection. Simil arl y ,
on the LM709, using 0.05 IlF , 1.5 kfl , 2000 pF
and 51fl components instead of 5000 pF , 1.5 kfl,
200 pF and 51fl wi ll give 20 dB mor e stabi lity
margin. Capacito r values less th an th ose specif ied
by the manufact ur er fo r a part icul ar gain connec­
t ion sho uld not be used since th ey wi l l make the
ampl i fie r more sensit ive to strays and capacitive
loadi ng, or th e circu it can even oscillate with worst­
case units.

Th e basic requ ir ement for fre quency compensat ing
a feedback ampl i f ier is to keep th e fr equency ro ll­
off of th e loop gain fr om exceeding 12 dB/octave
when it goes thr ough un it y gain. Figure 12a shows
what is meant by loop gain. The feedback loop is
broken at th e output, and the input sources are
replaced by th eir equ ivalent impedance. Th en th e
response is measured such th at the feedback net ­
wo rk is included.

10 K lOOk

~R£ ouE~CV _ HI

b. Typical Response
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Figure 12b gives ty pical responses fo r both uncom­
pensated and compensated ampl i f iers. An uncorn ­
pensated ampli f ier general ly roll sof f at 6 dB /oct ave,
th en 12 d B/octave and even 18 dB/octave as vari ­
ous f requencv-li rnitinq effe cts wi thi n th e amplif ier
come into play . If a loop wi th thi s kind of response
were closed, it would oscillate. Frequency cornpen­
sati on causes the gain to roll off at a uniform 6 d B!
octave right do wn th rough uni ty gain. Thi s allows
some margin fo r excess rol lo ff in the externa l
cir cu itry .

Some of the external in f luences which can aff ect
the stab ili t y o f an operat iona l ampl if ier is show n in
Figure 13. One is the load capacitance which can
come fro m wi r ing, cables or an actual capacitor on
the ou tput. This capacitance works against th e ou t·
put impedance o f the amplifier to attenuate high
f requencies. If th is added roll off occurs befo re the
loop gain goes through zero , i t can cause instabili t y .
It should be remembered that th is single rollo ff
point can give more than 6 dB /octave roll o ff since
th e outpu t impedance of th e ampli f ier can be in­
creasing with fr equency .
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FIGURE 13. External Capacitances That Affect
Stab il ity

A second source of excess roll off is stray capaci­
tance on th e inverting input . Th is becom es ex­
tr emely important with large feedback resistors as
migh t be used with an FET·input amplif ier. A rela­
tiv ely simple method of com pensat ing for this st ray
capaci tance is shown in Figure 14 : a lead capaci tor,
Cl , put across th e feedback resistor. Ideall y , the
rat io of the st ray capacitance to the lead capaci tor
should be equal to th e closed-loop gain o f the arn­
pl if ier. However, the lead capacitor can be made
larger as long as th e amp li f ier is compensated for
unit y gain. The only disadvantage of doing th is is
th at i t wi l l reduce the bandwi dth o f th e ampli fi er.
Oscill ati ons can also result i f there is a large resis­
tance on the nc n-invert lnq input of the amp lifier.
Th e differenti al in put imp edance of the amp lif ier
fall s off at high fr equencies (especial ly w ith bi­
po lar input tr ansistors) so this resistor can produce
t roublesom e ro lloff if i t is much greater than 10K,
wi th most ampli f iers. Th is is easily co rrect ed by bv­
passing the resistor to ground.

When th e capaciti ve load on an in tegrated amplifier
is much greater th an 100 pF, some considerat ion
must begiven to its effect on stab i li ty. Even though
th e ampli fi er does no t oscilla te readily, th ere may
be a worst-case set of cond itions under wh ich it
w ill. However, the amp l i f ier can be stab ilized fo r
any value of capacitive loading using the circuit
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FIGURE 14, Compensating Stray Input
Capacitance

shown in Figure 15. The capacit ivetoad is isolat ed
from the out put of the ampli fi er w ith R4 which has
a value of 50n to lOOn for both the LM 10l and
the LM709. At high frequencies, the feedback path
is th rouqh the lead capacitor, C l , so that the lag
produced by the load capacitance does not cause
instabil it y . To use thi s ci rcuit, the am pl i fi er must
be compensated for un it y gain, regard less of th e
closed loop de gain. Th e value o f Cl is not too
im portan t , but at a minimum its capacit ive reac­
tance should be one-tenth th e resistance o f R2 at
th e unitv -qain crossover fr equency of th e ampl i f ier.
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FIGURE 15. Compensating for Very Large
Capacit ive Loads

When an operat ional amplifier is oper ated open
loop, i t mi ght appear at fi rst glance that i t needs
no fr equency compensati on. However, this is not
alw ays th e case because the external compensatio n
issometim es required to stabil i ze internal feedback
loops.

Th e LM 101 will not oscilla te wh en operated open
loop, although there may be prob lems if thecapaci­
tance between the balance term inal on pin 5 and
the output is not held to an absolut e mini mu m.
Feedback between these two points is regenerati ve
i f i t is not balanced out w ith a larger feedback
capacitance across the compensati on terminals.
Usuall y a 3 pF compensat ion capacitor wi ll com­
pletely elim inate the prob lem. Th e LM709 wi ll os­
ci liate when operated open loop un less a 10 pF
capacit or is connected across the input com pensa­
t ion terminalsand a 3 p F capacitor is connected on
th e output compensat ion term ina ls.

Problems encountered with supply byp assing are
insid ious in that th ey will hard ly ever sho w up in a
Ny quist plot . This prob lem has not reall y been
thorough ly investiga ted, proba bly because one sure
cure is kno wn : bypass th e posit ive and negative
supply terminals of each amp lifier to groun d wi th
at least a 0.0 1 Il F capacitor.



For exampl e, a LM 10l can take over 1 mH induc­
tance in either supply lead without oscillation. Thi s
should not suggest that they should be run without
by pass capacitors . It has been establ ished tha t 100
LM10l 'son a singie pr int ed ci rcuit board wi th com­
mon supply busses will oscillate if the supp lies are
not byp assed about every fifth device. Th is happen s
even though th e inputs and outputs are completely
isolat ed.

The LM709, on th e o ther hand, will oscillate und er
many load conditions with as little as 18 inc hes of
w ir e between the negat ive supp ly lead and a bypass
capacit or. Th erefore, it is almost essential to have a
set of bypass capacitors for every device.

Operat ional amplifi ers are speci fied for powe r sup­
ply rejection at fr equencies less than the first break
f requency of th e open loop gain . At higher f re­
quenc ies, the reject io n can be reduced depending
on how th e amplifier is fr equency compensated.
For bo th the LM 101 and LM709, the rejection o f
h igh frequ ency signals on th e positive supply is
excelle nt . However, th e situat ion is different for
th e negative supp lies. Th ese two ampli fiers have
compensation capacitors from th e output down to
a signal point which is ref erred to the negati ve sup­
ply, causing th e high frequency reject ion for the
negat ive supply to be much reduc ed. It is th erefore
importan t to have sufficient bypassing on th e neqa­
t ive supp ly to remove tr ansient s i f th ey can cause
troubl e appearing on the output . One fai rly large
(22 pFI tan talu m capacitor on th e negative power
lead for each printed-circu it card is usually enough
to solve pot ent ial problems.

When high -cur rent buffers are used in con junct ion
w ith operat ional amplifiers, supply bypassing and
decoupl ing are even more important since they can
feed a considerab le amou nt of signal back into the
supply lines. For reference, bypass capacitors of at
least 0.1 pF are required for a 50 mA buffer.

When emitter fo llo wers are used to drive long ca­
bles, additional precautions are requi red. An em itter
fo llower by itself - wh ich is not contai ned in a
feedback loop - wi l l f requently oscillate when con­
nected to a long length of cable. When an emi tte r
follower is conn ected to th e output of an opera­
tional ampl ifier, i t can produce oscillations th at
wi ll persist no matter how the loop gain is compen­
sated. An analysis of why th is happens is not very
enligh tening, so suff ice it to say that th ese oscilla­
tions can usually be eliminat ed by putting a ferrite
bead8 between the emi tter foll ower and th e cable.

Considering th e lo op gain of an amplifier is a valu­
able too l in understanding the influence of var ious
factors on the stabil ity o f feedback ampl if iers, But

it is not too helpful in determ ini ng if the amplifier
is indeed stable . Th e reason is that most pro blems
in a well ·designed system are caused by secondary
eff ects - which occur on ly under certa in conditions
of output vo ltage, load current , capaci ti ve loading,
temperature, etc. Making f requen cy -phase plots
und er all th ese cond it ions wou ld requi re unr eason­
able amo unts of ti me, so it is invar iably not don e.

A better check on stability is the small -signal tran­
sient response. It can be shown math ematicall y that
th e t ransient response o f a networ k has a one-fo r­
one co rrespondence with the f requency domain
respon se." The advantage of t ransient response tests
is that th ey are displayed instantaneously on an
oscilloscope, so it is reasonabl e to test a circuit
und er a wide range o f condit ions.

Exact methods of analy sis using t ransient response
wi l l not be presented here. Th is is not because these
met hods are diff icult, alt ho ugh they are. Instead, it
is because it is very easy to determine which condi­
tions are unfavorable from th e overshoot and ring·
ing on th e step response. The stabi li ty margin can
be determ ined much more easily by ho w much
greater th e aggravat ing conditi ons can be made
before th e circuit oscillates than by analys is o f th e
response und er given conditions. A Iittle practice
wi th this technique can qu ick ly yi eld much better
results than classical meth ods even for the inexpe­
ri enced engineer.

SUMMARY

A number of circuits using operat ional amplifiers
have been pro posed to show their versatility in cir­
cuit design. Th ese have ranged fro m low f requency
oscilla to rs through ci rcui ts for complex analog
com pu tation . Because of the low cost of monolithic
amplifiers, it is almo st foolish to design dc amp li­
f iers without integrated circuits. Moreover, the pr ice
makes it practical to take advantag e o f operational­
ampli fi er performanc e in a variety of circu it s where
they are not normally used.

Many of the pot ent ial osci lla tion probl ems th at
can be enco untered in both discrete and int egrated
operational amp l ifiers were descri bed, and some
conservat ive solut ions to these probl ems were pre­
sented. Th e areas discussed inc lud ed str ay capaci ·
ranee , capacitive load ing and suppl y bypassing.
Finally, a simplified method of qu ickly testing the
stabili ty of am pli fie r circu its over a wi de range of
opera t ing con di tions was suggested.

tThe frequency-dom ain characteristic s can be det ermined
from the imp ulse response of a network and th is is di­
rect ly relatable to the step response throug h the convo­
lutio n integ ral.
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A FAST INTEGRATED VOLTAGE
FOLLOWER WITH LOW INPUT
CURRENT

INTRODUCTIO N

Most inte grated operational ampl ifiers on the mar­
ket today have ser ious limitations in many vo ltage
followe r applications. They are often to o slow
because a vo ltage follower requ ires maximum
frequency compensat ion, reducing slew rate to
somewhere between 0.1 Vhss and 1 VIlls.1,2
Secondly, volta ge follo wers are mos t frequently
used as buffer amplifiers from high impedance
sou rces; but th e input curr ent of popu lar arnpli ­
fiers gives excessive dc offs et when operated with
source resistanc es muc h above 10 Kn .

The des ign of a monolith ic vo ltage follower which
combines low offset voltage with an input current
of 2 nA and a 10 VIus slew rate is described here .
This performance is realized using improved bi­
polar tran sistors along with an op era tional ampli·
fier circu it design which is optimized for the
voltage follo wer configurat ion . The device, which
is designed to operate from supply vo ltages be­
tween ±12V and ±15V, featu res a 10 MHz band­
width along with a 3 pF input capacitance and a
minimu'if, inpu t resistance of 10,000 Mn. In add i­
tion, it requi res no externa l components for fre­
quency compensation and incorporates continuous
sho rt circu it protectio n. .'

1:;1.

CIRCUIT DESCRIPTION

There are fewer problems encounte red in designing
a high performance vo ltage follower than a similar
general purpose amplifier . For one, no level shift·
ing is requ ired so complementary transistors are
unn ecessary as gain st ages. Hence, it is possible to
get better high frequency performance since th is
has been limited in the past by the performance of
the PNP3 transistors that can be made in mono ­
lithic circu its . Secon dly, because 100 ·percent feed·
back is used , th e open loop gain does not have to
be as high as a general purpose ampl ifier ; so a
simpl er circuit, which is easier to frequency corn­
pensate, can be used . Finally , with a fixed configu·
ration such as a voltage fol lower , the input stage
can be included within the compensation network .
Th is ma kes it easier to get fast slewing witho ut
having to pro vide unreasonably large sma ll·s ignal
bandwidths which would make the amp lifier more
pron e to instabilit ies.

Figure 1 demonstrates how simple a vol tage
follo wer circuit can be. Th is circuit uses a single·
stage d i fferent ial ampl ifier wit h an em itter-

May 1968

follower output. Since cur rent sources are used on
the emitter of ~he differential pair and as a col­
lecto r load, it is practi cal to get an open loop
volt age gain of 300 0 from a single stage. The
collector of the input trans istor , 0 1, is boot ·
strapped to the output to increase gain and raise
the input resistance. It also eliminates leaka ge
curren ts by operating the input at zero col lect or­
base voltage. A class-A output stage is used since it
behaves better at hi!f1 frequen cies with capa cit ive
loads. Although frequency compensation is not
always required with this configuration, R1 and
Cl have been included to improve stability with
capacitive load ing. The compensation network is
placed such th at th e circui t has good tra nsien t reo
jection on both the positive and the negative
supplies.

.--------- ,.

....----r.."

.., "VI

'--------- "

FIGURE 1. Basic Configurat ion of the Voltage
Foilower

INPUT STAGE

In order to get fast slewing, it is necessary to
operate the d ifferential ampl ifier at a fairly high
cur rent for an input stage. Therefore, a Darl ington
connection is used on the input transistors to get
low input cu rrent. However, as can be seen from
Figure 2, bleed resistors, R1 and R2, o perate the
input transistors at a current which is large by
comparison to the base current of 03 and 04. Th is
keeps O l and 0 2 from seeing mismatches in the
base currents of 0 3 and 0 4, which is the largest
source of offset voltage in an ordinary Darlingto n
differential stage . Th is bleed current also dou bles
the gain of the stage and improves the high fre ·
quency performance.
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Using a Darlington stage is not the entire secret to
getting low input curren ts4 With the int egrated
circuit transistors tha t have been availab le in the
past , reducing th e collect or cur rent by a facto r
of 10 wou ld only reduce th e base cur rent by a
facto r of 3, since the current gain falls off rapid ly
at low collector currents. In order to get any real
improvemen t from ope rating at low currents. it
was necessary to make better transis tors. The
devices used here have a typical curr ent gain of
1000 at 2 IJA collector current .

,--................- ,.

I I ' ....

FIGURE 2. Partial Schematic of the
LM102 Voltage Follower

Operating at 2IJA currents requires large resistanc e
values which are not easily fabric ated in integrated
circui ts. Therefore . th e bleed circu it on the input
stage had to be designed to minim ize th is resis­
tanc e. R1 and R2 are operated with a 160 mV
drop acro ss them , which is det ermined by th e drop
across R3 plus th e emitter-base vo ltage difference
betwee n 0 5 and th e differential tr ansistors, 03
and 04. Th is diffe rence is 100 mV since the differ '
ential transi stors are operated at roughly 35 tim es
the curr ent through 05.5

Pinch resistors had to be used fo r R1 and R2 to
get 80 Kn withi n a reasonable surfac e area . They
were also necessa ry to keep the parasitic capac i·
tance of the resisto rs small. as it could severely
degrade the large signal pulse response. However .
pinch resistors have a large positive temperature
coeff icient which causes th e operati ng cur rent of
0 1 and 02 to increase to 3.51JA at -55° C and
decrease to 1.41JA at 125°C.

Figure 2 shows that an ext ra tran sistor. 0 8. has
been added on the collectors of 0 2 and 04. This
forms a cascod e stage which operates 0 2 at near
zero collector base vol tage. as is 01 . An addi tional
emitter follower is included on the output to
furth er reduc e output resistance .

BIASING CIRCUITRY

Figure 3 is a simpl ified schematic of the biasing
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circuitry which is represented by current sources
in Figures 1 and 2, In orde r to realize low offs et
voltag e. the current source on th e collec to r of 0 2
must supp ly a curre nt which is exac tly one-half of
the input pair emitt er current.

To do this . diod e-connected trans istors, 0 14 and
015, prov ide a bias voltage which is regulated
against suppl y voltage variations for the current
sourc e transistors. 010. 0 12 and 0 13. 0 12 is th e
current source for the input pair, while 0 13 gen-

....---.....---....---..-- ,.

"m

FIGURE 3. Simplif ied Schematic of
Biasing Circuitry

erates a current which is one-half the output cur­
rent of 01 2. This is accompl ished by making R9
twice as large as R8 and 01 3 one-half the size of
012. The output cur rent of 0 13 is fed to 0 18.
which biases 01 9. If it is assumed that 018 and
0 19 are well matched and have large current gains.
the ou tput current of 01 9 will be equal to the
collector current of 01 3 - or one-half the emitter
current of the input pair. as required .

ADDITIONAL DETAILS

In practice. it cannot be assumed that th e cur rent
gain of th e PNP transistors, 018 and a 19, is
large.6 In fact. the current gain could be as low as
unity . As a result. additional circuitry is required
to get pro per operation. Figure 4 shows how this is
done.

Instead of connecting the base directly back to the
collector. emitte r follo wer buff ers. 0 16 and 017.
are used to isolate the base current from the col­
lector of 0 18. Level shifting diodes . 01 and 02.
are included so that 0 18 is operated at app roxi­
mately the same co llector base voltage as 0 19,
when the ou tput of the ampl ifier is at zero, fur ther
impro ving the match.

The RC network, R11 and C2. is includ ed to sup ­
press oscillations in thi s feedback loop. The volt ­
age drop across C2 is less than a coupl e of volts so



PERFORMANCE

TABLE I. Typical Electrical Characteristics of the
LM102

2.5 mV
3 nA

10' 2n
0.9995

1.0n
±13V

10 v lu»
10 MHz

3 p F
3.5mA

Offset Vol tage
I nput Current
Input Resistance
Voltag e Gain
Output Resistance
Output Voltage Swing
Slew Rate
Bandw idth
Input Capacitanc e
Supply Curr ent

The low input bias current of the voltage follower
is illust rated in Figure 6. It can be seen that th e
inpu t current reaches a minimum at 85°C but
remains low up to 125°C. This suggests opera ting
the LM102 in a temperature stabi lized com ponent
oven for wide temperature range ap plicatio ns. If
th is is don e, the LM102 will give input curren ts
which are considerably better than can be realized
with FET amplifiers over a ·55°C to 125°C tern­
peratu re range. In add ition, the temperature stab i­
lization will greatl y reduc e the off set voltage drift .

Figure 7 is a plot of th e frequency response of the
LM102 . The low freq uency gain figure corre­
sponds to an open loo p gain of about 2000.
Althou gh th is sounds low fo r an operational arnpli ­
fier, it should be remembered that a volt age
follower has 10o-percent feedbac k so the gain
error is only O.OS-percent. Further , because of its

The ou tput is inherently short -circuit proof in the
negative direct ion. Current limit ing for pos itive
outputs is provided by Q9 and R6. However, when
oper at ing from low source resistances , a 2 Kn to
10 Kn resistor must be add ed in series with the
input, since the input is clam ped directly to the
output through 03 and Ql l which protect the
input transistors from overvo ltage. This resisto r
was not included on th e chip because it is difficult
to locate a diffused resistor in an isolat ion region
where it would be effective yet not contribute to
input leakage current at hi!tl temperatures.

The electrical characteristics of the LM102 are
summ arized in Tab le I. It is evident from this that
the primary design ob ject ives, high speed and low
input current, have indeed been ach ieved .

A photomicrogra ph of the LM102 is shown in Fig·
ure 5. Alth ough the schemat ic dia gram of the
circu it appears complicated, it fits neatl y on a
49 x 49 mil-square die.

creasing gain. Taps on these resistors are brought
out to provide for offset balancin g. The tap point
is selected to give a smooth ±20 mV adjustment
range whe n a 1K pot ent iometer is co nnec ted be·
tween the balance terminals and th e positive
supply.

FIGURE 5. Photom icrograph of the LM102

~~......-+-'----OUTl'\1T

Resistors are included in series with the emitt ers of
the PNP curr ent source trans istors , Q18 and Q19,
to reduce the ir output conductance, ther eby in-

.F+-+,,-{OI

a junction capac itor can be fabricated from the
emitter and base diffusi ons of the NPN transistors.
With this, th e required capacita nce can be ob ­
ta ined in a reasonable area of th e chip wit h no
additional process step s, as would be requir ed if an
MOS ca pacitor were used. The same is true , inci­
dentally, for C1.

,-- -r-+-+-,..--- - - -----....--r--,.

A class -A output stage is used pr imarily for sirn­
plicity, although the hi!tler quiescent current in
the output stage improves stability with capacitive
loads. The emit ter of the current sink, Q l 0, is
brought out so that an external resistor can be
connected between it and the negat ive supply for
increased out put cur rent in applications where the

FIGURE 4. Compl et e Sch ematic Diagram

hi!tler d issipat ion can be tolerated. The current
sourc e is biased from the collector of a low gain
latera l PNP transistor, Q14, so that the bias voltage
for th e input stage cur rent sources will not be
great ly affected when Ql0 sat urates on negat ive
signals.
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bett er hig, frequ ency response, th e LM102
actu ally has 10 ti mes mo re gain tha n eithe r th e
LM101 or the LM709 at frequencies greater th an
10 kHz. The gain of all these amp lifiers is equal at
500 Hz.

It is d ifficult to measure the low frequ ency gain of
a voltage follower directly becau se the gain error is
so sma ll. However, it can be accomplished by
grounding the input of the amplifier and driving
both power suppl ies simultaneou sly with th e
des ired input signa l. The amplifier e rro r can then
be observed direc tly on the ou tpu t .

Figure 8 gives the response of the am plifier at fre­
quenci es up to 10 MHz. With a 10K sour ce resis­
tanc e, the band width is nearly 10 MHz. Some
peak ing is eviden t, although it is not serious . At
h igher source resistanc es, the band width is reduc ed
by th e 3 pF inp ut capacitance as shown in the
figure.

Feed back amplifiers generally have a full-signal
bandwid th which is co nsiderabl y less th an the
small signal bandw idth. The LM102 is no excep­
t ion . It can on ly deliver its rated output swing at
frequencies less than 60 kHz, as shown in Figure 9.

There is no standard way of measu ring the fre­
quency limited output swing ,7 but the criter ion
used here was th at the total harmonic distortion
be less than 5-percent .

The out pu t resistance of th e follower is about H1
as sho wn in Figure 10. This gives a gain err or less
than O.Ol -percent with load resist ances above 10K.
At hig, frequ encies as well as high temperatures,
th e output resistanc e increases because th e open
loo p gain of the amplifier falls off.

INCREASED OUTPUT SWING

Figure 11 illustrates the funct ion of th e booster
term inal on the out put stage current sink. By
itse lf, th e amp lifie r can on ly deliver its rated ±10V
output swing into load resistanc es great er th an
5.7 Kn at 25°C. With heav ier loads, it will clip in
the negat ive d irect ion . A 300 n resistor betw een
pins 5 and 4 extends the drive capability to 2.5 K

whi le a lOOn resistor will enable th e amplifier to
give a ±10V swing with l.4K loads. The figure also
shows th e effect of temp eratu re on the dr ive capa­
bility .

It should be remembered that increasing the dr ive
current will increase dissipat ion in the micro ­
circuit . For example, when th e amp lifier is set up
to dr ive ±10V into a 2 K load at 125°C, the worst
case dissipation increase will be 150 mW (for a
ste ady +10V output with load ).

Figures 12 and 13 show t he current limiti ng char­
acte rist ics of the LM102. Figure 12, whic h gives
the positive output level as a func t ion of load cur­
ren t demo nstr ates the sharpness of t he cu rren t
limit ing. The short circuit current also drops as the
ch ip heats up, redu cing power dissipation.

Figure 13 gives the limit ing characteristics in th e
negative dir ection. The circ uit begins to limit at
lower cu rrent s since th e available current is dete r­
mined by a fixed -current source. It should be
noted that aft er th e output swing first starts to fall
off, furthe r increases in load curr ent are suppl ied
by the input through the pro tective clamp diodes,
03 and al l.

Figure 14 is a plot of th e current drain over a
-55°C to 125°C temperat ure range. The supply
current does no t increase app reciab ly over the
ent ire output voltage range, includ ing satu ratio n.
It is evident here that fast operat ion is obtained in
the follo wer withou t excessive power d issipat ion .

SLEWING

The fast slewing of the follo wer is demo nst rated in
Figure 15 . A fairly large overshoot is evident fo r
posit ive-going input signa ls above abou t 4V. As
shown in th e figure, th is can be elim ina ted by
using a high speed cla mp diod e bet ween th e input
and th e output (with th e anode on th e inpu t ).
Altho ugh th ere is an internal clamp diode in th is
position (0 3 in Figure 4), it is o f necess ity a co l­
lector base diode which st ores excess cha rge when
it turns on with input signals which rise faster th an
th e out put can follow. This stor ed charge causes
the overshoot.

If the LM102 is driven from source resistanc es
hig,er than 30K, th e leading edge of the input
pu lse will always be slowed down enough by the
input capacita nce that the output can fo llow the
input and the clamp diode is not needed. This is
shown in Figure 15a.

Figure 15b demonst rates th at the slew rate is abou t
10 Vips in th e slowest d irection even includ ing the
effects of oversh oot . But because of its restr ict ed
output current swing in th e negative direct ion, the
device will no t give th is slew rate with capacitive
load s greater than 100 p F unless th e output sink

AN5- 5
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FIGURE 15. Large Signal Pulse Respo nse With and Wit hout a Clamp Diode
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FIGURE 16. Error Signal fo r 8V Inpu t Pulse - With and Without a Clamp Diode

cur rent is increased with an external resistor on
the booster terminal.

a ·SSoC to +12SoC temp erature range. Again, the
conditions he re are 200 pF capac itive load with
bypassed supplies.

Figure 16 illustrates the fact that the settling t ime
of th e LM102 to within 5 mV of its final value is
less than 1.5 us for an 8V input pulse. These
photographs show th e error signal, which is the
difference betwee n the input and the output, with
a ±4V rectangular pulse appli ed .

STABILITY

Figures 17 th rough 19 are indica t ive of th e sta ­
bility of the amp lifier under varying cond itions of
capacit ive load ing, temperature and supply by­
passing.8 Figure 17 gives the small signal transient
respons e with capacit ive loading . These pictu res
were taken with both suppl ies bypassed to ground
wi t h 0.01 pF cera mic capacitors. With loads
approaching 200 pF, th e circu it tends to ward
instability . With capaci tive loads much above this
it will oscilla te, alt hough it will be stable again
with more than 0.01 pF on the output . With the
larger capacitances, however, both the small signal
risetim e and th e slew rat e will be reduc ed .

Figure 18 shows how the stabi lity is affec ted over

The effect of unbypassed supplies is demonstrated
in Figure 19. The respon se was measured un der
the same cond itions as Figure 17, except that
th ere is 16" of wire between the device and the
byp ass capacitors on the power supply . It is
evident that the circuit is on the verge of becom ing
unstable with capacitive load ing. Th is clearly
proves the advisability of properly bypass ing the
supp lies on any high frequency amplifier.

OPERATING HINTS

A number of precaut ions co ncerning the proper
use of th e LM102 have already been given along
with hints on optimizing th e performance in cer­
tain applications. These are worth repeating here.

• The output is short circuit protected ; how­
ever, th e input is clamp ed to the output to
prevent excess ive voltage fro m being devel­
oped acro ss the input trans istors. If the
amplifier is driven from low source irnped -

ANS-6



ances, excessive current can flow through
th ese cla mp diodes when the out put is
sho rted . Th is can be prevented by insert ing a
resist or larger th an 3 Kn in series with th e
inp ut.

• The circuit canno t de liver its full slew rat e
int o capacit ive loads greate r than 100 pF
unl ess mo re sink current is provided on th e
output with a resist or between pins 4 and 5.

• The amp lifier may oscillate when operated
with ca pacit ive loads bet ween 200 pF and
O.Ol IlF.

• As is th e case with any high frequ ency
am plifier , th e power supp ly leads of th e
LM102 sho uld be bypassed with capacito rs
greate r th an O.OlIlF locat ed as close as
poss ible to the device, Th is is part icularly
tru e if it is driving capacit ive loads.

Figure 20a gives th e co nnect ion for getting full
output swing into loads less th an 8K. The external
resistor , R1, should not be made less th an lOOn as
th is co uld cause limi ti ng on positive peaks, Fig­
ure 20b sho ws ho w to co nnect a pot entiometer to
balance ou t th e offse t vo ltage. Figure 20c gives the
placement of a clamp diode which can be used to
redu ce the overshoot th at occ urs when the fol­
lower is driven with large input pulses with a
leadi ng-edge slope greate r than 10 Vlus. The dio de
is on ly needed , howeve r, when the source resis­
tance is less than 30K since th e slope seen by th e
amplifier will be reduced by the input capacitance
with th e higher source resistances.

FIGURE 17. Small Signal Transient Respo nse for
CL = 10 p F (Top ) and CL = 200 pF
(Bottom)

APPLICATIONS·

Th e main adva ntage of th is c ircuit is th at it gives
much lower ou tp ut resista nce than push-pu ll
switches. Furthermore, th e drive circuitry for
these switches is co nside rably simpler.

Th e LM102 can also be used as a buffer for the
temperature comp ensat ed volt age reference, as
shown in Figure 21. The outp ut of th e reference
diode is divided down with a resist ive divider , and
it can be set to th e desi red value with R3.

Even with operation at maximum speed, clamp
diodes are not needed on th e vo lta ge followe rs to
reduce overshoot, The pullu p resist ors on th e
switches, R5 and R6, can be made large enough so
that the LM102 does not see a positive-going input
pulse that is much faster th an th e output slew rat e,

The switch tr ansistors can be driven direc tly from
int egrat ed logic circuits. Resisto rs R7 and R8 limit
the base dr ive; the values ind icat ed are for opera­
t ion with sta nda rd TT L or DTL circuits . If neces­
sary, the switching speed ca n be increased some­
what by bypassing th e resist ors wit h 100 p F
capaci to rs.

The use of the LM102 in a switc h circu it for
driving th e ladder netw or k in an analog to digita l
co nverte r is shown in Figure 21. Sim ple tr ansist or
switches, conn ect ed in th e reverse mo de for low
saturatio n vo ltage, gene rate the OV and 5V levels
for th e ladder networ k. The switc h outp u t is
buffered by A2 and A3 to give a low dr iving
impedance in both th e high and low sta tes ,

~If-'''+'1--+-- :-, I I I~--l---l-+--+---1lm
01-.-1....... ","' l.~-,,__.L_

--+":"+-+--f.+~ VERTICAL a,IV/OIV. t

HORIZONTAL a.5 I'SiDlV' 1
Rs = 3K

- t

f> b.J
,q VERT

HORI
- I I R

'--;

~
. j I L ' ,.

" ~'m""'+'
--,- I I ';" -

- 1-
-- - - I~ I J

ICAl a.1V/DiV.
ZONTAl a.5/'S/DIV.

-. =ff'
:ffl=t+ l l l

FIG URE 18. Transient Respon se fo r CL = 200 pF
at 125°C (To p) and _55 °C (Bottom)

FIGUR E 19. Transient Respon se With Unbypassed
Supp lies, CL = 10 pF (Top ) and
CL = 200 p F (Bottom) "Other appli cati ons are given in reference 8 .
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a. For Increased Sw ing

"..

b. For Offset Balancing c. For Eliminating Overshoot

FIGURE 20. Aux il iary Circuits for the LM102

"".

"".r-,

DIGITAl
SWl1Cl<-"¥Vv-....,
O ~ I 'o' E

.... .... • ~1~~=:~ III I1G

FIGURE 21. Using the LM102 to Dr ive the Ladder
Network in an AID Converter

ANALOG COMMUTATOR

Th e low input current and fast slew ing of th e
LM 102 make it well suited as a buffe r amp l ifie r in
high speed analog comm utators. Th e low inpu t
cu rrent permi ts operation wi th switch resistances
even h igher than 10 Kn withou t affecting the de
stab il it y.

F igure 22 shows an expandable four-channel
analog commutator. Two DM7501 dual f l ip fl ops
form a four -bit stat ic sh ift register. The parall el
output s dr ive DM7 800 level translators whi ch con ­
vert the TT L logic levels to vo ltages suitabl e for
dr iving MOS dev ices, and thi s is coup led in to an
MM451 fo ur -channel analog sw itch. An extra gate
on th e input of the t ranslator can be used, as
show n, to shut o ff all th e analog switches.

I n operat ion, a bit ent ers the register and cycl es

AN5- 8

th rough at th e cloc k fr equency . turning on each
analog sw itch in sequence. The "c lear " inpu t is
used to reset the register such that all analog
switches are off. The ch annel capacit y can be
expanded by connect ing registers in ser ies and
hoo king the ou tput of addi tional analog switches
to t he input of th e buffer amp lifiers.

When the output o f a large number of MOS
switches are connected tog eth er, the capaci tanc e
on the ou tput node can becom e high enough to
reduce accuracy at a given operat ing speed. This
prob lem can be avoided , however, by breaking up
the total number of channe ls, buffering th ese seq­
ment s w ith voltage foll owers and then subcorn­
mutate th em into the AID converte r.

SAMPLE AND HOLD

Although ther e are many way s to make a sample
and hold device, the c ircu it shown in Figur e 23 is



FIGURE 22 . Analog Commutator With Buffered
Ou tpu t

undoubtedly one of the simplest. When a negative
going sample pul se is applied to the MOS swi tch . i t
w il l tu rn on hard and charge the holding capacitor
to the instantaneo us value of the inpu t voltage.
A fter the swi tch is turned off . th e capaci to r is
isolated f ro m any loadin g by the LM 102 ; and it
will hold the voltage impressed upon it.

Th e max imum input current of th e L M 102 is
10 nA , so with a 10 I1F hold ing capacitor the dr ift
rat e in hold wi ll be less than 1 mV /sec. I f accu­
racies o f about l -percent or better are requ ired, it
is necessary to use a capacitor with polycarbonate,
pol yethy lene or teflon diel ect ric. Mo st other
capacitors exhibi t a po lariza tion phenome non 9

which causes th e stored vo ltage to fall off after the
sample interval wi th a t ime constant of several
seconds. For example, i f the capaci to r is charged
f rom a to 5V during th e samp le interval, the mag­
nitude o f th e fa lloff is about 50 to 100 mV .

AC AMPLI FIER

Th e LM 102 has a minimum input resistance o f
10,000 Mn , so for dc amplifier applications th is
can be complete ly neglected . Ho wever, with an ac
coupled ampli f ier a biasing resistor must be used
to supply the input current . This dr ast icall y re­
duces the input resistance.

Figur e 24 illust rates a method o f bootstrapping
the bias resistor to get higher inpu t resistance.
Even though a 200 Kn bias resisto r is used for
good dc stabi li ty, the input resistance is abou t
12 Mn at 100 Hz, increasing to 100 Mn at 1 kHz .

ACTIVE FI LTERS

A ct ive RC f ilters have been replacin g passive LC
filters at an ever-increasing rat e because of the
decl ini ng price and smaller size of act ive compo­
nents. Figure 25 is a low-pass filter wh ich is one o f
th e simp lest for ms o f act ive fil ters. The circuit has
the filter characte ri stics of two isolated RC fi lt er
secti ons and also has a buffered, low-imp edance
ou tp ut .

The attenuation is roughly 12 dB at tw ice the
cutoff fr equency and th e u ltimate attenuati on is
40 dB /d ecade."A third low-pass RC sect ion can be
added on th e output o f th e amplif ier fo r an ult i­
mate attenuat ion of 60 d B/d ecade,10 altho ugh
t hi s means that the outpu t is no long er buffered.

Th ere are two basic designs for this ty pe of fil ter.
One is the Butterw or th filter w ith max imally f lat
fr equency respo nse. Fo r th is charac te ristic, th e
compo nent values are dete rm ined f rom 11
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FIGURE 25. Low Pass Active Filter

C1 = R1 +R2
,j2 R1 R2 w c

and

C2 = (R1 + R2i w c '

The second k ind is the l inear phase fi lter with
min imum set t l ing t ime fo r a pulse input. Th e
design equati ons for this are

C1 = R1 + R2

V3F1R2 w C

and

C2 =(R1 + R2) w C

Sub stituting capacitors for resistors and resistor s
for capacito rs in the circu it of Figur e 25. a similar
h iqh-pass f ilter is obtained. Thi s is shown in Fig·
ure 26.
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FIGURE 26. High PassActive Filter

CONCLUSIONS

The LM 102 repr esents a significant advance in the
state of t he art of line ar circui ts manufac turing .
The device incorp orat es transistors whic h have
higher current gain than is available with discrete
compon ents. Fur th er, a facto r of th ree to fiv e
impr ovement over thi s can be expected in th e near
fu ture.

T he performance real ized challenges that of f ield
effe ct tra nsisto rs, if operati on over the mil it ary
temperature range is considered. This is especial ly
tr u e ' i f t h e components are incl uded in a
temperatu re-stabilized oven..

A ltho ugh the circu it introduced here is restr ict ed
to vo ltage foll ower applicat ions , many of th e tech­
niq ues used here can be applied to general purpose
ampli fie rs. Th is is ind icati v'e of th e performance
th at can ult imat ely be realized w ith monol ith ic
ampl if iers.

Even though it's only a voltage follower, the
LM 102 can be used in a w ide var iety of appl ica­
t ions ranging fro m low drift sample and hold cir­
cuits to a buffer ampl if ier fo r high-speed 'analog
commuta to rs. It s usefulness is enhanced by the
fact th at it is a pluq-in replacement for bo th th e
LM101 and t he LM709 in vo ltage follower applica ­
t ions. Th e ci rcu it wi ll work in th e same socket ,
unaffected if th e compensati on components fo r
the ot her ampli f iers are installed 'or not . '
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INTRODUCTION

FIGURE 1. Emitter Coupled RF Amplif ier
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is permanent ly connected as an emitter coupled
amp lif ier, in an economica l six pin package, or as
th e more versat ile t ype LM171 (Figur e 4 ), in which
a ten pin package allows th e user to select either
emitter coupled or cascode confiqurat ions. Since
the 171. when externally connected as an emitter
coup led ampli f ier, is essentia lly ident ical in perfo r­
mance to th e 703, references w i ll be made on ly to
"ca scode" or "em itter coupled" confi gurat io ns.

FIGURE 2. Cascode RF Ampl if ier

0",

' 0<1

,
san

"

In replacing conventional tu ned h igh frequency
stages, monoli t hic RFI IF ampli f iers can prov ide
performa nce, as we ll as econom ic advant ages. Large
avai lab le gain per stage, inherent stab ili ty, self-co n­
tained biasing, and exce llent lim it ing or A GC capa­
bilit ies allo w such amplifi ers to improve conven­
ti ona l designs, whi le th eir very smal l chip size makes
them compe tit ive wi th single t ransistor stages.

TUNED CIRCUIT DESIGN USING
MONOLITHIC RF/IF AMPLIFIERS

Two especiall y usefu l RFII F ampli fie rs are the
" emit t er coup led" di ffe rentia l ampli f ier , F igure 1,
and th e mod if ied " cascode", F igure 2. Em itter
coupled operati on is advantageous because of its
symm et rica l, non-saturated limit ing action, and cor­
respond ing fast recovery from large signal overdr ive,
mak ing a near ly ideal FM IF staqe. The "cascode"
combines the large avai lable stab le gain and low
no ise figu re, for wh ich the configurat ion is we ll
known, w ith a high ly effect ive remot e gain con­
t ro l capabi lity, v ia a second common-base stage,
which overcomes many of the interstage detuning
and bandwid th var iat io n prob lems fou nd in con­
vent iona l tr ansistor AGC stages.

"'>W ,

FIGURE 3. l M703 Con f igu rat io n

DC Biasing

T he " em itt er coupled" and " cascod e" conf igura­
t ions conta in essentiall y the same components; they
are avai lab le as eith er ty pe 703 (Figure 3), wh ich

Bot h th e 703 and 171 are biased by using th e
inhe rent matc h between adjacent mon o lith ic com­
ponen ts. They are designed for use wi th conven-
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tional tu ned interstages, in which DC bi as currents
f low through the input and outp ut tu ning indue­
tanc es.
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FIGURE 5. Em itter Coupled Transfer
Character istic

(2 )

FI GUR E 4. 17 1 Conf igurat io n

In either case, a resistor forc es DC current from
th e posi tive supply into a chain of diod es (two fo r
th e 703 , three for the 171), prop ortiona l to the
d if fer ence between sup p ly and fo rw ard d iod e-chain
vo ltages, and inversely to the value of th e resistor.
Th e for ced current , Ib;as estab lishes a vo ltage drop
across the bottom diode (i n real ity , an NPN tran­
sistor with co llecto r-base short ), which is ident ical
to t he base-emi t te r vo ltage requ ired to force a co l­
lector curren t o f Ib;as in a matched com mon -emitter
stage. Since the tr ansistor is monolithica lly match ed
to the bottom diode. and of fa irl y high DC " beta" ,
an eff icient , rel iabl y biased current source iscreat ed.

Total current through an NPN differential pair is
determined by th e current source, w h ile current
" sp lit " depends on th e different ial base vo ltage.
Com mon-mode base vo ltage is read i ly availabl e by
using th e tap at the top of the d iode chain. In the
703, the dif fe rentia l emitt ers operate at a fo rced
volt age of one forward diode drop, V be' the cur­
rent source sti l l being effecti ve w ith zero volts,
co ll ector to base. Because the 171, as a cascode,
requ ires high freq uency performance of the cur­
rent source, three biasing diodes are used, f ix ing
the differential emitters at 2 V be '

Bot h 703 and 171 function as ordinary differential
ampli fi ers, spli tting avai lab le current sourc e dr ive
equall y, when base vo ltages are equal, and being
capab le o f either complete cuto ff. or full conduc­
tion o f available curr ent into on e of th e pair, de ­
pending on diffe ren t ial input. In emitter coup led
serv ice, the input signal is in jected in series w it h
th e different ial pair's DC bias,whi le, in th e cascode,
it is in ser ies with the current source's base bias.

Emitter Coupled Operat ion

The transfer character istic of Fi gur e 5 is represented
by t he equat ion :

I(cu". nt sou'cel = 1 +Jq:~N) (1)
I(o u tPu t!

Calculating t he differ ence in V 1N requ ired to change
th is rat io from 10% to 90%, it may be seen tha t :

V 1N ( 10%) - V 1N (90%1 = 2 ~ (In. 9) =

0.384 T (mV )

T his quant ity, the t ransit ion w idt h o f an emi tter
coupled ampli f ier, is independent of supp ly voltage
and current , and proportional to absolute temp era ­
tu re, vary ing fr om 84 mV at _55° C to 153 mV at
+ 125°C, and is appr ox imat ely 114 mV at 25°C.
Forward transconductance, however, is d irectl y pro­
port ional to total supp ly current, taking the ap ­
prox imate fo rm :

I YZ1 ! = 3.6 (I supp lv' mAl mmhos (31

at 25°C , 10.7 M Hz, for either 703 or ern it ter- co u­
pled 171. Thus, em itter coup led amp lif ier gain may
be con tro lled by exte rnal ly varying " b ias chain"
current, changing the current source by the same
amo un t , but w ithout af fect ing t ransition w idt h.

Because an emi tter coupled ampl if ier' s input irn­
pedanc e is a fun ct ion of drive level (F igure 6),
inte rstages designed w ith srnall -siqnal v-param et ers
may exh ibit cent er fr equency shi fts and bandw idth
decreases as signal level inc reases. This is less of a
pro b lem in FM IF st rips, whe re input signal am­
p lit ude is essenti all y constant, d ictated by the limit·
ing characteris tics of the previous stage (F igure 7).

~ 30 f-t-t-t-t-t-t-t-t-H 11

" I-I-I-I-I-I-I-t-t-H 10 J"

100 100 )00o ~oo ~oo

,"'sl,\ PUTIJOlT AGt I...VI

", c.

FIGURE 6. Effect of Dr ive Level on Em itter
Coupl ed Input Impedance

To assure symmetrica l limi t ing, and maximum small­
signal lin earity, it is necessary that the di ffe rent ial
pair be clo sely balanced, so that quiescent operati on
occurs in th e center of the amplif ier' s t ransfer char ­
acteristic (Figure 5). Typical V be mat ches bett er
th an ±0.3 mV, for both 703 and 171 assure this,
prov ided that DC resistance of th e input induc to r
is so low tha t inpu t bias currents in th e 50 I-lA
region do no t induce apprec iable input offset vo lt ­
ages.
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Data Sheet Param eters as Design Aids

While prod uc tion measu rement to gua rantee " black
box" parame te rs for all poss ib le ope ratin g cond i-

FIGURE 10. Effect of AGC on Cascode
Input Impedance

FIGURE 9. Tuned Cascade Power Ga in vs AGC

Gain redu ct ion may be acco mplished wit h eit her
posi tive-going or nega tive-going AGC , simply by
choosi ng th e app rop riate inpu t base of the d iffer­
ent ial pai r. App rox imate ly 200 mV peak -to-peak
is sufficient to ope rate the AGC from full co nduc­
t ion to cutoff at 25°C; adjacent AGC stages ma y
be con nected with the AGC inputs in para llel, if
the DC " reference" is obta ined for each differ en ­
t ia l pair fro m a common poi nt, such as t he bias
chain of on e of t he amplifiers. Altern ati vely, sensi­
t ivity to differences in individ ua l bias cha in refer­
ences may be red uced, as we ll as AGC vol tage
sens it ivit y, by using an ex terna l vo ltage d ivider for
each AGC input .

and 100 MHz. fo r examp le , 171 V o is abou t
50 mmhos. Fro m Equat io n (4), it may be see n
that balanced co nditio ns (Vage = 3 Vbe I result in
the expone nt ia l te rm eq ua ling uni ty . so that for­
ward t ransc onductanc e is ha lf of its max imum
value.

Th e co mb ined second-stage inpu t ad mi tt ance seen
by t he co llecto r of the input t ransi sto r remains
essent ially con stant, as ba lance of th e d ifferent ial
pair is varied ; t hus, input ad mitt ance of t he cascode
remains cons ta nt over a w ide AGC rang e, a llow ing
int erstages to be sha rp ly tun ed witho ut fear of
cen ter frequ ency or band width shift whe n AGC
is ap plied (Figure 10). Moreove r. the exceptio nally
low reverse t ransco nd uctance (.001 mmh os or less
at 200 MHzI allow s high-O inte rstages to be a ligned
in an IF st rip with min ima l interaction bet ween
succ eeding tuning ope rat ions .
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IY2,I=( [ q(Vage - 3Vbel]) mm hos(41

1 + e kT

where V0 is the maxim um (no-AGC) magn itu de of
Y2 1 fo r given co nd it ions. At 25°C, Vcc = 12 vo lts,

The magnitude of for ward tra nsad mittance is ap­
prox ima te ly propo rt iona l to the fraction o f avail­
ab le DC current shun ted into the o utput stage; it
can be re lated to the AGC vo lta ge by th e exp ress ion:

(Vol

The casca de conf iguration exh ibits th e same inpu t
cha racteristic s as a co mmon-emitter stage , and nea r­
ly the same out put characte rist ics, but has su peri or
available gain and stab ility; thu s, it may direct ly re­
place ma ny ex ist ing AM-IF designs. The modified
casco de possible with the 171 allows th e effective
forwa rd tr ansconduct ance to be co ntr olled by a
small DC voltage. app lied di ffe rentia lly betwee n
Pins 1 and 7, as in Figure 2. With th e AGC inpu t
near ground, and the base of th e out put co mmo n­
base transistor at 3 Vbe (from the bias chain), th e
outp ut t ransisto r acts as it would in an ord inary
cascode circu it . As the AGC transistor' s base volt ­
age is increased , it begins to con duc t part of th e
available DC curre nt and a proporti on al amount of
signal, from the input stage. As emitter current in­
creases in th e AGC tra nsistor, its em itter resist ance
decreases. whi le the emi tt er resistance of the outp ut
transistor increases proporti on ally ; when th e differ­
ent ial pair is balance d, out put is redu ced by half,
and inc reased AGC voltage causes all DC cu rrent,
as well as nea rly all signal. to be shun ted to t he
AGC transistor (Figure 8). Infin ite gain red uct ion
is no t possible. beca use o f capaci t ive lea kages in t he
cu t-off ou tput t ransist or ; nevertheless. large AGC
range pe r stage is possi ble (Figure 91.
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As a ch eck, the sta bi lity criterio n, C, is calc u lated :

(5 1805
(4 X 6.6 X 1O.3 X . l l X 10-3 )

; 29 .2 d B (neg lecting yd

tions an d frequencies is impract ical, both the 703
an d 171 data sheets supply a weal t h o f parameter
info rma t ion . The most conven ient cha racterization
for prac tical RF circu it de sign appears to be the
fo ur co mp lex " v-pararne te rs" . which define input,
output, and transfer adm ittances. In some case s,
ca paci ta nc e and resi st an ce val ues are presen ted , as
they are easier t han pure y-parameters to ver ify in
the labo ratory, but they ma y easily be converted
to eq uivale n t y-parameters. A number of system­
at ized des ign approaches are ava ilable , in the lit era­
t ur e, and wi ll not be treated here in de tai l.

Interstage Configurations ; .0 325 (6)

Choosing a total input capaci tance of 15 pF , th e
value o f L, is:

S inc e the cri te r ion O<C< 1 is satis fied , t he casco de
is uncond itiona lly stab le at 100 MHz, for an y so urce
and load . In a pract ica l ci rc u it , powe r ga in near ly
eq ua l to MAG may be atta ined wi th conj ugate inp ut
and output mat ch ing, provided that phys ica l co u­
p ling (ex tern a l feed back) be tween inte rstages is
m inim ized by shie lding o r carefu l layo u t.

While ci rcu it o pt im izat ion mu st una vo ida b ly be
done in th e laborat or y, the procedure shown be low
wi ll provid e in it ial com po ne nt va lues. T o conj uga te
ma tch a 50 ohm resistive so urce to 150 oh ms, and
11 pF at the cascode inpu t , con side r Figure 11. An
overa ll bandw id th of abo ut 5 MHz is de sired ; how­
ever a pre lim inary ca lcu lat ion reveal s that the re­
q uired Q , for equa l effe ct from input and ou tput
tuned c ircu its, r e q u ir e s imp ract ical compon en t
va lue s a t the inpu t , because of the low input re­
sistance . The input co upl ing circuit is therefor e de­
signed with prac tical val ues, leavi ng the fr eq uenc y
shapi ng fu nct io n primarily to the o u tp ut net wo rk,
in thi s example.

(7)

Practical Circuits

Tuned int erstage s for emi tt er cou pled and cas code
am pl ifiers can ta ke a wide varie ty of for ms, pro­
v ide d that they meet the DC biasing requirem ent s
previously outlined . Th e " tapped capacito r" pa r­
a llel resonant circuit of F igur es 1 and 2 is es pecia lly
useful wh en transformer s are to be avoided, o r w he n
ad justment capability is required to mat ch differ ent
so urce and load admittances. A seco nd co mmo n
approach is the single o r double tuned inte rsta ge
tr an sformer , currently used in th e major ity of com­
meri cal de signs. While th e tr ansfor mer req u ires mor e
careful in iti al de sign , to obta in desired ma tc h ing,
gain and bandwidth, it is better su ite d to mass­
produced systems. Capacit ively co up led int er st ages ,
such as three term inal cer ami c fi lter s, o r crysta l
latt ice filters, requ ire R F chokes or ex tern al resis­
tors to supply th e requ ired DC bias levels.

Two intersta ge des igns will be bri efl y presented;
one, a 10.7 MHz emitt er-co up led stage, is use fu l in
an FM IF stri p , wh ile the other, a 100 MHz cas­
cod e, might find app lica tion in a VHF rec eiver fro nt
end , o r a radar IF strip. No attempt will be made
to give o pt imized des igns; ho wever, conside rat ions
invo lved in su ch opt im izat ion are po int ed out.

100 MHz Cascode

; 0 .171JH

The se ries co m bina t io n of C , and C2 must eq ua l
the d ifference between Clin and 11 p F, o r 4 pF.
For the circui t o f Figur e 2, th e rea l pa rt of input
impedance , R;n, see n by the cascod e input , may be
ca lcu lat ed :

(9 1

aft e r so me rearrang ing,

C,C; ;

R IN ; 150 ohms, CIN ; 11 pF
(Vcc " 12V , connected to Pin 9)

or Y11 ; 6.6 + j 6.6 mmhos

ROUT ; 9000 ohms, COUT ; 3 pF

or Y22 ; 0 .11 + j 1.8 mmhos

and Y21 ; 38 + j 30 m mh os (no AGC app lied I
y '2 '" .00 1 + jO mmhos (ne gligib le)

Th e o bjec tive is to bu ild a high gain, narrow-ba nd
sta ge, w it h inpu t and output ma tc hed to 50 ohms.
To o btai n h igh Q, and ease of ma tc hing, a capac i­
t ive divider is used fo r inpu t and output, rather
th an a tr an sformer (Figure 2) . At 100 MHz, the
following parameter s may be rea d fro m typica l
curves on the 171 data shee t :

Maxim um available power ga in may be calculated
fo r these parameters :

MAG;~
4 g11g22

it ma y be show n tha t

t hus,

(10)
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FIGURE 11. Equ ivalent 100 mHz Cascade Networks

(1 1)
eters must be weighed against each other. Since
design techniques are well covered in the lit era­
ture(4,5,6,7l, only a brief discu ssion of design con­
siderations will be incl uded in this repor t.

and

(12)

Maximum avai lable powe r gain may be calcu lated
fo r eit her 171 or 703 as emitter coupled amp lif ier,
using th e formula of th e preceding examp le. A t
10.7 MHz, 25°C, and Vee = 12V, using 703 values,

substituting,

solving,

C, = 6.8 pF , C2 = 9.4 pF

The same procedure and equivalen t circui t may be
used to dete rmine values for the ou tput network;
in this case, however, the choice of tota l output
capacitance is not arbi trary, since a known band­
wi dth is desired. For a 5 MHz bandwidth, conj ugate
matched to 9000 ohms,

Q = .!E... = 100 = 20
BW 5

s"" 19000 - 1= 13.4- 1= 12.4
C2 J 50

solving,

C, = 4.4 pF . C2 = 55 pF

Laborato ry measurements, in which circuit values
given above were used asdesign centers for adjust­
ment , give typica l cascode power gain of 27.5 dB,
with the desired 5 MHz bandwid th , using carefully
constructed, low loss indu ctors .

10.7MHz FM IF Using Emitter Coupled Amplif iers

Complete design of a high quality FM IF st r ip is a
painstaking process, in which a num ber of param-

y" = 0.35 + i 0.6 1 mmho (R 1N =2.9k, C1N =9pF)

Y2' = - 33.4 + i 5.88 mmho (no te negative
real part)

y'2 "" 0.00 2 + j 0 mm ho

Y22= 0.03 + j 0.18 mmho ( ROUT = 33k ,
C OU T = 2.6 pF)

I , 2 .3 2
MAG =~ = (34 X 10 ) = 2.75 X l 03

4g"g22 4 (.35Xl 0·3X .03 X 10.3)

= 34.4 dB

(Due to somewhat d ifferent typica l y-parame ters,
MAG for an Emitter Coupled 171 = 39 dB.)

Calculat ing the stab ility criterion :

6.8XlO -S
= ----'c..;...--C.-~

2.1X l0-8 +6.7Xl0·s

= 0.775

For th e condit ions given, 0 < C < 1, making t he
device uncond iti onally stable for all sources and
loads. In a pract ical 10.7 MHz IF str ip , however,
external coupling, especially from the st r ip's output
to its input, can cause instab ility wi thout careful
physical design.

A modern FM tuner IF st rip capable of low-d istor ­
t ion multiplex recept ion, requires:

A . Bandwidth at least 300 k Hz. In a four stage
design, w it h f ive interstage networks, band­
width per stage may be calculated f ro m overall
bandwid th by use of the "s hri nkaqe' ttormula:

) BW(overe1Il ( f
BW(per stage =-= n= numb er 0

y 2 / n - 1 interstages)
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(13)

= 773 kHz

B. Shar p sk irt se lect ivity witho ut phase/freq uency
no n lineari ty with in t he passband. T his usua lly
imp lies dou ble-tuned interstage transforme rs.
Stover , et . al. (5), show that a t ransformer cou­
pling factor be tween 0. 6 and 0.8 gives minimum
phase no n linea rity, the higher va lue be ing pre­
ferr ed for higher gain per stage.

C. Overall power gain of at least 100 dB , or 25 dB
per stage in a four stage strip, to ob ta in ade­
qua te sens it ivity and AM reject io n.

D. A max imum valu e of load resistance across th e
output of each stag e, given by :

(14)

where N = number of bias cha in diod es

N = 2 for th e 70 3, or 3 for t he 171

I OU T ( M A X ) is ap prox imate ly 5 mA, fo r
bo t h types.

This relat io nship assures that maximum ou tput
current limiting is reached before the output
tra nsisto r can sat urate, guara nt eeing non-satu ­
rat ed limit ing actio n.

E. The input admittan ce used in maki ng inte rsta ge
ca lculations shou ld be the value resulting fro m
a given value of input swing, (see Figur e 6),
rat he r than the small -signa l va lue. T he input
swing, however, depends upon the transfo rmer
ratio, so t hat transformer optim izat ion is a
mu Iti-approx imatio n proced ure .

AN6-6

F. T he interstag es should be designed to minim ize
the effects of varying d rive levels upon cente r
frequency an d bandwid t h, since very weak sig­
nals may operate th e first o ne or two sta ges
linearl y, rather than as limiters.
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NEW USES FOR THE LM100 REGULATOR

IN T RODUCTI ON

One migh t think that an in tegrated ci rcuit lik e a
voltage regu lator wou ld be lim ited to one spe­
cialized applica t ion . Such is not the case, as was
prov en by the resu lts of an appli cat ions con test
that was conduct ed recentl y for ou r LM1 00 vo lt­
age regulator.

The L M 100 is a monoli th ic integrated circuit that
was designed as a ser ies regu lator to operate in
either a l inear or a sw itching mode. It s ou tput vo lt ­
age can be set any where betwee n 2 and 30Y with a
pair of exte rna l resistor s. By it self i t can deliver
ou tpu t current s o f 10 to 20 mA, but di screte tran­
sisto rs can be added to boost th e outp ut cu rrent to
any desired level. Th e integrat ed circu it design is
descri bed along wi th it s app licatio ns as a ser ies
regu lator in references 1 and 2.

The contest brough t ou t a number of nove l ways
to use the LM 100 in other voltage-regulato r app li­
cat ions such as a shunt regulator . Inc lud ed were
temperature regu lator s and li ght- level regulator s. It
was also show n that the LM 100 cou ld effectively
be used as an operationa l amplifier, especially if
th e applicat ion requ ired a reference vo ltage or i f i t
was necessary to add tr ansistor s for increased ou t­
pu t powe r.

It is appropriate to po in t out that all the ci rcuits
described here fo r th e LM 100 wil l wo rk equal ly
well w ith the LM 200 or LM300, with in their
r esp ec t ive temperature and operat ing-vo ltage
ranges.

r-~-----<r-.....---t- Uf'ill£ClHYE D I"PUT

BOOSTER OUTPUT

."l-.....-.ilM~ CuRREPH L1 ttllT
......~~~:.....-_-+ R(CUl AlfOOuTPUT

.....----- CO~Pl: "SATtO"

Q !.....-...~:r---- H£OBAC ~

'---t------- RHEIl("C( BYPASS

'----1~--+"------ CIIOIJOO

FIG URE 1. LM 100 Schemat ic
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THE LM1 00

Before going in to the various circu its, i t is in orde r
to describe briefly the operation of the LM 100. A
schematic d iagram of the integrated circu it is given
in Figure 1. Generat ion of the reference voltage
starts with zener diode, D I , which is supplied with
a f ixed current from on e o f the co llec tors of 0 2.
T h is regulated voltage, wh ich has a positive
temperature coefficient, is buf fered by 0 4, div ided
down by R1 and R2 and connec ted in ser ies wit h a
diode-connected transi sto r , 07. The negativ e tern­
peratu re coeff icien t of 07 cancels ou t the positive
coeff icie nt of the vol tage across R2, produci ng a
temperature-compensated 1.8Y on th e base of 0 8.
T his po int is also brought outside th e circu it so
th at an exte rna l capacitor can be added to bypass
any noise fr om the zener d iod e.

T ransistors 0 8 and 0 9 mak e up the erro r ampli fie r
of the ci rcui t . A gain of 2000 is ob tained f rom t his
single stage ' by using a current source, another
co llector on 0 2, as a co llect or load. T he output of
th e amp li f ier is buffe red by 01 1 and used to dr ive
the series-pass transisto r, 0 12. The col lector of
0 12 is brou ght ou t so that an external PNP tran ­
sisto r, or PNP-NPN combinati on, can be added fo r
increased output current .

Current l imi t ing is pro vided by 010. When the
vo ltage across an ex ternal resistor connected be­
tween Pins 1 and 8 become s high enough to turn
on 0 10, it remov es the base drive from 01 1 so the
regulator exhibit s a con stan t -cur ren t character istic.
A s for the remaining deta il s, the co llector of the
ampli f ier, 0 9, is brough t out so that ex ternal
co l le c to r-base capacitance can be added to
f requencv -stabi l ize the circui t when it is used as a
linea r regul at or. R9 and R4 are used to start up
t he regul ator , whi le the rest o f t he circuitry estab­
l ishes th e proper operating levels for th e current
source t ransistor , 0 2.

Now that some understanding o f th e interna l
work ings of the LM 100 has been establ ished, we
can discuss the appl icat ions for the circuit.

SHUN T REGULATOR

Shunt regul ators are someti mes subst i tuted for
ser ies r egulat ors even though they are less
eff icient. Th e reason is that they are not as sensi­
t ive to inpu t vo ltage t ransient s, they do not feed
load current t ransient s back into the unregul ated
supp ly , they are inherently short -circu it proof and
t hey are less prone to failures where the ou tput
vol tage becomes excessive.
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A lt hough t he LM 100 was designed pr imaril y as a
series regulato r, it can also be used in shunt­
regulator appl icat ions. Figur e 2 shows a 3A shunt
regulator . The out put of th e LM 100 dr ives a com-

Thi s circu it was submitted by Bob Dobk in of
Philbr ick / Nexus Research, Dedham, Massachusetts
and R. F. Downs of LT V Research Center,
Anaheim, Californ ia.

,..------~--.....- .......GROUNO

RJ 01
t OO 2NC398

SWITCHING REGULATOR WITH OVERLOAD
SHUTOFF

v,.-'VV'-.....- - - - .....--- - - ....- +-VOUT

FIGURE 2. Negative Shunt Regulator

I t is diff icul t to current limit a swi tching regula tor
because th e ci rcui t must cont inue to opera te in a
high efficiency swi tch ing mod e even when the out­
put is short circuited. Ot herw ise, the pow er dissi­
pation in the switch tr ansistor w ill be excessive,
more than ten ti mes the full load dissipation, even
thou gh the curr ent is lim ited .

A unique so lut ion to this problem is the over load
shutoff scheme shown in Figure 3. When t he
output cur rent becom es excessive, the voltage
dro p across a curren t sense resistor f ires an SCR
which shuts of f the regul ator . Th e regul ator
remains of f , dissipati ng pract ically no power, unt il
it is reset by removing the input vo ltage.

In the actual circ ui t , comp lementary transistors,
01 and 0 2, replace the SCR since it is difficult to
f ind devices with a low enough hol ding current
(about 50 I1A ). When the voltage drop across R4
rises to about 0.7V , 0 2 turn s on , removing the
base dri ve to th e output transistors on the LM 100
through Pin 7. Th en 0 1 latches 0 2, holding the
regulator off unt il the input voltage is removed . It
wi ll then start when power is applied if the over­
load has been removed .

A. R2
3 2.21K
SOW 1%

Rl
16.7K
t %

R5
l K

R6

pound emit ter follo wer which conducts th e excess
inp ut curre nt . A zener dio de, D I , provides a level
shif t so that the output tr ansistors wi thin th e
LM 100 are proper ly biased. R5 supp l ies base dri ve
for 0 2 and also the minimu m load current for th e
LM 100. R4 is included to minimize dissipati on in
the power t ransistors when the regulator is li ght ly
loaded. Th e ou tput voltage is determined in the
normal fashion by R1 and R2. A lt hough no out ­
put capacitor is used, it may be advisable to
include one to reduce the output imp edance at
high frequencies.

Because a shunt regulato r is a two term inal device,
one design, using an LM 100, can be used as eit her
a posi tive or a negative regulator .

This circui t was designed by Dan Lu barsky of
Moore Associates, San Carlos, Cali forn ia.

RC
0.1

C2
O.l IJF

Rl
3.1K

=

R3
SDK

t Solid Tanu lum

R2
6.51<

f 60 Turns= 20 on Arnotd En,"et, ing
A9301S7·2 Molybdenum Pttm. lloy Cone

=

r--....---...-------__4I'"""N~~-__4I~VOUT " 5V

ci'

I
l00 ~F

35V

R8
tM

Ot
tN1880

v,.
8.5 -3 5V

=

FIGURE 3. 3A Switch ing Regulator With Overload Shutoff
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OV ERVOLTAGE PROTECTI ON

A switch ing regul ator can be used in p lace of a
power conve rter to reduce high inpu t vol tages
down to a considerably lower output vol tage with
good effici ency . In addit ion. it simul taneously
regul ates the output voltage. A s a result. a
swi tching regulator is simp ler and mo re efficient
t han a power convert er/r egulator combination.
One object ion brought up against swi tc hing regu la­
tor s is t hat they can fail wi th the output vo ltage
going up to the unregulated input vo lt age which is
fr equent ly several t imes the regulated out put vo lt ­
age. T his can destroy the equ ipment that the
regul ator is suppl y ing . A po wer conv ert er has the
advantage that it w il l usuall y fail w ith th e ou tp ut
vo ltage going to zero .

A circuit wh ich pro tects the load from over­
vol tages is shown in Figure 4. If the output vol tage
shoul d rise sign if icant ly above 6V, t he zener diode,
0 2. breaks down and fi res the SCR, 0 13, shorti ng
th e outp ut and blowi ng the fuse on th e input li ne.
C3 keeps the SCR fr om f ir ing on the vo ltage t ran­
sients wh ich can be present around a switching
regulator , and R7 is included to make sure t hat
excessive gate current does not fl ow when it fires .
Since the SCR is located on the output of th e
regu lator, it is not prone to dV/dt f iri ng on fast
tr ansients wh ich might be present on th e unregu­
lated input .

It is imp ortant to design th e regul ato r so that the
overshoot in th e ou tput vo lt age2 caused by
suddenly removing fu ll load current does not fi re
th e SCR. If this is done, abou t th e only thing that
can cause an overvo ltage ou tp ut is failure of th e
regulator swi tching tr ansistors.

Thi s ci rcui t comes f rom E. S. Madson of ESM,
Copenhagen, Denmar k and Don Learned, Heath
Company , Bent on Harbor, Michigan.

FOCUS CON TR OL CU RRENT SOU RCE

A lt hough th e LM100 is most fr equent ly used as a
vo ltage regulator, i t is also useful as a current regu­
lator . A curren t regulato r can be made by regula­
ting the vo ltage across a known resistor, producing
a f ixed cu rrent.

T he f ocus con tro l cur rent source shown in
Figure 5 is an examp le of such a current regulator.

FIG URE 5. Focus Cont ro l Current Sou rce

Th e output curren t fro m t he pass transistor , 01 , is
set by select ing an app ropr iate value for R5 and
th en adjusting the voltage drop across it w ith R4.
Wi th the arrangement used, most o f the power is
d issipated in R5 rath er than the con tro l potentio­
meter. R2 is inclu ded in th e adjustm ent ci rcuit so
that the LM 100 feedback term ina l operates fr om
approx imate ly 2.2 kSl source resistance. This is
the opt imum design value for min imum th erma l
dr ift and prope r f requenc y compensat ion.

T h e regulator is protected against shorts to
grou nd, f rom th e focus co il or its leads, by R1. 01
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prevent s vo ltage reversals on the integra ted circu it
or th e pass element, cause d by the induct ive kick­
back of th e focu s co il, when the input vo ltage is
switched off. C2 and C3 are requ ired to keep the
circu it fro m oscillating .

A particular advantage of the LM100 in this app li­
ca tion is that its low reference volt age enables it to
regulate a current with a mini mum of voltage
dro pped across the sense resistor . This is impo rtant
bo th to increase the efficiency and to minimize
d issipat ion in the sense resistor which usual ly must
be a precision resistor .

Th is design was submitted by H. J . Weber of
EG&G, Boston , Massachusetts. Similar circuits
were sent in by C. M. Katkic of Michigan Bell
Telephone Com pan y, So uthf ield , Michigan and C.
H. Ristad .

1A CURRENT SOURCE

Ano ther cu rren t source circuit is shown in Fig­
ure 6 . Here the LM100 regulates th e emitte r cu r-

as
200

Ql
ZtlOpf

02

oJ 200
01

2' .. 2.2
ISO

'"
-=

FIGURE 6. 1A Current Source

rent of a Darl ington-connected transistor, and the
ou tput cu rrent is tak en fro m the co llectors. The
use of a Darlington connect ion for Ol and 0 2
improv es th e accu racy of the circuit by minimizi ng
th e base-cur rent error bet ween th e emitt er and
collect or current .

The outpu t of th e LM100, wh ich drives th e con­
tro l tran sistors, must be short-circuit protected
with R6 to limit the curr ent when 02 saturates .
R7 is requ ired to provide th e minimum load cur­
rent for the integrated ci rcuit . D1 is included to
absorb the kick back of inducti ve loads when
po wer is shut off . The ou tp ut cu rren t of the cir­
cu it is adjusted wit h R2.

AN8-4

The maximum supp ly voltage (V' ) that can be
used with this circuit is limited on ly by the break ­
do wn voltage of the control t ransis tors . If thi s
voltage is less t han 40V, th is supply can also be
used to power the LM100 .

The regulator can be swit ched off electri cally by
clamping Pin 7 of the LM100 wit h a 1 kQ resistor,
a diode.and a transistor to ground . If it is desirable
to op erate th e circui t as a fast switc h, however, 01
shou ld be replaced wit h a faster transistor like the
2N3445 and Cl should be red uced to 47 pF . It
wo uld also be advisa ble to use a 1N3880, which is
a faste r device, for D1.

Th is ci rcu it was co ntributed by Bob Dobkin of
Ph il b r ic k / Ne x u s Re search, Dedham, Massa­
chusetts ; Tom Hall o f Bausch and Lomb, Bellaire,
Texas and Steve Menasian of the University of
Washington, Seatt le, Washington .

SWITCHING CURRENT REGULATOR

Curr ent regulators generally operat e with a large
voltag e d rop across th e co ntro l tr ansistor s since
th ey must accommoda te large var iation s in th e
voltage across t he load . Con sequ ent ly , th e power
dissipat ion in t he tra nsistors can be qui te high.

The switching regulato r principle can be app lied to
a curr ent regulator to great ly increase efficiency
and reduce the powe r dissipation in the co ntrol
transistors. Figure 7a gives t he schematic of a
switChing current regulator wherein the inp ut
powe r, fo r a fixed load cu rrent, is roughly pro ­
portiona l to the voltage across the load . A
standard swit ching regulator is used , except t hat
the load is conn ected from the outpu t to the feed­
back terminal of the LM100. A cu rrent sense resis­
tor , R 1, is co nnected fro m th e feedback terminal
to ground to set the output cu rrent. If desired, an
adjustm ent pote nt iomete r can be co nnec te d across
th e cu rrent sense resistor as shown in Figure 6 .

An add itio na l filt er capaci to r, C2, is put across th e
load terminals to reduce output ripp le. If it is not
need ed, it can be removed if an 0.1 J.l F capacitor is
connec te d from the top of Cl to Pin 6 of the
LM100 to make sure all the ou tpu t ripple of th e
regulato r appears at the feedb ack te rminal.

An alt ernate scheme wh ich has the curr ent output
referenced to ground is given in Figure 7b . Thi s
circui t is ide nti ca l to t hat in Figure 7a except that
th e load is insert ed in the ground line. The
qu iescent cu rren t of the regulat or, flowing ou t of
Pin 4, introduces an erro r term. However , since
this current is only abo ut 2 mA and is reasonably
inde pendent of changes in the inpu t or load volt­
ages, the error is usua lly not significant.
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FIGURE 7. Switching Current Regulators

With this ci rcu it, th e d iffe rence betwee n the input
vol tage and the load volt age can not drop below
8.5V, or the ci rcu it will dro p out of regulat ion
because the voltage across the LM100 is insuffi­
cient to bias the reference circuitry .

This circu it was sent in by T. H. Lynch of Bunker­
Ramo Corporati on, Canoga Park, Califor nia.

TEMPERATURE CONTROLLER

A circuit for an oven-temp erature co ntroller using
th e LM100 is given in Figure 8. Temperatur e
changes in the oven are sensed by a the rmistor .
Th is signal is fed to t he LM100 whic h controls
powe r to the hea ter by switchin g the ser ies pass
tr ansistor , 02, on and off . Sinc e the pass tran sistor
will be nearly saturate d in th e on condit ion , its
po wer dissipat ion is minimized .
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FIGURE 8. Switching Temp erat ure Con t roller

In ope rat ion, if the oven temperature shou ld try to
inc rease, th e th ermistor resistance will drop,
inc reasing th e voltage on the feedback te rminal of
the regu lato r. This action shuts off po wer to the
heat er. The opposite wou ld be true if the tempera­
tu re dropped .

Variable-duty-cycle switching action is o btai ned
by app lying positive feedba ck around the regulat or
fro m th e output to th e reference bypa ss terminal
(which is also th e non -inverti ng input to the erro r
ampl ifier) th ro ugh Cl and R4. When the circu it
switches on or off, it will remain in that state for a
t ime det ermined by this RC t ime co nsta nt .

Additional details of the ci rcuit are t hat base d rive
to 01 is limited , to a value de termined by R2, by
t h e interna l cu rren t-limiting ci rcu it ry of t he
LM100. D2 prov ides a rough ly regulat ed sup ply
fo r Dl in add itio n to fixing th e ou tp ut level of th e
LM100 at a level which properly biases th e inter­
n a I t ransisto rs. The referenc e d iode fo r the
therm istor sensor. D1, need not be a temperature­
comp ensated device as long as it is put in the oven
with the th ermisto r. Finally, th e temperatu re is
ad juste d with R5.

Using a thermis to r with a temperature coefficient
higher th an l%fC, cont rol accu racy should be
better than ±l °C for a wide range of am bient co n­
d it ions, even if th e LM100 is not pu t inside th e
oven.

This c ircuit was con tributed by C. W. Andreasen
of St romberg-Car lson, San Diego, Cal iforn ia and
A. B. Williams of Ste lma Incor porat ed, Stam fo rd.
Conn ecti cut .
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POWER AMPLIFIER

Th e versat ility of th e LM100 is demonstrated by
th e powe r a mp lif ier ci rcu it in Figure 9. The
LM100 is used as a high-gain ampli fier and con ­
nected to a quasi-comp lementa ry power ou tput
sta ge. Feedback around the entire circu it sta bilizes
the gain and reduces distortion . In add ition, the
regulat ion characteristic s o f the LM100 are used to
s t a b i l ize t he quiescent output vo ltage and
min imize ripple feedt hrou gh from th e po wer
supp ly.

The LM100 d rives the output tran sisto rs, 0 5 and
06, for pos it ive-go ing outp u t signals while 01 ,
ope rating as a curren t source from the 1.8V on th e
reference termina l of the LM100. supplies base
drive to 0 3 and 04 for negative-going signa ls. 0 2
eliminat es the dead zone of the class-B outp ut
stage, and it is bypa ssed by C5 to present a lower
dr iving impedance to 03 at high freque ncies. Th e
volt age drop acro ss 0 2 will be a multi ple of its
emitter-base vo ltage, determined by R9 and R10.
These resistor s can th erefore be selected to give
the desired qu iescent cu rre nt in 04 and 0 6. It is
import ant that 02 be moun ted on the hea t sink
with th e output and driver t ran sisto rs to prevent
th erma l run away .

Output current limiting is o bta ined wit h D2 and
D3. D2 clamps the base d rive of 0 3 when the
vo ltage drop across R6 exceeds one d iode drop,
and D3 clamps th e base of 0 5 when the vo ltage
acro ss R7 becomes grea ter t han two diode drops.
R11 is needed to limit the outpu t cu rrent of th e
LM100 when D3 becomes forward biased.

The powe r sup ply ripple is peak det ect ed by D1
and Cl to get increased positive output swing by
op erat ing the LM100 at a higher vo ltage th an 05
and 0 6 during the troughs of the ripple. This also
reduc es th e ripple seen by the LM100 . C5 bypasses
an y zener no ise on the reference terminal of the
LM100 that would ot herwise be seen on th e out­
put.

The qui escent ou tpu t volt age is set with R2 and
R3 in the same way as with a vo ltage regulat or .
The ac vo ltage gain is dete rmin ed by the rat io of
R1 and R3, since th e circuit is connected as a
summ ing amplifier.

Thi s circu it was designed by Bo b Do bkin of
Philbrick/Nexus Research. Ded ham. Massach usetts
and H. D. Car lst rom, Sande rs Associates. Nashua.
New Hampshire.

HIGH EFFICIENCY SINGLE·SIDEBAND
TRANSMITTER

A circuit wh ich can be used to improve the eff i·
ciency of a single-sideband transmitt er is shown in
Figure 10. A switching regulator ope ra tes t he
linea r output amplifi ers of a convent ional single ·
sideband transmi tt er at a vo ltage just higher than
that requ ired to acco mmodate th e envelope of the
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rf out pu t signa l. With no modu lat ing signal, th e
driver and out pu t amp lifiers are op erated at 1.8 V.
which is the reference vo ltage of the LM100. When
mod ulat ion is prese nt. the envelo pe of the rf wave-

for m is detected and used to drive th e regu lat or so
that its output voltage foll ows th e shape o f the
e nve lo p e . He nce, th e am plifiers are alway s
supplied just enou gh vo lta ge to kee p them from
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saturat ing. Sinc e the swit ch ing regulator converts
th e de input voltage down to the lo wer voltage
dr ivin g the ampli f iers w ith hi gh efficiency , the
overal l tr ansmitter efficiency is incr eased.

The ampli tude of the envelope on th e output of
the swit ch ing regulator is determi ned by R5, as th e
detect ed envelop e wi ll be mult ip lied by th e rat io
R4 /R5. The ou tp ut signal of the envelope detector
must be negat ive·going so that the drive voltage
wi ll be posit ive-qoinq. In addi tion, it is necessary
to dc couple or clamp the detec ted envelope so
that th e supply vo lt age to the ampli f iers does not
drop below th eir mi nimum operating level on th e
t roughs of th e signal. It is also important th at th e
ou tput amp lifiers be designed so that th eir gain
does no t vary with th e vo ltage supp lied to th em or
distor t ion will be int ro duced.

This techn ique can be used to increase eff iciency
wit h AM tr ansmission. Here, t he switch ing regu­
lator is dri ven wi th a negat ive-going mod u lat ion
signal, wh ich has been cl amped to 1.8V, instead of
t he detect ed envelope. T he regu lator out put drives
a class-C rf power stage. The output waveform of
the regulator mu st accurately fo ll ow t he mod u la­
ting signal, and the ripp le on the ou t put o f th e
switching regul ator must be el iminated because th e
dr ive signal to th e output amplifier appears di­
rect ly on the envelope o f t he rf out pu t . These con ­
ditions can be satisf ied by operatin g the swi tchi ng
regulat or at 100 k Hz and using addit ional filter ing
between the regulator and th e output stage.

With eit her modul at ion scheme, the output vo lt age
of t he regulator /am plif ier can be li m ited by
putting a zener d iode across R4. Th is pro tects th e
rf output amp li fier f ro m excessive voltage caused
by overmodula ti on or high dc input vo ltage.

This design comes fr om Ben Stop k a of Coll ins
Radi o, Cedar Rapid s, Iowa.

L1GHT ·INTENSITY REGULATOR

Figure 11 gives the circui t for a l ight ·in tensity
regul ator using t he L M 100 . A photot ransistor
senses t he light level and drives the feedback
termi nal of th e LM 100 to control curre nt fl ow
into an incandescent bu lb. R1 serves to lim it the
inrush curre nt to the bu lb when th e c ircuit is fi rst
turned on.

Th e current gain of th e photo t ransistor , 0 2, is
fi xed at 10, to make it less temperature sensit ive,
by R3 and the temperature compensa ti ng di ode,
D 1. A pho to d iode, such as the 1N2 175, could be
subst ituted for the photo t ransistor if it had suff i­
ci ent li ght sensit ivi ty ; and R3 and D 1 could be
eli minated. The inpu t vo ltage does not have to be
regulated as the sensit ivit y of a phototransisto r or
pho todiod e is not great ly affec ted by the vo lt age
dro p across it . A photoconductor can also be used
in pl ace o f the photot ransistor, except that input
vo ltage wou ld have to be regu lated.

AN8-8
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FIGURE 11. Light Intensity Regulator

Thi s circu it is adapted fr om one subm itted by
Geoffrey Hedr ick of Lear Siegler/ Astek D ivision,
Armonk , New Yo rk .

HIGH VOLTAGE REGULATOR

Although the LM 100 was designed pr imar ily for
app l ications with outp ut vo ltages below 30V, it
can be used as a h igh vo ltage regulato r und er
cert ain circu mstances. An example of th is, a cir­
cu it regu lati ng the output of a 2 KV supp ly , is
given in Figure 12.

T he L M100 senses th e ou tpu t of the high vo ltage
supp ly through a resist ive divider and var ies the
input to a dc/dc con verte r, which generates the
h igh voltage. Hence, th e circu it regulates wi thou t
hav ing any high vo ltages imp ressed across it.

U nd er 0 rd inary c i;~tmsta nces, th e feedback
terminal of th e LM 100 ;;"ants to operate fr om a
2K divider impedance. Sat isfy ing thi s condi tion on
a 2 K V regulator would require that about 2W be
dissipated in the div ider. T hi s, howeve r, is reduced
to 40 mW by the addi tion of 01 which acts as a
buffer for a h igh imp edance divider , operat ing the
LM100 from th e proper source resistance. The
ot her half of th e t ransisto r, 0 2, is requi red to com­
pensate fo r th e temp eratu re drift in th e em itte r­
base vo ltage of 01 , so that it is not mult ipl ied by
the divider rat io. T he ci rcu it does have an unc om­
pensated drift of 2 m Vt C; but this is added
di rect ly to the ou tput, no t mu ltiplied by the
div ider rat io, so it wi ll be insignif icant wi th a 2 KV
regulator .

Thi s circ ui t was contribu ted by Don Sobel of
Federal Scient if ic Corporation, New Yor k , New
York and A. A . Fr ank of th e Univ ersit y of
Sou th ern Calif ornia, Los An geles, California .
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PHOTOMULTIPLIER TUBE SUPPL Y

A second high voltage supp ly is diagrammed in
Figure 13. T his is a high vo ltage supp ly for a
9·dynode photomu lt ip lier tu be. In th is ci rcu it, a
full wave recti fie r operat ing off one w inding o f a
power t ransfor mer provides a 15V bias vo ltage for
th e LM 100. T he high vo ltage is produ ced fr om a
voltage doub ler wh ich operates from a second
winding. The ci rcui t actual ly funct ions as a curre nt
regul ator simi lar to that shown in Figur e 6. Th e
out put current is passed through a resistiv e divider
whi ch develops th e operati ng vo ltages for the
cathode and dy nodes o! the photom u ltiplier tube.

Five cascode-con nected t ransistors. 01 through
05, are used as th e pass t ransisto rs. Th is is pres­
ently the lowest-cost solut ion to t he prob lem of
handl ing the requ ired volt age and powe r levels.
Base dr ive is prov ided for th e cascode st ri ng, by
R3 through R7, in a manner which does not affec t
regu lat ion. Capaci tor s, Cl through C5, suppress
and equalize t ransient s across th e pass tr ansistors;
and clamp diodes across th e sensitive emi tte r-base
jun ctions of th e tr ansistors prevent damage fr om
vol tage t ransient s.

T his circui t was designed by J . P. Ekstr and of
Spect ra Physics, Mountain V iew, Cal if orn ia.
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LIN E RESISTANC E COMPENSATO R

Remote sensing of t he load voltage to el imina te
the effects of line resistance can be done with the
LM100 by co nnecti ng t he feedback resistor s
directly across the load, rat her than at th e regu·
lator out pu t. However , it may be necessary to
increase t he size of the freq uency compensat ion
capacit or o rdi narily used with the regu lator. In
ce rtain appli cations, remote sensing is und esirable
or the actual loa d is not direct ly access ible. An
exa mple of th is is a dc motor ap plicat ion where it
is desirable to reduce th e eff ects o f th e arm atur e
resistanc e.

Th is circui t was suggested by W. J . Godsey of
Ha yes Int ernat io na l Corpo rati on, Birmingham ,
Alabama.

USI NG ALL NPN PASS TRANSISTORS

Th e LM100 was designed to use a PNP or
PNP/ NPN combinati on for t he series pass elem ent.
Wit h thi s configuration , th e minim um output­
input vo ltage d ifferentia l is not increased by th e
addi tio n of boo ster t ransistors. However, the
device can also be used wit h a ll NPN pass tr an ­
sistors as shown in Figure 15.

VOUT V'N
+ C2t

R1 'J 4_1 ,1.l F
01

RS
02

= RJ

R2

R6
R6 R'

RS
t Solid h ntl lum '0 0.1

VOUT

FIGURE 14. Line Resist ance Co mpensato r fo r
High Current Regulators

A circu it wh ich perm its co mpen sat ion of line resis­
tance is show n in Figur e 14. A negat ive·going vol t·
age which is propo rtional to th e load current is
produced ac ross R6. Divider resistor, R2, is
return ed to this voltage so tha t t he output voltage
will increase with incr easing load curre nt . The
ground term inal of t he regu lat or is return ed to the
arm of the potent iome te r connected ac ross R6 so
tha t the compensat io n can be set to exact ly ca ncel
ou t th e line resistance. With th e arm of the
potentiome te r on ground, the output resistance
will be redu ced by R6 mult ipl ied by the ratio of
R1 t o R2. Wit h t he pote nt iometer set to the
opposi te ext reme, the output resistance will be
increased by the value of R6 .

Th ere is a reason why R5 is included , and R6 is
not just ma de a pot entiom et er . It is pract ically
impossible to find a pote nti ometer with a low
enough resista nce va lue and high enough po wer
rat ing. In fact , with higher cu rrents, it is even hard
to find a suitable resistor for R6. A 0.1[1. lOW
resistor is not easy to find . One way of gett ing it is
to take a l n, lOW, adjusta ble, wire-wo und resistor
and put two tap s at t he 1/3 resistance poi nt s. Th e
th ree resisto r ' segmen ts are then connected in
parallel to make a O. ll n , l OW resistor.

ANB-lO

FIGURE 15. Circuit for Using th e LM100 With all
NPN Pass Eleme nts

With th is configuration , it is not po ssible to use
the int ernal curren t limit ing of the LM100, so an
exte rna l t ran sistor , 0 3, mu st be added to provide
th is fu nct ion . Limi tin g occ urs when th e vol tage
drop ac ross R4 is equal to the emitter-base vo ltage
of 0 3. R5 is a lso requi red to mak e sure that th e
LM100 is operate d abov e its minimum load cur ­
rent.

T h e main advantage of using all NPN pass
t ran sistors is th at the circu it can be op erat ed wit h
less capacitance on t he output of th e regu lat or.
When NPN and PNP transistor s are used, relati vely
large (1- 10 IlF ) bypass capacitors must be con­
nect ed on bo th th e inpu t and outp ut o f th e requ­
lat or . Withou t the se, th e circuit is susce pt ible to
osci llat ions.

Thi s design was based o n a circu it su bmitt ed by E.
F. Donner of Lockheed , San J ose, Californi a .
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Al though th e circuit shown is a low current requ­
later, th is idea is equall y usefu l fo r hiqh-power

linear regulators and even switc hin g regulators.

HIGH STABILI TY REGULATO R

The performance of regulators w ith output vo lt·
ages above lOV can be improved cons iderably by
t he a d d ition o f an ex te r nal t emperatu re­
compensated reference diode. Norma ll y, the vol t­
age change at the feedback term inal o f the LM 100
due to changes in temperature, load or input vo lt·
age are mu It ipl ied by th e divider rat io of th e teed­
back resistors wh ich determi ne the ou tput vol tage.
This ef fect can be reduced by putt ing a ref erence
diode in th e feedback divider as show n in Fi g·
ure 16 . Th e diod e perm its a lower divider rat io to
be used and, therefo re, improves regulat ion and
drift characteri stics.

f M.Vbe Adlusted te ImprO'lf
h mpefllu'f Oflh

This cont r ibuti on was made by Ah t i A int ila,
Helsink i, Fin land.

Because of the relat ively fast operat ion possible
with the LM 1DO, i t can be used as a pul se squarer
or pulse regulator . A ci rcu it which accomp lishes
this is shown in Figure 18.

PULSE REGULATOR

FIGURE 17. Dr ift Characteristics of an lN944A as
a Functio n of Operat ing Current
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FIGURE 16. H igh Stabil ity Regulator

The regulat ion of the ci rcu it in Figure 16 is given
by

where V z is the breakdo wn voltage of D l and V F B

is th e voltage on the feedback terminal o f the requ­
lator . Hence, the improvement in regulat ion and
temperature drift (assuming no dr ift in th e ex ter-

V
nal diode) w il l be V OU TV ,which is equal to

OU T - Z

4.5 in th e examp le given.

OUTPUT
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0 2
2N2J69

R3 -=
v: RS

R4

-= PULSE
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FIGURE 18. Pulse Regulator

T he temperatur e dr ift can be improved st ill fu rther
by adjusti ng R3 to compensate fo r the com bined
dri ft of D 1 and th e LM 100 . Changing the diode
curr ent changes its dr ift , as show n in Fi gure 17.
Larger values o f R3 make the output vol tage t ern­
peratur e coeff icient mo re negativ e, wh i le decrees­
ing the resistor makes t he temperatu re coeff icient
mo re posit ive.

In thi s ci rcuit, R2 and R3 are set up to give the
desired pulse height (de) f rom th e LM 100. A
posit ive-pul se input turns on 0 1. which di sables
the LM 100 by grounding th e base of the NPN
emi tte r foll owers on t he ou tput o f th e in tegrated
ci rcui t. A t the same t ime, 02 gro unds the requ­
lator out put, providing current-sink inq capabi li ty .
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If addit io na l output-current drive is need ed, an
NPN buffer, similar to tha t show n in Figure 15,
shou ld be used on the LM10 0 in place of a PNP
because of the diff icu lties encountered in sta ­
biliz ing the PNP circuit without capac itance on the
output.

This method of pulsing th e circ uit on and off , that
is pu lling Pin 7 down within one diode drop of
ground, can be used as an elec tric al shutoff for any
of th e voltage or current regulators.

Credit for this ci rcu it is given to Don Maurer of
Medtro nic Incor por ated , Minneapo lis, Minnesota
and E_ E_Cunningham of Ectron Corporation, San
Diego , Californ ia.
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CONCLUSION

These examples show that certa in integrated c ir­
cu its can be treated like a co mponent , rather tha n
a specialized circuit function. Thi s seems to be
particularl y tru e for linear integ rated circu its. It is
possibl e t o use almost any standard circu it in a
wide variety of applications by designing imagi na­
tive ly. If thi s is done, it is possible to reap the
rewa rds of standard circu its - low co st and
immedia te availability - in prac tica lly any equ ip­
ment design.
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T h e ou t put sect ion is simp ly a compou nd
NPN - PNP pair prov iding isolation betw ee n the
high impedanc e junc t ion of the coll ectors of 0 6
and OB. and th e load .

Recom mended range for value of Rx is shown in
Figure 2.

0 1,02, Rl and R2 fo rm a simp le con stant current
suppl y of "' 16 !lA at 25°C. B !lA at +125°C and
22!lA at -55°C. Th is cu rre nt is suppli ed to the
comm on emitters of the input pa ir 0 3 and 0 4
which, along with th eir load resistors R3 and R4,
fo rm a simp le d ifferent ial amplif ier. The low fre­
quency gain of thi s sta ge is approxima te ly 30 .
minimizing the effec t on the input of changes in
off set voltag e in t he second stage pair, 0 5 and 0 6,

CIRCUIT OPERATIO N

Operat ion from Single Power Supply

Whe n op erat ing from ±V supplies, pin 7 is
norm ally returned to ground. When operat ing
fro m a single supply, o r when no grou nd is avail­
ab le. pin 7 may be direc tly connected to pin 3 , for
vo ltages equal to or less than 20 volts between
p ins 3 and 9. This will inc rease the qui escent cur­
rent since the effect of connecting pin 7 to pin 3 is
to co nnect th e 600K res isto r. R1, acro ss th e full
po wer supp lies. Sinc e the minimu m cu rrent re­
quired from pin 7 is 10 !lA. an externa l resisto r
(Rx) may be inserted in ser ies with R 1 from pin 7
to pin 3.

The second stage d ifferent ial pair with h igh imped ­
ance load. OB, form the main voltage gain of the
am plif ier. Typ ical values of collector currents in
0 5 and 0 6 are 20 !lA each and th e vo ltage gain of
th is stage is app roximately 200 0.

R6 Rl
50K 50K

R'
JOOK

R3
JOOK

COMP

.-- .............__............._ .... ...._ v.:..· 9

LOW POWER OPERATIONAL
LH0001 AMPLI FI ER

CO MP

Although many Inte grated Circuit Operati on al
Amplifiers are availab le with excellent cha rac ter­
istics. two areas leave con side rable room for
impro vement; namely, offset voltage and power
requi rement s. The LHOOOl op erat ional amplifier
has been designed to prov ide ex tremely low offset
vo ltages (typically 0 .2 millivo lts at 25°C) and qui ­
escent supply currents in the 100!lA range, wh ile
still providing reasonable loaded output swings and
a compensated gain band width in th e 0 .5 to
1.0 MHz range. The circui t diagram (Figure lA and
1B) sho ws the simplicity of the LH00 0 1; th e only
unusual cha ract eristic being th e use of PNP tran­
sistors in the input sta ges for improved beta vs,

temperature linearit y and lower noise.

v:
i/,

f- f- - MAX V

f- f-~t~ ~
t:;;;~

:,...- I~~~-S
COMPEN SATION

o
10 lO 30 ..

VOlTAGE BETWEEN PINS) & 9

TOPVIEW

Figu re lB. LHOOOl Pin Co nf igu rat io n.
Figure 2. Range of Resistor Values Inserted from Pin 7

to Pin 3 when Pin 7 is not ground ed.
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Clamped Outpu t Swing

The output voltage can be quite eff ect ively held
betw een specif ied limi ts by means of diode c lamps
on pin 10. From Figure 3 which is th e ou tput sec­
ti on of th e LH 0001, clampi ng pin 10 wil l main tain
the output wi thi n one V B E of p in 10. Since IB ( +)

and I BH are li mi ted to approximately 751lA at
25° C, the ext ra quie scent current is quite nominal.

Q

>

• You'

• V"H I

1
I

I vo•

, 1\

"

curjut

""

a 2 .4 6 • 10 12 It Hi " 21

Tl~ E (.. wc )

Figure 58. Output Waveform When Used in Circuit o f
Fig. SA.

For dr iving MOS inputs or clock s, th e LH000 1 is
connected as fol lows :

-,
Figure 3. Ou tput of LHOOOl

A speci f ied output range may be obta ined by
appropriate conn ect ion of diodes fr om pin 10 to
th e reference limits. Figure 4 shows th e connec­
t ions for vario us reference levels.

A typical use of a clamp on pin lOis to prov ide
compat ibl e dr ive for eith er DTL or T2L logic cir­
cuits. Th is is usuall y accom plished w ith a 5 volt
Zener diod e or the emit ter-base junct ion of a Figur e GA. LHOOOl As Co mparato r For Driving MOS.

, I
INPUT• I,- I-..... .....

.-~f- V, ~ 1.§V 'I,
1\• V, : I!lV

, I I

• Ivz-zsv I

, I i-J

.,

.,
-.

~ .

~ - I

o 10 20 30 40 SO 6Q 70 10

TlME I' ~

Inpu t Offset Vol tage Balancing

A lthough the offset vo ltage of the LH000 1 is
quite low, it is possible that even lower values are
required. Figure 7 shows the recommend ed balanc­
ing technique.

Delay and storage t imes of 3 to 51l sec will be
ob served wi th r ise and fall voltage rates of 2 to
4 vo lts/u see. Capacitance loads of up to 1000 p F
wi l l not noticeably increase the switch ing tim es.

Figure 68 . Output Waveform For Circuit of Fig. GA.

Figure 4 . Methods of Restrict ing Output Vo ltage Swing .

switching transistor such as th e 2N2369. Figure 5
shows th e LH0001 used as a comparator wi th a
diode clamp on pin 10.

Figure SA. LH OOOl A s Comparator For D riving DTL or T 2L. Figure 7. Method of Balanc ing Input Offse t Volta ge.
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Input Bias Current Compensation

Methods of compensat ion reco mmended in NS
Applica t ion Note AN-3 can all be succe ssfully used
with the LH000 1 with the exception that all po ­
larities are reversed and NPN bias transis tors sub­
st ituted for the PNP units. Transistor typ e 2N2 484
un its are recom mend ed, For optimu m com pen sa­
t ion over a wide temperature range, the method of
generat ing the emitter current of th e compensating
transistor shown in Fig.Jre 4 and 6 of AN·3 sho uld
be mod ified to be simila r to the current source
used in th e LH0001 . Figure 8 show s th e recom­
mended circuit.

lOR 111 Ol ' Ol 'Q) ' l IUtU OIIEQl,ltVJ,lu t

·" D.!UST' OAll AOIIl'uTCUAIII JIT

Figure 8. Method of Compensating for Inpu t Bias Current.

pins 1 to 5 in opposite d irect ions. the short circui t
cu rrent will be reduced in both the pos itive and
negat ive d irect ion.

Figure 9 shows the co nnections and Figur e 10
gives th e typ ical short circu it currents available
both with and with out the d iode clamps.

''''''tEr·""
I ,~

, ...

Figure 9. Method of Reducing Output Short Circuit
Current.

If th is con trol is not adequate. externa l limiti ng as
shown in Figure 11 can be used to limit lOUT to
less than 1 mA o

Referr ing to Figure 2 , in the limit ing mode , the
VB E of th e conduct ing output transistors (09 or
010) will add to th e drop acro ss RUM to be equal
to the sum of th e two forward drops of conduct­
ing d iodes bet ween pin 10 and the output. Thu s
th e ou tput current will be limited to that value
wh ich causes approximately on e diode forward

'"'III"."

POSITIVE O UT'U~.l \I" -n v
WITH OUTCLAMP

~
WI TH! LAMP

~

~

,
,

Jl

..Increased Output Swing

For lightl y loaded outpu ts (RL ~ 10 K), the maxi ­
mum negat ive outpu t swing will exceed the posi­
tive swing by appr oximat ely a volt. If the maxi­
mu m posit ive swing is requi red, it may be obtai ned
by co nnect ing a low capacitance (C::; 2 p F at zero
volts) d iode betwee n pins 1 and 5, with the cath ­
ode on pin 1. Table 1 shows the ty pical posit ive
and negative swing with RL = 100 KQ both with
and without the d iode clamp.

TEMPERAT URE"c

Figure 10A. Shor t Circuit Output Current.

'"

NECATlV! OUTPUTI Vs ' : 1$

,
WIT HOUT CLAMP

'~ WITH CLAMP

,~ T-

o o SO 100

TU" ERATURE'C

c.
-: 2
j

..
Supply Voltage ±5V ±10V ±15 V ±20V

Typical Negat ive
Output 3.8 8.8 13.5 18 .4

Typical Posit ive
Out put without
Diod e Clamp 2.7 7.6 12.2 17.0

Typ ical Posit ive
Outpu t with
Diode Clamp 3.6 8 .4 13.0 18.0

TABLE 1 Maximum Output Swings vs Su pply
Voltage

T A = 25°c

As ex plained in th e follow ing section , the inclu ­
sion of a d iode from pin 1 to 5, in add it ion to
increasing the availa ble pos it ive outpu t voltage,
will also reduce the maxim um pos it ive short c ir­
cuit current .

Reducing the Short-Circuit Current

As menti oned above, a d iode co nnected from
pin 1 to p in 5 will reduce the pos it ive ou tp ut short
ci rcui t current . If the polar ity of the diode is re­
versed. the negative short circu it current wi ll be
simila rly reduced . If 2 diodes are co nnected from

Figure 10B. Short Circuit Output Current.

drop acro ss RUM' In add it ion. the diode current
which may be as high as 75IJA at 25 °C will be
added to the output current.

....,

Figure 1, . Alternate Method of Limit ing Output Short
Circu it Current .
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Typical Perfo rmance of the LHOOOl Operational
Amplifier (Vs =±15V, T = 25°CI

PARAMETER CONDITION VALUE

Input Offset
Rs ~5K 0.2 mVVoltage

Inp ut Offset
3 nACurrent

Input Bias
30 nACurr ent

Posit ive Supply
80 IJACurrent

Negative Suppl y
55IJACurr ent

Voltage Gain RL = lOOK 60,000

Outpu t Voltage RL = l OOK ±12V

CMRR Rs ~5K 90dB

PSRR Rs ~ 5 K 96 dB

Temperatur e
-55°C to 125°CRange

Temperature
4 IJVfCDrift

Supply Voltage
±5V to ±20VRange

REFERENCE:

R. J. Widlar, " Dri f t Compensat ion Techniques for
Integrated DC Amplifiers" AN ·3, Nat ional Semi­
conductor, April , 1968.
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T ABLE 1. Electrical character istics . specif icati on app lies fo r T A := 2SoC w ith +12.0 V on pins 1 and 2; - 12.0V o n pins 6 and 1 .

APPLICA TIO N OF THE LH000 2
CURRENT AMPLIFIER

IN TRODUCT ION

The LH0002 Cur rent Am plif ier integrat ed build ­
ing block pro vides a wi de band unity gain arnpli­
fi er capable of providing peak currents of up to
±200 rnA into a 50 ohm load .

The circui t uses th ick fi lm technol ogy to integrate
2 NPN and 2 PNP complemen ta ry matche d sili co n
tr ansisto rs with 4 cermet resistor s on a single
alumina ceramic substra te. A ci rcu it schematic is
shown in Figure 1. Th e negative the rmal feedback
provided by the clo se prox imity o f the co rnpo­
nent s on a single subst rate el imi nates any thermal
runaway probl em that could occu r if th is circu it
were constructed using discrete components .

A t ypical circu it features a dyn ami c input irnped ­
ance of 200 Koh ms, an ou tput impedance of
6 ohms, DC to 50 MHz bandwi dth, and an ou tpu t
voltage swing tha t approaches supply voltage. A
comp lete l ist of t he guarant eed and typ ical values
fo r th e electr ical characterist ics und er the stated
conditions is given in Table 1. T hese features make
the LH0002 ideal for integration wi th an opera­
ti onal amp li f ier inside a closed loop conf igurati on

Septem ber 1968
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PA RAMETE RS COND ITIONS MIN TY P MA X UNI TS

Voltage Gain Rs " to kU . RL - t .OkU .95 .97

V IN = 3.0 V pp , f · 1.0 kHz

TA "" _55°C to 125°C

Input Impedance As = 200 kn . V I"" • 1.0 V"..,.v tBO 200 - kU

f · 1.0 kHz, RL - 1.0 kU

Ou tput Impedance VI"" '" 1.0 Vr m , . f · 1.0 kHz - 6 10 U

RL • SOU . Rs ' 10 kU

Outpu t Voltage Swing RL - 1.0 kU . f - 1.0 kHz :! 10 ±11 - V

DC Input Offset Vol tage Rs ' 10 kU , RL - 1.0 kU - ±40 ' 100 mV

TA : -5Soc to 125°C

DC Inpu t Offset Current Rs ' 10 kU . RL - 1.0 kn - ±6.0 ±10 ~A

TA '" _5Sf) C to 125°C

Harmon ic D isto rt ion V IN = 5.0Vr m s• f · 1.0 kH z - 0.1 - %

Band width V IN = 1.0 v.:•. RL "" son, 30 50 - MH z
f = 1 MHz

Positive Supply Cu rren t Rs • 10kU ,R L -l kU - +6.0 +10.0 mA

Negative Supply Current Rs " tO kU .R L '1kU - -6.0 - 10.0 mA
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to increase its cu rrent o utp ut . The symmet rical
c lass B output po rt io n o f the ci rcu it a lso provides
a con st ant low out pu t impedance for bo th the pos ­
itive and nega tive slopes of output pulses.

CIRCUIT OPERATION

imped anc es over a w ide frequ en cy range . Th e out·
put imped ance of t he amp lifie r is very low.•
6 ohms typical ly, and in conjunct ion with a vo lt­
age bandwidth of approxima tely 50 MHz can be
considered to be insign ificant fo r mo st applica­
t ions for th is type of de vice.

Th e majori ty o f c ircu it ap plications will use
symme tr ical power supp lies, w ith eq ual po sitive
vo ltage being app lied to pin s 1 and 2, and equal
negativ e vo ltage appl ied to pins 6 and 7. T he rea­
son that pin 2 and pin 6 are not connect ed inte r­
nally to pin 1 and pin 7, res pec t ively , is to increase
the versa t ility o f circu it operatio n by allow ing a
decreased vo ltage to be ap plied to pins 2 an d 6 to
min imize the po wer dissip atio n in 0 3 and 04. T he
larger vo ltage app lied to the inpu t stage also pro­
vides incre ased curre nt driv e as requir ed to th e
output stage .

A plot of th e vo ltage band widt h is show n in Figure
3. Inspect ion o f this plot shows th at phase infe r­
matio n as well as gain info rmation was incl ud ed to
assist users of this d evice . Fo r ex am p le, at 10 MHz.
less t ha n an 8° phase lag wou ld be subt rac ted from
the phase marg in of an operat ional ampl ifier wh en
it is integrated with th is device . The open loop
ga in of the operat iona l amplifie r wo u ld '. be de­
creased by less tha n 10'10 at 10 MHz and th erefore
can be co nsidered to be insignifican t fo r mo st ap­
plic at ions .

FIGURE 2 . Input Impedance vs Frequency

A plo t o f inpu t imped ance vs frequen cy is show n
in F igure 2. Inspect ion o f th is plot sho ws tha t th e
input imped ance can be close ly approximated to
that of a simple firs t o rde r linear net wor k wit h a
45° phase lag at 0.6 MHz and a 90° phase lag at
appr oximate ly one decade h ighe r in frequency .
T his informat ion is very usefu l for d esigners who
have to integ ra te circu its wh ich have large sou rce
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Add iti on al output powe r co uld also be obtain ed
by co nnec t ing an o ther LH0002 to pin 9 o f th e
op era tio nal amplifier . The ove rall load d istortion
und er high ci rcuit vo ltage gain configurat io ns
would also be reduced using two LHQ002 's be­
cau se t he LH0002 is mo re linear than the simple
output ci rcuits o f th ese particular opera tio na l
amplifie rs.

FIGURE 3 . Frequency Response

APPLIC AT IONS

0.1

1.0 2.0 5.0 10.0 lD.D 50.0 100

FREQUENCY(MHz)

Figure 4 shows the LH0002 integ rated wi th the
LH0005 to prov ide different ial inputs and out­
pu ts. In order fo r this circuit to funt ion properl y,
a load mu st be floated bet ween the outputs of the
two de vices to provid e a co mp let e loo p of feed ­
back. A d ifferenti al head on a scope across th e
load presents a true wavefo rm of the ac tu al signa l
being ap plied to it . If on ly one end of the load is
displayed, it w ill appear dis torted because this in­
formation is being fed bac k negatively to the inpu t
in order to ca ncel out the loop distortion of the
overa ll amp lifie r. Wit h the compensation sho wn , a
20V peak to peak signal can be app lied to a
100 ohm load to 80 KHz. Th e overall ci rcu it is
approx imately 33% ef ficient unde r these condi­
t ion s. A derat ing fac tor and /or hea t sink must be
used at higher temperatures, as shown by the
LH0002 and LH0 00 5 dat a sheets .

-lD

- 100

o
10

'. 'Ul '_D. "Cl • • G""UOI ." D ",.SI~

Y,_ • • l W.-. II.· M _ • • · 'U ....

_,·"'_ f. ·ne

¥'HASE

........ / III
III

..... MAGNITUDE

i"

/'

o
0.1 0.2 0.5

FREQUENCY(MHz)

i 1000

'"

The ope ra tio n o f the ci rcui t can be un de rsto od by
considering t hat th e inp ut p in B is at V1N. T he
emi tt er of 01 will be approx imate ly 0.6 vol t mo re
po sit ive than V1N at 25°C , and the converse is tr ue
fo r 0 2. T his 0 .6 vo lt wi ll provide a for ward bias on
03 to ca nce l out th e 0 1 base to emi tter dr op
which in turn wo uld provide V'N at the ou tpu t if
all jun cti ons, resist ors, powe r su pplies, etc., were
elect rica lly iden tical. Th e greatest erro r is int ro ­
duc ed beca use th e fo rw ard ' d rop s in the base­
emit te r ju nct io ns for th e NPN and PNP devices are
slightl y d ifferent . Fo r ex am p le, the VSE of th e
NPN will be typ ically 0.6V and the VSE of th e
PNP will be typ ically 0.64V un der the same condi­
t ion s o f lc = 2.4 mA at VCE = 12 .0V at 25° C.
These are the approximate input stage cir cui t con ­
d itions for Ol and 0 2 fo r p lus and min us 12V
sup plie s. Fo rt unately , thi s erro r in bo th input and
outpu t offse t vo ltage is almo st always neg ligible
when it is used inside th e c losed loo p o f a h igh
gain op era t iona l amplifie r.

AN1 3- 2



l00K , I/ClI

+12V

10K:t 1/4%

V,. (2) o-'VI"".....'"""+....,..,~ I~",

ilK

100
LOAO

You, l1)

l OOK t 1/4%

YOUT (2)

Ditt. YOUT (VOUT UI - Your (2»)
• 10 (V,. (21 - V,. (11)

FIGURE 4. D iffe rent ial Inpu t-Cutput Operat ional Amplifier Integration

Figure 5 shows the LH000 2 integrated with the
LH101 in a booster follower configu ration . The
configurat ion is stable without the requ irement fo r
any externa l com pensa tion ; however. it would be­
hoove th e designer to be conse rvative and bypass
both the negative and positive powe r sup plies with
at least a 0.01 I-'f capacitor to cancel out any
power supply lead inductance. A 100 ohm
damping resistor , located right at the input of the
LH0002 . might also be requ ired between the oper­
at ional amp lifier and th e booster amp lifier. The
physical layout will det erm ine the requirement fo r
thi s type of oscilla tion suppr ession. Current limit­
ing can be added by incorporating series resistors
fro m pins 2 and 6 to their respective power sup ­
plies. The exact value wouId be a funct ion of
power suppl y voltage and requi red ope rating tem­
perature.

A breadboard of this configuration was assembled
to empirically check the increase in off set voltage
due to the addi tion of the LH000 2_ The offse t
vo It age was measured with and without an
LH000 2 inside the loo p with a volta ge gain of
100, at _55°C , 25°C and 125

uC.
Th e addit ional

offset voltage was less th an 0.3% for all three tem­
perature co ndi tio ns even t hough the offset voltage
of the LH000 2 is much higher than that of the
LH10 1. Th e high open loo p gain of the LH10l
divides out th is source of circuit error. The integra­
tion of t his device also allows higher closed loop
circuit gain with out excessive cross-over d isto rt ion
than would be ob tainab le with the simp le booster
ampl ifier shown in Figure 6.

v:

R2

RI
' NPUT _ .......""......--=-1

Rl11R2 RL

OUTPUT v,. Y O UT

FIGURE 5. LH10l-LH0002 Boo ster Amplifier Integrat ion. FIGURE 6. Simple Booster Amplifier
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Figure 7 shows the LH0002 being used as a level
shifter with a high pass fi lte r on the input in or der
to reference the ou tput to zero q u iescent volts.
T he pu rpose o f the 10 Kohm resisto r is to provide
cur rent bias to th e circui t 's input t ran sistors to
reduce the ou tput o ffset vo ltage . F igure 3, Input
Impedance vs Frequency, provides a useful design
a id in orde r to d etermine the value o f the capaci­
tor fo r the pa rticular ap plication . T he 10 Kohm
resistor, of co urse, has to be con sider ed as being in
paralle l with t he circu it 's input impeda nce.

Fo r a pu lse inpu t signal, the output impedance of
t he circu it remai ns lo w fo r bo t h the posi tive and
nega tive portions of the output pulse . T his circuit
provides both fast rise and fall t imes fo r pu lse
signals, even with capacit ive loadi ng. T he LH0002
data sheet shows ty pical rise an d fall times for
bot h positive an d negative pulses into a 50 ohm
load .

FIGURE 7 . Level Sh iite,

Figure 8 shows th e LH0002 being used to drive a
pul se-tr ansfor mer . Th e low out put o ffset vo ltage
allo ws th e pu lse tr ansfo rmer to be d irectly coupled
to the a mpli fier witho ut usi ng a coupling cap acitor
to preven t saturation . Th e pul se tr ansformer can be
used to cha nge th e amp litude and impedance level
o f the pu lse, the po larity of the pulses, or, with
th e aid o f a center-tapped win d ing, positive and
negat ive pulses simu lta neo us ly.

A N13- 4

PULSE·TRANSfORMER

FIGURE 8. D river for a Pulse-Transformer

The LH0002 can also be used to dr ive long t ran ­
smission lines. F igure 9 shows a circuit con figu ra·
t io n to mat ch the output impedance o f the ampli­
fier to the load and co ax ial cab le for prop er line
ter minat ion to minimize ref lect ions. A capac ito r
can be ad ded to empirically ad just the t ime reo
sponse of the wavefo rm.

Selec:t upacrtor to Idjust time responw of pulst.

v,.

FIGURE 9 . Transmissio n Line Driver

SUMMARY

T he multi tude of d ifferent applicat ions suggested
in this artic le shows the versa til ity o f th e LH0002.
The app licatio ns specially cov ered were for a d if­
ferent ial inpu t-ou tput operat iona l amp lif ier;"boost­
er a mpl ifier , level shifter, d river fo r a pu lse­
tr an sfo rmer, 'and t ransmission line driver.



A COMPLETE MONOLITHIC I F STRIP

FOR AM/AGC APPLICAT IONS

August 1968
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Eco nomics d ictat ed the simpl est detector schemes,
usually a single d iode , biased from a tuned tra ns­
for m er seco ndary . AGC voltage was usuall y
obtained dir ectly from the dio de detect or . Gener­
ally, beca use of large tuned gain and , often, mar­
ginal sta bil ity in th e conventional com mon- emitter
stag e, pow er -supply decoupling was requ ired for
eac h stage.

Suppose, how ever , that the above requ iremen ts are
largely elimi nated by availability of almost un ­
limited mo no lithic comp lexity and inhe ren t inter­
nal biasing. It wou ld be much mo re efficie nt to
put all pow er gain in a single, lump ed stag e, pre­
ceded by a single (perhaps multisect ion , for selec ­
t ivity ) bandpass filter. Th is would considerabl y
reduc e th e assembly and alignment labor in an AM
receive r. Rather than deal with the sizeable prob­
lems o f AGC in di rect-cou p led . h igh-ga in amp li­
fier s, a simple r app roach is to ach ieve full gain­
co ntro l range through a high-perfo rmance var iab le
attenuator stage, between the input bandpass filter
and th e input to the lumpe d gain stage, leaving the
lurrped gain stag e at its maximum gain at all times.
Finally , an AM detector is de sirable which can be
d irect ly cou pled to th e gain stage output , which is
insensit ive to DC biasing, and whi ch rel iably pro­
vides a DC AGC voltage compatible with t he input
variable attenuator. A block d iagram of the new
subsystem appears in Figure 1.

INTRODUCTION

Inte rmed iat e-frequency ampl ifiers in superhete ro­
dyne receivers and siqnal-frequencv ampl ifiers in
T.R .F . receivers have tr ad it ionally been parti­
tioned into a number of d iscret e pow er -ga in stages,
with inte rstage networks performing both DC
decoupling and bandpass shapin g funct ions. As
long as the act ive components (vacuum tubes or
transistors) co mp rised a substantia l part of t he
" st rip' s" tot al cost , it made sen se to de sign on a
"cost-pe r-stage" basis.

A number of currently available mic rocircu its ,
suc h as types LM703 and LM171, pro vided a
transitiona l opportunity for RF system desi gners
to use pro ven inte rstage net work designs, substi­
tuting the self-co ntain ed , inherent ly sta ble , high
gain-bandwidt h pro du ct micro circu it d irect ly for a
convent ional commo n-emitt er IF stage. While the
excellent FM limiti ng and AGC characteristics of
such monolithic stages have alre ady prove n them­
selves in comme rcial and ente rtainment equi p­
ment, th ey have usu ally con st ituted performanc e,
rather than cost , advantages to th e system ma nu­
factu rer.

Mono lith ic technology has already emerged , in t he
d igital area, from an initia l per iod of novelty an d a
subsequent period of superior performance, into
t he current realization tha t , again st MSI or LSI,
discret e t rans istor computi ng syst ems cannot be
compet it ive. Th e linea r circui t to be described , a
mu lt ifunction IF st rip, is a step in the same d irec­
t ion, in which a number of discr et e circu it func­
t io ns have been combined , replacing not only the
act ive elements and DC biasing components, but
elimina t ing many of the per iphera l IF elements as
well.

A SYSTE M APPROACH
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Monol ith ic tech niqu es allow a rethinking of tra ­
di t ional IF str ip partitioning. Previously, the
most eff icie nt utiliz ation of avai lable pow er gain
was obtained by matched , tuned , inte rstage net ­
wo rks. Because of th e limited AGC range ob tain­
ab le by varyin g DC emitter curr ent in a conven­
t ional common-emit ter IF stage, several stages
received AGC voltage from th e detector at onc e.
Th is d ictated com be rsome DC biasing to obtain
the desired AGC cha racterist ic, and made an inpu t
and an out put t ransfo rmer ma nda tory for each
s tage, to decouple DC-operating point shifts du e to
AGC operat ion.

C1

IN ~

FIGURE 1. LMl72 Block Diagram
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A PRACTICAL MONO LIT H

A comp lete schemat ic for Nat ional Sernicon ­
ductor 's AM IF Stri p, the LM172/272 , appea rs in
Figure 2. All cap acitors show n are ex te rnal to
the 8 pin, T05 pac kage; these capac itors esta blish
th e minimal am oun t of decoupli ng and time con ­
stants requ ired to op erat e such a compl ex, high
gain·bandwid th produ ct microci rcuit.

Examining first th e AGC section , F igure 3 , it may
be seen that an emitter-coup led pai r is used as a
series-shunt variab le attenuator. Th e base of 02 is
held at a DC voltage of two for ward dio de drop s,
2 Vbe , by emitter followe r Ol and R1. with o nly
AC signa ls coupled th ro ugh an input capacitor. If
VAG C is held below 3 Vbe. 03 will becomplet ely
off, and 02 behaves as an ord inar y em itter

foll ower, with R2 as load. Whe n VAG C equals 3 Vbe,

0 2 and 0 3 for m a balanced differen t ial pair , con ­
duc t ing equa l em it te r curren ts from "current
source " R2 , and as VAG C increases. 0 3 turn s
increasingly on , with 02 turning off. As th is
occu rs, t he effe ctive emi tt er resistan ce o f 02
increases, in series wi th the input signal . wh ile th e
em itter resistanc e of 0 3 dec reases, shunt ing across
the signal. Thu s, 02 and 03 for m a seri es-shunt
at tenuato r, with mini mum attenua t ion of 0 dB .
Sinc e the base of 0 2 remain s at a fixed bia s, while
th at of 0 3 increases wi th AGC, th e DC o ut pu t
vo lta ge at the common emi tter po int rises slight ly
as gain is dec reased . Consequently, a dec oupling
capaci tor is needed between the AGC stage and
the lurnped-qain stage, to prevent un biasing the
gain stage wit h AGC variat ions.

06

..-----f-----l----{ QID ~~l,

0'
Q'

O'

GNO

o

AI,,,

A'
'"

pin numbers appear in circles

FIGURE 2. LMl 72 AG e AM IF Str ip
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F IG U RE 3. AGe Section

The lurnp ed-qain stage, Figure 4, is basically a cas­
cade of three com mo n-emi t ter ampli f iers, d irect ­
coupl ed. A convent ional , d iscrete tr ansisto r ver­
sion of th is cascade wo uld requ ire muc h more
complex, less-ef f icient DC biasing. Not ice that no
emitter resistor s are used; th is gives max imum vol­
tage gain per stage, but st i ll allows reli able biasing,
since an overall DC feedback loop, RB, C3, 05 and
R6, auto mat icall y sets the DC ou t put vol tage of
each tr ansistor to exact ly the right level to cor­
rectly bias th e following tr ansistor. Th e feedback
loop is eff ecti ve only for DC, because of the
RB·C3 ro llo ff ; thus max imum A C gain is always
attained wit h DC stabil i ty . Not ice that th e collec ­
tors of 06 and 07 are operated at V be ' to sat isfy
biasing of foll owing stages; thus, they operate with
zero volts co ll ect or to base, and st ill exhibit excel­
lent current gain and gain-bandw idt h product , by
virtue of their very small geometr ies and low­
sat urat io n voltages. Th e three collect or -load resis­
tances, R9, R10 and R11, are biased from th eir
own em it ter-fol lower voltage regulato rs, which
eli minate supp ly decoup l ing pro bl ems. and all ow
the activ e part of the ci rcui t to op erate w it h con­
stant bias condi t ions, regardl ess of pow er-supp ly
voltage. Since each part of the circuit is supply­
regulated in this way, supp ly cur rent does no t
increase l inearly w ith supply vo ltage, as in mo st
designs, but remains relat ively constant. Thu s, the
circuit remains highl y eff ic ient at low- supp ly vol­
tages, w ithout excessive dr ain at high er vo ltages.

FIGURE 4. Lum ped Gai n Stage

A numb er of impr ovement s may be made over th e
convent iona l AM di ode detector . Unless simple
d iodes are slight ly forward-biased by add it ional
circuitry , they will not respond to small -input sig­
nals, because of the voltage requ ired to overco me
forward V be' Moreover, d iode detectors are ineffi ­
ci ent, generall y giv ing less audi o output than is
available f rom the modulated carr ier. A mor e
nearly ideal detector , F igur e 5, is one found in
mo st operat io nal amp li fi er handbooks. If gain of
the operati onal ampl if ier is suff ic ient ly hi gh, audio
ou t put exact ly follow s modulat ion envelope; since
the diode is inside a feedback loop, th e operational
amplifier w i ll automat icall y bias t he dio de to
respond to small signals. When no carri er is pres­
ent , DC output vo ltage is zero . An unmodulat ed
carri er causes DC outp ut voltage to rise to one-half
the peak-to -peak RF level. Superi mposing audio
mod ulation on the carri er has no ef fect on th e
average, or DC output voltage, but causes the RC
networ k to "follow" th e modu lat ion envelo pe
on th e posit ive side of the carr ier.

A simp le modi fic at ion to th e act ive det ector of
Figure 5 is th e addit ion of a resistiv e divider,
F igur e 6. Whi le basic operat ion remains un­
changed, the act ive detecto r now has an audi o and
DC vo ltage gain equal to (R 1 + R2 )/R2. Such a
detecto r can perf or m some of th e audi o preampl i­
fi cat ion necessary in th e radio receiver .

A N15- 3
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FIGURE 5. Unity Gain Active Decto r

OUT

Rl

IN

FIGURE 6. Active Detector w ith Vo ltage Gain

Th e act ual active detec tor used in the LM 172 is a
different ial amp lif ier, Fi gure 7, w it h an emitter
foll ower performing th e fun ct ion of th e feedback
di ode. Whi le not an operat ional ampl ifier, the
ci rcu it's vo lt age gain of about 40 dB is suf fi cient
to provide excellent detection. Because an emitter
follower was subst i tuted fo r the di ode, output
impedance is lo w; it wo u ld , in fact , be too low fo r
ef fective carr ier ripp le fil ter ing by C5, if it were
not for the addi tion of R16. A resisti ve di vid er,
R14 and R15, give the detec tor an audio voltage
gain o f 3, wi th 0 8 and 0 9 comp ensating for th e
DC voltage (2 V be) superi mposed on th e RF input
vo ltage by th e preced ing lumped gain stage. 01 3
acts as a suppl y regul ator fo r the different ial
amp li fi er.

The ent ire circuit fi ts on a small 33 x 33.5 mi l
monol it hi c ch ip (Figure 81. and in view of t he
self -conta ined feedback loops, wh ich automa t ·
icall y compensate for component paramet er varia­
ti ons, is an unusually reproducible micro circuit.
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LM172 APPLICATIONS

SUPERHETERODYNE RECEIVER IF STRIP

By far the most popular receiver conf igurat ion , in
mil itary , two-wav-radio and entertai nment use, is
one in which the incoming signal is ampli f ied, and
then t ranslated , via a mi xer, to a standard inter­
medi ate fr equency , where most of th e receiver's
voltage gain and selectiv ity is ach ieved. A t ypi cal
system appears in Figure g. Conventional circui t ry
may be used ahead of the LM 172; alth ough a
doubl e-secti on 455 kHz ceramic fi lte r is shown ,
LC filteri ng may be used if desired. The circu it
wo rks ef fect ively fo r IF fr equencies between
50 kHz and 2 MHz, dependi ng on input bandpass
compone nts. Capacitor s C2, C3 and C5 should be
scaled propor t iona tely at fr equencies other th an
455 k Hz.

Th e ci rcu it of Fi gure g exhi bi ts th e foll owing IF
character istic s:

AG C Range (referred to Pin 2) from 50llV to
50 mV : 60 dB

Audio outp ut for 80% modulated carrie r, with ­
in AGC range: 0.8V POp

Total Supp ly drain in to LMl72, Vcc = +6V :
1.4 mA, or 8.4 mW.

Improved select ivity may be obtained by substitut ­
ing anot her ceramic filter between Pins 1 and 3,
instead of C2. Th e 3K imp edances at Pins I , 2
and 3 are especially suited to th e inexpensive
Murata f ilters. While aud io di stortion occurs for
vo ltages at Pin 2 much above 100 mV rms. distor ­
ti on is low for signals w ithin th e AG C range of th e
circuit . Gain in th e RF ampl if ier and mixer must
ther efore be cho sen to prov ide signals less th an
100 mV into Pin 2 for the desired range of RF
input levels. Addit ional AGC is possible by using
th e DC voltage appear ing at Pin 7 to con trol th e
gain of the input RF ampl if ier. Since AGC action
occurs at and above 3 V be' th e Nati onal LM171
RF/IF Ampl if ier, operated as a cascode, is ideally
suited to such f ront· end control , as its qain -control
voltage region co incides with that of th e LM 172.

Because of t he buil t-in supply regulat ion , th e st rip
oper ates with supply vo ltage vary ing fr om +6 to
+15 volts with no perceptible changes in receiver
perf orm ance.

FIGURE 9. Superheterodyne Block D iagram
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LOW FREOUENCY T.R.F . RECEIVER

Because the LM 172 is a broadband fun ctional
modul e. it may be used to amp li fy and detect sig­
nals below 2 MHz direct ly , w it hou t th e more com­
plex fr equency conversion of superheterodyne
re c e i v er s . I n th e AM Broad ca st Ba nd
(550-1650 kHz). the st r ip has suff ic ient sensit iv i ty
to operate alon e in urban recept ion areas, since
AGC act ion is usefu l down to about 50 microvolts
at Pin 2. Wit h additi ona l gain either preceding th e
modu le, or insert ed bet ween Pins 1 and 3, it may
also be usefu l in monitor ing Loran (1.8·2.0 MHz) ,
or th e num erou s direct ional and info rma t ional
channels below 550 kH z.

Whi le th e complete T. R.F . (Tuned Radio Fre­
quency) broad cast receiver of Figure 10 has rela­
t ively poor selectiv ity , because on ly a single, low
"a" tu ned circu it is used in the enti re receiver , it
serves to ill ust rate th e st raight forw ard design pos­
sible in T.R.F. construction . More sophisti cated
designs might use mu ltisection tu nin g, ahead of
the st r ip, Th e prototyp e was const ruc ted using
very inexpen sive imported "transistor -radio " com ­
ponents.

. 9V BATTERY

A ferr ite "Ioopstick " antenna, L 1, resonates with a
small, polyethy lene dielectric tuning capacitor
w it hin t he broadcast band. Th e LM172 performs
it s gain funct ion just as it wou ld in an IF appl ica­
t ion , but in thi s case, d irectl y dr ives a class A
power ampl if ier. Since the DC output vo ltage at
Pin 6 is relat ively constant (f ro m 2. 1 to about
2.4 volt s as a funct ion of A GC) , it is used to bias
th e class A stage di rect ly , el im inating a number of
components. C7 and C8 are needed to prevent
regenerativ e audio oscillat ion s w ith weak batteries.
Total receiver drain from t he 9-volt supp ly is
10 mA, of which only 1.9 mA is used in th e
LM 172; the rest is needed for the aud io amp li fier .

A volume control was not provid ed in t he pro to ­
type, as volume was excellent w ith the small (2"
d iameter ) speaker used, and AGC was so ef fecti ve
that no percept ib le d ifference in stat ions was
heard . Vo lum e cont rol is possibl e by inserting a
potentiometer betwe en the emitter of t he audi o
ou tput tr ansistor and R1.

1t9
365 pF

= Cl

. O l ~ f

FERRITE
lOOPSTICK

11
C2
.01 ~f • C6

R1 /'f' 1 0 ~'
180n -L 3V

=
II - Fen ite l oopstick -PhilmoreFF1S (p.lcklll,duwt of J sins )
C9 - Sub-miniature vuil bleClpicitor - Philmou 1949G- 365 pF mill.
11 - Midget Audiorllnsform!f, 1000n :Sn - Archer 27J.1380 (Radio ShICk , Inc.)
SPKR - 2" PM SpNktr. an.0.1 w. t1 - Philmor, T520

FIGURE 10. T.R .F . Broadcast Receiver
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AN APPLICATIONS GUIDE FOR
OPERATIONAL AMPLIFIERS

INTRODUCTI ON

The genera l ut ility of the operationa l amp lifier is
de rived from the fac t tha t it is intended for use in
a feedback loop who se feedback prop ert ies det er­
mine th e feed-forward chara ct eristics of th e am pli­
fier and loop co mbinat ion. To suit it for this
usage, th e ideal operational am plifier would have
inf inite inpu t impeda nce. zero out put impedance.
infin ite gain and an op en-loop 3 dB poi nt at
infinit e freq uency ro lling off at 6 dB per oc tave .
Unfortu nat ely, the unit cost-in qua nti ty-would
also be infin ite.

Int ensive develop ment of the operationa l arnpli ­
t ier, particularly in integrated form. has yielded
circui ts which are quite goo d enginee ring approx i­
mat ions of the idea l for f inite cos t . Quant ity prices
for th e best contempo rary inte grated amp lifiers
are low co mpared with transistor pr ices of five
yea rs ago . The low cost and high quality of th ese
amp lifiers allows th e imple mentation of equ ip­
ment and systems functions imp ract ical with
discret e co mpo nents . An example is the low fre­
que ncy fu nct ion generator which may use 15 to
20 operationa l amp lifiers in generati on. wave
shapi ng. t riggering and phase-lock ing.

The availability of the low-cost inte grated arnpl i­
fier makes it mandatory th at syste ms and equip­
me nts engineer s be familiar with ope rationa l
amplifier applicatio ns. This paper will present
amp lifier usages rang ing from th e simple unity-gain
buffer to relat ively complex generato r and wave­
shaping circuits . The gene ral th eory of oper at ional
amplifiers is not with in the scop e of th is paper and
man y exce llent reference s are availab le in th e
literature.1,2.3 .4 The approach will be shaded
toward th e prac t ical, amplifier paramet ers will be
discussed as th ey aff ect circuit performanc e. and
app lication restr ict ions will be outl ined .

The applications discussed will be arranged in
order of increas ing complexity in five cat egories :
simple amp lifiers. operational circuits. t ransducer
amp lif iers. wave shapers and generato rs, and powe r
suppl ies. The integrated am plifie rs show n in th e
figures are for th e most part interna lly com pen -

Febru ary 1969

sated so frequ ency stabi lizati on com ponent s are
no t shown ; however , othe r amplifiers may be used
to achieve great er ope rati ng speed in many circuits
as will be shown in th e text. Amplifier pa ramete r
definitions are contained in Appendi x I.

THE INVE RTING AMPLIFIER

The basic ope rat iona l amp lifier circu it is show n in
Figure 1. Th is circu it gives closed-loop gain of
R2/R1 when thi s rat io is sma ll compared with the
amplif ier ope n-loop gain and, as th e name implies.
is an inverti ng circuit . The inpu t impedance is
equa l to R1. The close d-loop bandwidth is equal
to the un ity -gain frequ ency d ivided by one plus
the closed-loop gain.

The only cautions to be observed are that R3
sho uld be chose n to be equ al to th e para llel com­
bination of R1 and R2 to minimize the offset volt­
age error du e to bias curr ent and tha t there will be
an offset voltag e at th e amp lifier outp ut equal to
closed-loop gain times th e offset vo ltage at th e
ampl ifier input .

.,

F IGU RE 1. Inverting Amplif ier

Offset vo ltage at the input of an operatio na l amp li­
fier is comprised of two compon ents. these com ­
pon ent s are ident ified in specify ing th e ampl ifier
as input offset vo ltage and inpu t bias current.
The input offse t volta ge is fixed for a particu lar
amplif ier, ho wever the co ntribu tio n du e to inp ut
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bias current is dependent on th e circuit conf igu­
ration used. For minimum offset voltag e at the
amplifier input without circuit adjustment the
source resistance for both inputs should be equal.
In th is case th e maximum offset voltage would be
the algebraic sum of amplifi er of fset voltage and
the voltage drop across the sour ce resistance due
to offset cur rent . Amplifier offset voltag e is th e
predominant erro r term for low source resistances
and offset current causes the main err or for high
source resistances .

In high source resistance applicat ions, of fset volt­
age at th e ampl if ier output may be adjusted by
adjusting th e value of R3 and using th e vari at ion in
voltage drop across it as an input of fset voltage
trim.

Offset voltage at th e amplifier output is not as
important in AC coupled applicat ions . Here the
only considerat ion is that any offs et voltage at the
output reduces the peak to peak linear output
swing of the amplifier.

The gain-frequency characteri stic of th e ampli f ier
and its feedback networ k must be such that oscil ­
lat ion does not occur . To meet this conditi on, th e
phase sh ift through amplifier and feedback
network must never exceed 180

0
for any fre ·

quency where th e gain of the ampl if ier and it s
f eedback network is greater than unity. In
practical applications, the phase shift should not
approach 180

0
since th is is the situation of con ­

ditional stabi li t y . Obviously the most cr itical case
occurs when th e attenuation of the feedback net­
work is zero.

Amplifiers wh ich are not internal ly compensated
may be used to achieve increased perf ormance in
circuits where feedback networ k attenuati on is
high . As an example, th e LM10l may be operated
at unity gain in th e inverting amplifier ci rcu it with
a 15 pF compensating capacitor , since th e feedback
network has an attenuat ion of 6 dB, while it
requires 30 pF in the non ·inv erting unity gain con­
nect ion where the feedback netw ork has zero
attenuation. Since amplifier slew rate is dependent
on compensation , the LM10l slew rate in the
invert ing unity gain connecti on will be twice that
for the non -inverting conn ection and the inverting
gain of ten connection will y ield eleven times the
slew rate of the non -invert ing unity gain connec­
tion . The compensation t rade-off for a particular
connection is stabi li ty versus bandwidth, larger
values of compensati on capacit or yield greater
stability and lower bandwidth and vice versa.

The preceding discussion of off set voltage , bias
current and stabil ity is appl icable to most ampli­
fier applicat ions and will be referenced in later
sections. A more complete treatment is contained
in Reference 4.

AN20-2

THE NON·INVERTING AMPLIFIER

Figur e 2 show s a high input impedance non­
inverting cir cuit. Th is 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 bandwi dth equal to the
ampli fi er uni ty -gain f requency divided by t he
closed-loo p gain.

The primary differences between this conn ect ion
and th e inverti ng circui t are that the output is not
inverted and that the input imp edance is very high
and is equal to th e different ial input imped ance
multipl ied by loop gain. (Open loop gain/Cl osed
loop gain .1 In DC coupl ed appl icat ions, input
impedance is not as imp ort ant as input curr ent and
its voltage drop across th e sourc e resistance.

Applications cautions are th e same for thi s ampli­
fier as for th e invert ing amplif ier with one
except ion. The ampl ifier outp ut will go into satu­
ration if the input is allo wed to fl oat . This may be
impo rta nt if th e ampl if ier must be switched from
source to source. The comp ensation tr ade of f dis­
cussed for the inverti ng amplifier is also valid fo r
th is connect ion .

v ,. ---..2.~
2 lH I01 6 ...... VOUT

r-- -

.,
.,

VOUT • RI
R
·, R2 y ,PO

-= Rt IIR2 · RS O U RC E

FORMINIM UM ERROR DUE
TOINPUT BIAS CURRENT

FIGURE 2. Non -tnveetlng Amplifier

THE UNITY·GAIN BUFFER

Th e un it y-gain buffer is shown in Figure 3 . Th e
circu it gives th e highest input impedance of any
operational ampl i fie r ci rcui t . Input impedance is
equal to th e differential input impedance multi­
plied by th e open-loop gain, in parall el with com ­
mon mod e input imp edance. The gain error of this
circuit is equal to th e reciprocal of th e amplifier
open-loop gain or to th e common mod e rejection,
whichever is less.

Vou, · VIlli

R I · RSO U RC[

FOR MINIMUMERROR CUE
TO INPUT BIAS CURRENT

FIGURE 3. Unity Gain Buffer
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(
RI +R1) A4 1'2

YOUT" RJ + A4 R1 V1 -AiVI

FDA R1 .. RJ AND A2 .. R4

-= YOUT"~ IV, - V,1

Al l A2 " Rl i A4

fOR MINIMUM OFFSETERROR
DUETOINPUT l iAS CURRENT

RJ

Circu it bandwidth may be calculat ed in th e same
mann er as fo r th e inverti ng amplifier, but input
impeda nce is somewhat mor e compl icated. Input
imp edanc e for th e two inputs is not necessa rily
equal; inverting input impedance is th e same as for
th e inverting amplifier of Figure 1 and th e
non -invert inq input impedance is th e sum of R3
and R4 . Gain for ei ther input is the rat io of R1 to
R2 for th e special case of a d ifferent ial inpu t
sinqle-end ed output where R1 = R3 and R2 = R4 ,
The general expression for gain is given in the
figure . Com pensat io n shou ld be chosen on the
basis of amp lifier bandwidth .

FIGUR ES. D ifference Amplif ier

is show n in Figure 5 and is usef ul as a cornputa­
tional am plifier, in making a d iffe rent ial to single­
ended co nversion or in rejecti ng a co mmon mo de
signal.

(
V, V, V,)

YOUT ,. · R4 ITI +R} +R3
R 5· ~ R111 R2 11R3 11R4

FOR MINIMUM Off SET ERROR
DUE TO INPUT BIAS CURRENT

R5

V,
R' R'

V,
R2

V,
RJ

Yo u,

The caut ion s to be observed in appl yi ng this cir­
cui t are three : the amp lif ier must be com pens ated
for un ity gain operation; th e 'out put swing of the
ampl if ier may be limi ted by the amplifier common
mode range, and som e amplif iers exh ibit a, lat ch-up
mo de whe n the ampli fie r common mode range is
exc eeded . The LH101 may be used in th is circu it
wit h no ne of these problems; or , for faster opera­
t ion , th e LM102 may be chosen.

Input impedance is a misleading concep t in a DC
coupled uni tv-qa in buffer. Bias cur ren t for th e
am plifier will be sup plied bv -the source resistance
and wi ll cause an error at the amp lif ier input du e
to its vo ltage drop across the source res istance.
Since this is the case, a low bias current ampli fier
such as th e LH102 6 shou ld be cho sen as a un ity ­
gain buffer when wo rki ng from high sourc e resis­
ta nces. Bias current co mpensation tec hniques are
d iscussed in Reference 5.

FIGURE 4. Sum ming A mplif ier

SUMMING AMPLIFI ER

Care must be exercised in ap plying th is circui t
since input impedances are not equal fo r minimum
bias curr ent error .

The sum ming amplifier, a spec ial case of th e in­
verting amplifier, is shown in Figure 4. The c lrcuit :
gives an inver ted output wh ich is eq ual to the
we ighted a lgebraic sum of all three inpu ts. The
gain of any inp ut o f th is circu it is equ al-to the
rat io of the appropriate inp ut resistor to the feed ·
back res istor, R4. Am plifier bandwidth may be
calc ula ted as in the inverti ng ampl ifier shown in
Figure 1 by assumi ng th e inp ut res istor to be the
parallel com bina t ion of R1, R2 , and R3. Applica ­
t ion caut ions are the same as for th e inverti ng
amp lif ier. If a n uncompensat ed am plifier is used,
compensa t ion is calcu late d on th e basis of this
bandw idth as is d iscussed in the sec tion d escr ibing
t he simple invert ing am plifie r,

Th e advantage of th is circ ui t is th at th ere is no
interaction between inputs and operati ons such as
summ ing and weig hted averaging are impl emen ted
very easily ,

DIF FE RENTIATOR

The d ifferent iato r is show n in Figure 6 an d , as the
nam e imp lies, is used to perform th e mathemat ical
operat ion of d iffer entiat ion . The form shown is
not th e pract ical for m, it is a tru e d iffer ent iator
and is ex t reme ly suscept ible to high freq uency
no ise since AC gain increases at the rate of 6 d B per
oc tave . In add it ion, th e feed back network of the
d iffe rent iato r, R2C1 , is an RC low pass fi lter
whi ch cont ributes 90· phase shift to the loop and
may cause sta bility problems even with an ampli­
fier whic h is co mpe nsa ted for uni ty gain .

YO U T

TH E DI F FERENCE AMPLI FIER

The d ifferenc e ampl ifie r is the complement of th e
summing ampl ifie r an d allo ws the su btract ion of
two vo ltages or , as a spec ial case , the cance llat ion
of a signal common to th e two inputs. Th is circu it

R2

FIGURE 6. Diff erentiator
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C2

A2

circui t is essentia lly a low-pass filter wi th a t re­
quency respo nse dec reas ing at 6 d B per octave. An
ampl ltu de-frequencv plot is shown in Figur e 10 .

INTEGRATOR

FIGURE 8 . Differentiator Frequency Response

The circui t mu st be provided wit h an ex ternal
me thod of esta blishing init ial conditions. This is
shown in the figure as 5 , . When 5, is in
posit ion I , the amp lifier is con nected in unitv -qain
and capaci to r Cl is discharged, setti ng an initial
co nd it ion of zero volts. When 5 , is in posit ion 2,
the amp lifier is co nne cted as an integrator and its
out put will cha nge in acco rda nce with a co nsta nt
times the tim e integra l of the input volta ge.

The caut ion s to be obs erved wit h this ci rcu it are
two : the amplifier used should gene rally be
stab ilized for un itv -qa in operat ion and R2 must
equal R1 for minimu m error due to bias curren t .

lOt 1001 10001 100001
RElATIVEFREOUENCY

FIGURE 10. Integrator Frequency Response

The simp le low-pass filter is shown in Figure 11.
This c ircuit has a 6 dB per octave roll-off after a
c1osed·loop 3 d B point def ined by fe. Gain below
this corner frequency is def ined by the ratio of R3
to R I , The circu it may be considered as an AC
integrator at frequenc ies well above fe; howe ver ,
the t ime domain response is that of a single RC
rather tha n an integra l.

SIMPLE LOW-PASS FILTER

Yo u,

~~'.--.-J
V1"- V V ."........,

Cl

Ie · 2.. ~2C1

flo· z..~'Cl • 2 . ~2C2
'c«I..« I...." .....

FIGURE 7 . Practical Different iator

A pract ical d ifferen t iator is shown in Figure 7.
Here bot h th e stability and no ise pro blems are cor­
rect ed by addit ion of tw o additional components,
Rl and C2. R2 and C2 form a 6 dB per octave
high freque ncy ro ll-off in th e feed back network
and R1Cl fo rm a 6 dB per octave roll-off netwo rk
in the input net wor k for a tota l high freque ncy
roll-off of 12 dB per oc tave to red uce th e effect of
high frequency input and amplif ier noise. In add i­
t ion R1Cl and R2C2 form lead networ ks in th e
feedback loop wh ich , if placed belo w th e amplifier
unity gain frequency , provid e 90° phase lead to
compensate the 90° phase lag of R2Cl and pre ­
vent loop instability . A gain frequency plo t is
sho wn in Figure 8 for clarity.

The integrator is sho wn in Figure 9 and performs
th e mathemat ical operat ion of integrat ion. This Cl

FIGURE 9 . Integrator

YOU T
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FIGURE 11 . Simple Low Pass Filter
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R2 shou ld be chosen equa l to the parallel com ­
binati on of R1 an d R3 to min imize errors due to
bias current . The amp lifier shou ld be co mpen sated
for un ity -gain or an internally com pensat ed amp li­
fier can be used.
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FIGUR E 14 . Ampl ifier fo r Pho toconduct ive Cell
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FIGU RE 12. Low Pass Filter Response

A gain frequ ency plot of circuit response is shown
in Figure 12 to il lust rate th e difference between
this circuit and th e true integrator.

THE CU RR ENT·TO·VOLTAGE CONV ERT ER

PHOTOCEL L AMPLIFIE RS

Ampl if iers for photoconduct ive, photo diode and
phot ovoltaic cells are shown in Figur es 14, 15, and
16 respect ively .

Cur rent may be measured in two ways with an
operational ampl ifi er. The cur rent may be con­
verted into a voltage wi th a resistor and th en
amplif ied or t he curr ent may be in jected directly
into a summ ing nod e. Convert ing into voltage is
undesirabl e for two reasons: f irst, an im pedance is
inserted into the measuring li ne causing an error;
second, ampl ifi er offset voltag e is also amplified
with a subsequent loss of accuracy . The use of a
cur rent -to-voltag e transducer avoids both of th ese
problems.

The current-to -voltage transdu cer is shown in Fig­
ure 13. The input current is fed directly into th e
summing nod e and the ampl if ier output vo ltage
changes to ext ract the same current from the sum­
ming node through R1..The scale factor of th is

Rl

V OU T

All phot ogenerators display some voltage depend­
ence of both speed and li nearity . It is obviou s that
the current through "a photoconduct ive cell will
not display strict proport ionali ty to incide nt li ght
if the cell terminal voltage is allowed to vary with
cell conductance. Somewh at less obvious is th e
fact that photodi ode leakage and photovoltaic cell
internal losses are 'also functions of termi nal volt ­
age. The curr ent -to-voltage converter neat ly side­
steps gross linear ity problems by fi xing a constant
term inal voltage, zero in th e case of photovol taic
cells and a fi xed bias voltage in the case of pho to ­
condu ct ors or phot odi odes.

Yo ur

FIG URE 15 . Photod iode Amplifier

FIGURE 13 . Current to Vol tage Converter

circuit is R1 volts per amp. The only conv ersion
error in this ci rcu it is Ib ;as whic h is summ ed
algebraicall y with l iN'

Photodetector speed is opt imized by operat ing
int o a fixed low load impedance. Curr entl y avail­
able photovoltaic detectors show response ti mes in
the micro second range at zero load impedance and
photoconductors, even though slow, are materiall y
faster at low load resistances.

This basic circu it is useful for many appl ications
other than curr ent measurement . It is shown as a
photocell amplif ier in the fo llowing section.

The only design const raints are that scale factors
must be chosen to min im ize err ors due to bias
current and since voltage gain and source imped­
ance are often indeterm inate (as with photocells)
th e amplif ier must be compensated for unity-gain
operat ion . Valuable techniques for bias current
comp ensation are conta ined in Referenc e 5.

Rl

I C£ll ~,
Y O U T

Yo u r s Ie H LRl

FIGURE 16 . Photovoltaic Cell Amplifier
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Th e feedback resistance, RI , is dependent on cell
sensit ivi t y and should be chosen fo r either maxi­
mum dyna mic range or for a desired scale factor .
R2 is elect ive : in the case of photovo ltai c cell s or
of phot od iodes, it is no t requ ired in th e case of
photoconduct ive cell s, i t shoul d be chosen to
minimize bias cur rent error over th e operati ng
range.

where the out put curre nt is h igh and the base cur ­
rent of th e Darlington input wou ld not cause a
significant error .

Th e amplifiers used must be compensated fo r
uni ty-gain and addi t io nal compe nsation may be
required depending on load reactance and exte rnal
tr ansistor parameter s.

PRECISION CURRENT SOURCE DI
l N4611
6.6\1

Th e precisio n current sour ce is shown in Fig­
ures 17 and 18. The conf igurat ions shown wil l sin k
or source convent iona l curre nt respectively .

v' >=--+-VOUT
02

v,.

L...---_K Ol

04

FIGURE 19a . Posit ive Voltage Reference

ADJUSTABLE VOLTAGE REFERENCES

FIGURE 17 . Precis ion Current Sink

Th e source and sink il lustra ted in Figures 17 and
18 use an FET to dri ve a bipo lar outp u t tr ansistor .
It is possible to use a Darl ington conn ecti on in
place of th e FET-bipol ar com bination in cases

Th e impedance of t hese curre nt generators is
essentia lly inf in ite for small curre nts and they are
accurate so long as V IN is much greater th an Vos
and 10 is much greater than Ib ,,,, .

YOU T

02

L...----~ Ol

Dl
IN4 611
6.6\1

Adjustable vol tage reference circ ui t s are shown in
Figur es 19 and 20. Th e two ci rcui ts shown have
d i f fere n t areas o f applica bili ty . Th e basic
difference between the two is that Figure 19 illus­
tra tes a voltage source which pro vides a vol tage
greater th an th e reference diode while Figure 20
i llust rates a vol tage source whic h provides a volt­
age lower t han th e reference diode. Th e f igur es
show both positi ve and negati ve vo ltage sources.

0 1I O ~~

VIN ~OV

Caut ion must be exercised in apply ing these
circuit s. Th e voltage com pl iance of the sourc e ex­
tends from BV C E R of th e externa l transistor to
approx imate ly 1 volt mor e negati ve th an Y,N' Th e
compliance of the current sink is the same in th e
positive direct ion .

0 1

v,.

04

FIGURE 19b. Negative Voltage Reference

FIGURE 18 . Precision Current Source

v,.
lo a Rt
\I " ..S.ov

02
10K

High precisio n extended temperatur e app licati ons
of the circu it of Figure 19 requi re that th e range
of adjustment of VO U T be rest ricted . When th is is
don e, R1 may be chosen to provide opt imum
zener current for min imum zener T .C. Since lz is
not a fun cti on of V+ , reference T .C. w il l be in­
dependent of V+.
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FIGURE 20a. Pos itive Vo ltage Refere nce
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FIGURE 2Ob. Negative Vol tage Reference

The circu it of Figur e 20 is su ited fo r h igh pre cision
ex tended temper a tur e servi ce if V+ is reason a bly
co nstant since lz is depende n t o n V+. R l , R2, R3,
and R4 are chosen to provide the proper lz fo r
min imum T .C. and to m inimize erro rs due to Ib;as'

The c ircui ts shown sho u ld both be compen sated
for un itv-qain o pe ration or , if larg e capac it ive
loads are expected, shou ld be overc o mp ens at ed .
Outpu t no ise may be red uced in both circ ui ts by
bypass ing th e ampli fie r inpu t.

The c ircu its shown em ploy a single power su pp ly,
thi s requ ires th at co m mon mode ran ge be co n­
sidered in choosing an amplifier for th ese applica­
tions . If t he co mmon mode range req u irements are
in excess of th e capabi lity of the am pl ifier , two
power supp lies may be used . Th e LH1 0 1 may be
used with a single power sup pl y since the common
mode ran ge is from V+ to wi thi n appro ximat ely
2 vo lts of V- .

THE RES ET STAB ILIZED AMPLIFIER

Th e r eset stabili zed am plifie r is a for m of
cho pp er-stabi lized a mplif ier and is shown in Fig­
u re 2 1. As sho wn , t he amplifier is op erat ed
clo sed- loop with a gain of o ne .

FIGURE 2 1. Reset Stabilized Amp lifier

The connecti on is useful in eliminating errors d ue
to ollset vo lta ge and bias curre nt. The o ut put of
th is circui t is a pu lse whose amp litu de is equa l to
V1N • Oper a t ion may be under stood by co ns ide ring
th e two conditions co rres po nd ing to th e pos it ion
of 5,. Whe n 5, is in posi tion 2, the amp lif ier is
co nnected in the unity gain connection and the
voltage at the ou tput will be equal to the sum of
th e inpu t ollset voltage and the drop across R2
due to inpu t b ias current. The vol tage at t he in­
vert ing input will be equal to input ollset voltage.
Capac itor C1 wi ll cha rge to th e su m of input ollset
vo ltag e and V,Nt hro ugh R 1. When C1 is char ged,
no cu rrent flows thr ough the sou rce resist anc e and
R1 so th ere is no error d ue to inpu t resist ance. 5,
is the n cha nged to pos it ion 1. The vo ltage stored
on C1 is inse rted between the ou tput and inverti ng
input of the am pl if ier and th e output of the ampli­
fier chang es by V1N to ma inta in the amplifier input
at th e inp u t ollset vo ltage . The ou tpu t then
cha nges from (Va s + Ib;asR2) to V1N + Ib ;a, R2) as
5, is changed from positi on 2 to posi t ion 1.
Am pl ifie r bias current is su pplied thro ugh R2 fro m
th e outpu t o f th e arnplifier or fr om C2 whe n 5 , is
in po sit ion 2 and posi t ion 1 resp ecti vely. R3 serves
to reduce the ollset at th e ampl ifier outpu t if th e
am pl if ier must have max imum linear range or if it
is d esired to DC cou ple th e ampli fie r.

An addit io nal advan tage of thi s co nnection is that
i n pu t r e sistance approa ch es infi n ity as th e
ca pac ito r C1 approach es fu ll charg e, elimin at ing
erro rs du e to loadin g of th e sou rce resist an ce . The
time spe nt in po sit ion 2 sho u ld be lo ng with
respect to the changing t ime of C1 for maximum
accuracy.

The amplif ier used must be compensa ted for uni ty
gai n o pera tion an d it may be necessa ry to over ­
co mpe nsa te becau se of the phase shi lt across R2
d ue to C1 and th e amp lifier inp ut capaci ty . Since
thi s co nn ectio n is usua lly use d at very low switch ­
ing sp eeds, slew rate is not normally a prac tica l
co nside ra t ion and ove rcompensa tion does no t
reduce accuracy.
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FIGURE 22 . Analog Multiplier
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THE ANALOG MULTIPLIER

A simple embod iment of th e analog multiplier is
shown in Figure 22 . Th is c ircuit circumvents man y
of the problems associated wit h th e log-ant ilog cir ­
cuit and pro vides three quadrant analog multipl ica­
t ion which is relat ively temperature insensitive and
which is not subject to the bias current errors
which plague most multipliers.

Circuit op erat ion may be understood by consider­
ing A2 as a controlled gain amp lifier , amplify ing
V2 , whose gain is dependent on th e rat io of the
resistance of PC2 to R5 and by cons idering Alas a
cont ro l ampl ifier which est abl ishes th e resistance
of PC2 as a funct ion of V t In this way it is seen
that VO U T is a fun ction of both V 1 and V 2 '

A1, the control ampl ifier , provides dr ive for the
lamp , L1, When an input volt age, V 1 , is present,
L1 is dr iven by A1 until the current to th e sum­
ming junct ion from the negat ive suppl y through
PCl is equal to the current to the summing junc ­
tion from V1 through R1. Since th e negat ive
supply voltage is fixed, th is forces th e resistance of
PCl to a value proportio nal to R1 and to the ratio
of V1 to V-. L1 also illuminated PC2 and , if the
photoccnductors are matched, causes PC2 to have
a resistance equal to PC1.

A2, the controlled gain amplifier, acts as an invert·
ing ampl ifier whose gain is equal to the rat io of the
resistance of PC2 to R5. If R5 is chosen equal to
the product of Rl and V- , then VO U T becomes
simply the produ ct of V1 and V2 • R5 may be
scaled in powers of ten to prov ide any requ ired
output scale factor .

PCl and PC2 should be matched for best t rack ing
over temperature since the T.C. of resistance is
related to resistance match for cells of the same

. geometry . Small mismatches may be compensated
by varying th e value of R5 as a scale factor adjust ­
ment . The photoconductive cells should receive
equal illuminat ion from L1, a convenient method

AN20-8

is to mount the cells in holes in an alum inum
block and to mount th e lamp midway bet ween
th em . Th is mounting method provid es controlled
spac ing and also provides a th erma l bridge between
the two cells to reduce diff erences in cell temp era­
tu re. Th is technique may be ext end ed to the use
of FET's or other devices to meet spec ial resis­
tance or environm ent requ irements.

The circu it as shown gives an invert ing output
whos e magnitude is equal to one-tenth the product
of the two analog inputs. Input V 1 is restricted to
posit ive values , but V 2 may assum e both pos it ive
and negat ive values. This circuit is rest ricted to low
frequency oper ation by the lam p ti me constant .

R2 and R4 are chosen to minimize errors due to
input offset current as outlined in th e secti on
descr ibing the photocell amp lifier. R3 is included
to reduce in-rush current when first turning on the
lamp, L1.

THE .FULL-WAV E RECTI FIER
AND AV ERAGIN G FILTER

The circuit shown in Figure 23 is the heart of an
average read ing, rms calibrat ed AC vo ltmete r. As
shown , it is a rectifier and averaging filter . Dele­
tion of C2 removes th e averaging fun ction and pro­
vides a precision full-wave rectifi er , and delet ion of
Cl provides an absol ut e value generat or.

Circu it operation may be understo od by following
the signal path for negat ive and the n fo r posi t ive
inputs. For negat ive signals, the output of am pli­
fier Al is c lamped to +O.7V by 01 and discon­
nected from the summing po int of A2 by 02. A2
then funct ions as a simple unity-gain inverter with
input resistor, R1, and feedback resisto r, R2,
giving a positive going output .

For positi ve inputs, A1 operates as a normal arnpl i­
fier connected to th e A2 summing po int through
resistor , R5. Ampl ifier A1 then acts as a simple
un itv-qaln inverter with input resistor, R3, and
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FIGURE 23 . Full -Wave Rectifier and Averaging Filter

feedback resistor, R5. A1 gain accuracy is no t
affected by D2 since it is inside th e feedback loo p.
Posit ive current en ters the A2 summi ng point
th roug h resistor, R1, and negative current is drawn
from the A2 summ ing point through resistor, R5_
Since t he voltages across R1 and R5 are equal and
opposite , and R5 is one -half the value of R1, the
net inpu t current at the A2 summing po int is equa l
to and opposite from the current th rough R1 and
am plifier A2 ope rates as a summin g inverter with
unity gain, again giving a posit ive ou tp ut .

The circuit becomes an averaging filter when C2 is
connected across R2 . Operation of A2 then is
similar to the Simple Low Pass Filter pre viously
described . The time consta nt R2C2 sho uld be
cho sen to be much larger than the max imum
period of t he input vo ltage which is to be aver­
aged .

Capac itor C1 may be deleted if the circu it is to be
used as an absolu te value gene rator. When this is
do ne, the circu it ou tp ut will be the positive
abso lute value of th e input vol tage.

The amplifiers chosen mus t be compensated for
uni ty -gain operation and R6 and R7 mus t be
chosen to minimize output errors due to input off ­
set current.

SINE WAVE OSCILLATOR

An amplitude-stabilized sine-wave oscillator is
shown in Figure 24 . This circu it provides high
purity sine -wave outpu t down to low frequencies
with min imum circu it complexi ty . An impo rtant
advantage of this circu it is that th e trad it ional
tungsten filament lamp amplitude regulator is
eliminated along with its ti me con stan t and
linearity problems.

In add it ion, the re liability problems associated
with a lamp are eliminated .

The Wien Bridge osci llator is wide ly used and takes
adva ntage of th e fact that the phase of the voltage
across the para llel branch of a series and a para llel
RC network co nnected in series , is the same as the
phase of the appl ied voltage across the two net ­
works at one particular fre quency and that the
phase lags with increas ing frequency and leads
with decreasing frequency. When this network­
the Wien Bridge- is used as a posi t ive feedback ele­
mert aroun d an amplif ier, osci llatio n occ urs at the
freq uency at which the phase shift is zero. Addi­
t ional negat ive feedback is provided to set loop
gain to unity at the oscillation frequency. To
stab ilize the frequency of oscillat ion, and to
redu ce harm onic disto rtion .

YOUT - 16.5 V,p

10 HI

01
lN45J

02
lN1SS
lSV

FIGURE 24 . Wien Bridge Sine Wave Oscillator

The :ircu it present ed here differs fro m the classic
usage only in the form of th e negative feedback
sta bi Iizat ion scheme. Circuit operation is as
follows : negati ve peaks in excess of -8.25V cause
D1 and D2 to conduct, charging C4. The charge
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stored in C4 provides bias to Ql , which de te rmines
amp lifier gain . C3 is a low freq uency ro ll-off
capac itor in th e feedback network and prevents
offs et voltage and offset current errors from being
mult iplied by amplifier gain .

Distor t ion is de te rmined by ampli fier o pen-loop
gain and by the respo nse ti me of the negat ive feed­
back loop filt er, R5 and C4. A tra de-off is neces­
sary in de te rmining amplitude stab ilizat ion time
cons tant and oscillator distort ion . R4 is chose n to
ad just th e negative feedback loop so t hat the FET
is ope rated at a small negat ive gate bias. The cir­
cuit shown provides op timum values for a gene ral­
pu rpose osci llator .

TRIANGLE·WAVE GENERATOR

A constant ampli tude t rianqular-wave generator is
sho wn in Figure 25 . Th is circui t provides a variab le
frequ enc y triangular wave whose am plitude is in­
dependent of frequ ency.

INTEGRATOR

The integ rator th en generates a negat ive-going
ramp with a rate of 1+/Cl vo lts per second unt il its
outpu t equals th e negative trip po int of th e thres­
ho ld d etec tor . The t hreshold detector th en
changes to the negati ve out put sta te and supplies a
negat ive curre nt, 1- , at the int egrat or summing
po int . The integra tor now generates a pos it ive­
going ramp with a rate of 1-IC1 volts pe r second
until its output equa ls th e pos itive trip point of
the th resho ld dete ctor where the detector again
changes output sta te and the cycle repeats .

Tr iangular -wave frequ ency is det ermined by R3,
R4 and Cl and the pos it ive and negative saturation
voltages of the amp lifier A1. Amp litude is det er­
mined by the rati o of R5 to the combinat ion of
R1 and R2 and t he th reshold de tector sat urati on
vo ltages. Posit ive and negative ramp rates are equal
and posit ive and negative peaks are equa l if the
detector has eq ua l positive and negative satu rat ion
vo ltages. The out pu t wavefo rm may be off set with
respect to ground if t he invert ing input of the
threshold detector, A1, is off set w it h respect to
ground .

C1
O.l "F

RI 11 2
10k 1M

"1.211.

FIGURE 25. Triangular·Wave Generator

The generat or may be made independe nt of
temperat ure and supply voltage if th e detector is
clamped wit h mat ched zener diod es as show n in
Figure 26.

The integrator shoul d be compensated for un ity ­
gain and the det ector may be compensated if
power supply impedance causes osc illat ion during
its transition t ime. The current int o the integra tor
sho uld be large with respect to Ib ias for maximum
symmetry, and offset voltage sho uld be small with
respect to VOUT peak .

FROM INTE GRATOR
OUTPU T
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AMP

TRACKING REGULATED POWER SUPPLY

FIGUR E 26 . Threshold Det ect or w ith Regulated Output

A tracking regu lated power supp ly is shown in Fig­
ure 27 . Th is supp ly is very sui tab le for power ing
an operationa l amplifier system since positive and
negative voltages track, elim inati ng co mmon mod e
signals o riginating in the supply vo ltage. In add i­
t ion , only one vol tage refer ence and a minimum
number of passive components are required .

The genera to r em bodies an integrat or as a ramp
generat or and a threshold detec tor with hysterisis
as a reset circ uit . The integra tor has been desc ribed
in a previous sect ion and requ ires no further
expla nat ion . The thr eshold detector is similar to a
Sch mit t Trigger in th at it is a lat ch circui t wit h a
large dead zone. This fun ct ion is imp lemented by
using positive feed back around an operat iona l
amplifie r . When the amplif ier outp ut is in eit her
th e posi t ive or negat ive satu rated state, th e posi­
t ive feedback network provides a voltage at th e
non-inverti ng inpu t which is deter mined by th e
attenuatio n of the feed-back loop and th e satura­
tio n voltage of the amplifier . To cause the amp li­
fier to change states, t he voltage at t he input of
t he ampIifier must be caused to change polarity by
an amo unt in excess of th e amplifier input off set
volt age. When this is done th e amp lif ier satu rates
in the opposite direc tion and remains in that sta te
until th e volt age at its input again reverses. The
com plete circuit ope ration may be und erstood by
exami ning the operation with th e outpu t of the
thr eshold detec to r in th e pos itive state . The
detector posit ive sat ura tion voltage is app lied to
th e integrat or summ ing junct ion th rou gh the co m­
binat ion R3 and R4 causing a current 1+ to flow.
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. 40Y UNREGULATED
PROGR AMMABLE BENCH POWER SUPPLY

100 pF
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FI GURE 2B. Low-Po wer Suppl y for Integ rated
Circu it Test ing

c.

The complet e power supply shown in Figure 28 is
a programmable pos it ive and negative power
supply. The regu lator sect ion of th e suppl y com ­
prises two vol tage follo wer s whose input is pro ­
vided by the voltage drop across a reference
resistor of a precis ion current sou rce.
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OUTPUTVOLTAGE IS VARIABLE
FROM! SV TO ! JSY.

NEGATIVE OUTPUT TRACKS
POSITIVE OUTPUT TOWITHIN
THE AATIO OFAI TORl .

FIGUR E 27 . Tracking Power Sup ply

100pF

The negativ e regu lator is simply a unity-gain in­
verter with input resisto r, R6, and feedback
resistor, R7.

The amp lifiers must be com pensated for unity-gain
operat ion .

The power supply may be modulated by injecting
current into th e wiper of R4_ In th is case, the
outp ut voltage var iat ions will be equal and
opposite at the posi tive and negat ive ou t puts. The
power supply volt age may be controlled by repla c­
ing Df , D2, Rl and R2 with a variable vo ltage
reference.

>-~~-.....------<....--..-+_... P.s.c.

Power supply ope ration may be und erstood by
consider ing first t he posit ive regulator. The posi­
t ive regulator co mpares the vo ltage at the wiper of
R4 to the volt age refere nce, D2. The di ffe rence
betwee n these two vo ltages is the input voltage for
the ampli fier and since R3, R4 , and R5 form a
negat ive feed bac k loop , the ampl ifier outpu t vo lt­
age changes in such a way as to min imize this
diff e ren ce. The vo ltage reference current is
suppli ed from th e amplifier out put to increase
power supply line regulat ion. This allows th e regu­
lat or to operat e from suppl ies with large ripp le
vol tages. Regulat ing the reference current in th is
way requ ires a separate source of current for
supply start-up. Resistor R1 and diode D1 provide
th is start-up curren t. Dl decouples the reference
str ing from th e amplifier output dur ing start-up
and R1 suppli es the sta rt -up current from the un ­
regulated posit ive supp ly. After start-up, th e low
am plifier output impedance red uces reference cu r­
rent variat ions due to the current through R1.

AN20-11



Prog ra mm ing sensi tivity of the posit ive and nega·
tive supp ly is 1V!1000n of resist ors R6 and R12
respect ively . Th e output vo ltage of the pos itive
regulat or may be var ied from ap prox imate ly +2V
to +38 V with respect to ground and th e negative
regulat or outp ut vo ltage may be varied from -38V
to OV wit h respect to ground. Since LH101 arnpli ­
f iers are used , the suppl ies are inherentl y short cir­
cuit proof . Thi s curre nt limit ing fea ture also serves
to pro tect a test circu it if th is supply is used in
integrated circ ui t test ing.

Int ern ally compensated a mp lifie rs may be used in
this app lication if the expected capacitive load ing
is sma ll. If large capaci tive loads are expected, an

APPENDIX I
DEFINITION OF TERMS

Input Offset Voltage: That vo lta ge wh ich mus t be
appl ied be tween the input terminals thr ou gh two
equa l res istances to obta in zero ou t put volta ge.

Input Offset Current: Th e d iffe rence in th e cur­
ren ts into th e two inpu t termin als whe n th e out·
put is at zero .

Input Bias Current: The ave rage of th e two input
currents.

Input Voltage Range: The range' of voltages on
th e inp ut term inals for whic h the amp lifie r
operates withi n spec ificat ions.

Common Mode Rejection Ratio: Th e ratio of th e
input vo ltage range to th e peak -to -peak change in
input offset vol tage over this range.

Input Resistance: The rat io of th e change in inpu t
vo ltage t o the cha nge in input curre nt o n eithe r
inpu t wit h th e other gou nded .

Supply Current: The cu rre nt requi red fro m t he
power supp ly to opera te th e am plifier with no
load and the output at zero .

Output Voltage Swing: Th e peak outp ut vol tage
swing, referred to zero, tha t can be obtained
wit ho ut clipping.

Large -Signal Voltage Gain: The rat io of th e out­
put voltage swing to th e cha nge in input volt age
requ ired to dri ve th e outp ut from zero to th is volt­
age .
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ex te rna lly co mpe nsa ted amp lif ier sho u ld be used
and t he amp lifier shou ld be overco mpe nsated for
addi t iona l sta bility . Power su pp ly noise may be
redu ced by by passing th e amp lifie r inpu ts to
ground with capaci tors in th e 0.1 to 1.0 I1F ran ge .

CONCLUSIONS

The fore goin g circ u its are illust rat ive of the versa ­
til ity of the integ rated operat iona l amp lifie r and
provide a guide to a nu mber of useful app lica tions .
The cautio ns not ed in eac h sec t ion will show the
mo re common p itfa lls encou nte red in amplifier
usage .

Power Supply Rejection: The rat io of th e change
in input offset voltage to t he change in po wer
supp ly vo ltage produ cin g it.

Slew Rate: The inte rna lly-limited rate o f change
in out put vo ltage wit h a large-am plitu de step fun c­
t ion applied to t he inp ut.
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A fu nct ional d iagram of th e LM104 regulator and
ext ernal circuitry (dash line) is show n in the figure .
The internal reference is a tem peratu re corn pen­
sated curre nt source, 1re1 . A vol tage which is
proportio na l to an exte rna l programmi ng resistor,
Rad; , is fed into an err or amplif ier, AI. This drives
an inte rna l series pass transistor, 01 , to supp ly an
output vol tage equa l to twice the voltage across
the programming resistor . External pass tra nsistors
can be added, as is 03, to increase t he output­
current ca pabil ity . Sho rt-circuit protection makes
the circuit exhibit a constant-current chara cter istic
when 0 2 is tu rned on by the voltage drop across
an external current-limit resist or, Rlim . A more
complete desc ription of the integrated circu it itself
is given in the back of the te xt.
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In t he c ircuits described, emphasis is placed on
pract ical co nside rat ions for th e des ign of re liable
regulators. Many of the p itfalls which caus e un ­
ex pec ted fa ilures are expla ined , and protect ion
schemes for man y of th e hazards fac ing regulators
are given . Most of th e des ign hints are sufficiently
general to apply equa lly to other IC's or even regu·
lator s designed ent irely with d iscrete com ponents.

A number of IC vo ltage regulators have been
int roduce d to da te , but th ese have been des igned
prima rily to regula te pos itive voltages. Most can be
adap ted as nega t ive regula tor s, at some sacr ifice in
c om plexi ty, performa nce and flexibility . This
note, however , describes an IC, which is designed
specifica lly as a negat ive regulator . It is inte nde d
to complement the LM100 and LM105 pos it ive
regulators, provid ing a line o f IC's for pract ically
every regula tor ap plication .

Uniqu e fea tures of t he circuit are th at it sup pl ies
any output voltage from OV dow n to - 40V, whi le
op era ting from a single unr egulated supplv . T he
outpu t volt age is pro port ional to a single pro ­
gramm ing resistor, and remote sens ing can be don e
at th e load . It also regulates within 0.01 % in cir­
cu its using a separate, floating bias supp ly, where
th e max imu m output voltag e is limit ed on ly by
th e breakdown of exte rna l pass t ransistors. The
device is designed for eithe r linear or switching
regulat or ap plications.

INTRODUCTION

DESIGNS FOR NEGATIVE
VOLTAGE REGULATORS



LOW POWER REGULATOR
OR BIAS SUPPLY

This circuit can provide output voltages bet ween
OV and - 40V at currents up to 25 mA. The ou tput
voltage is linearly dependent on the value of R2,
giving approximately 2V for each 1 Kn of resis­
tance. The exact scale fact or can be set up by
trimming R1. Th is sho uld be do ne at th e maxi­
mum output vo ltage set ting in ord er to corn­
pensate for any mismatch in the internal divider
resistors of th e integrated circu it .

Shor t -circuit protect ion is provid ed by R3. The
value of this resistor should be chosen so th at the
voltage drop across it is 30 0 mV at the max imum
load curr ent. This insures worst-case o pera t ion up
to full load over a -55°C to 125°C tem perature
range . With a lower max imum ope rating tern pera ­
ture, the design value for this voltage can be in­
creased linear ly to 525 mV at 25°C.

For an outp ut vo ltage setti ng of 15 V, th e requla­
t ion , no load to fu ll load , is bette r than 0.05 %; and
the line regu latio n is better than 0.2% for a ±20%
input voltage variat ion. Noise and ripple can be
greatly reduced by bypa ssing R2 wit h a 10 IJF
capacitor. This will keep th e ripple on the output
less than 0.5 mV fo r a 1V. 120 Hz ripple on the
unr egulat ed input . The capacitor also improv es th e
line-transi ent response by a factor of f ive.
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An output capacitor of at least 1 IJF is requ ired to
keep th e regulator from oscillat ing. This shou ld be
a lo w inducta nce capacitor, prefe rab ly so lid
tanta lum, installed with short leads. It is not
usually necessary to bypass the input , but at least
a 0 .011JF bypass is advisab le when ther e are long
leads conn ect ing the circui t to th e unregulated
power source.
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It is impor tant to watch po wer dissipat ion in the
integrated circu it even with load curre nts of
25 mA or less. The dissipat ion can be in excess of
1W with large input-ou tp ut voltag e differ en tials,
and th is is above rating s for the device.



INCR EASED OUTPUT CURRENT

When out put currents above 25 mA are required
or when th e d issipatio n in th e series pass transistor
can be higher th an about 0 .2W, under worst·case
condit ions, it is advisa ble to add an exte rnal tran ­
sisto r to the LM104 to hand le th e powe r. The con ­
nect ion of an external boos ter t ransistor is shown
here . The out put current capabil ity of the regu ­
lato r is increased by the curre nt gain of the added
PNP transistor , but it is st ill necessary to watc h
dissipat ion in the ex terna l pass transistor. Exces­
sive d issipat ion can burn out both the series pass
tran sistor and th e integrated circu it.
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For exam ple, wit h the circuit shown , th e wor st­
case input voltage can be 25V . With a sho rted out­
put at 125°C, the curren t thr ough th e pass

transistor will be 300 mA; and the dissipa t ion in it
will be 7.5W. This clearly est ablish es the need for
an eff icient heat sink.

For lowe r-power ope ratio n, a 2N2905 with a clip
on heat sink can be used for th e external pass
transistor . However. when the wors t case d issipa ­
tio n is above 0.5W, it is advisable to emp loy a
powe r dev ice such as th e 2N3740 with a good heat
sink .

The curr en t limit resistor is chosen so th at th e
vo ltage drop across it is 300 mV, wit h maximum
load current. fo r opera t ion to 125°C. With lower
maximum ambients th is voltage d rop could be
increased by 2.2 mVfC. If possible, a fast-act inq
fuse rated about 25 % higher than the maximum
load curren t shou ld be included in series with the
unr egulat ed input .

When a booster transi stor is used. the rrururnurn
input-outpu t voltage diff erent ial of th e regulat or
will be increased by th e emi tter-base volt age of t he
added transistor . Th is establishes th e minimum
differe ntia l at 2 to 3V. depe nding on th e base
drive requi red by th e ext ernal tra nsistor .
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HIGH CURRENT REGULATOR

When output currents in th e ampere range are
needed, it is necessar y to add a second boost er
transistor to the LM104 circui t ry . Th is connect ion
is shown in the accompan ying f igure. The out put
cu rrent capability of the LM104 is increased by
the product of the current gains of 01 and 0 2.
However , it is st ill necessary to watch the d issipa­
t ion in both the series pass transisto r, 02, and its
driver , 01. A clip-on heat sink is def initely
required for 01, and it is advisable to replace th e
2N2905 with a 2N3740 which has a good heat
sink when output curr ents greater than 1A are
needed . A 1000 pF capacitor shou ld also be add ed
between Pins 4 and 5 to comp ensate for the
poorer frequency response of the 2N3740. The
need for an efficient heat sink on 02 should be
obvious .

Exper ience shows that a single-diffu sed transistor
such as a 2N3055 (or a 2N3772 for highe r cur­
rents) is preferred over a double diffused , high­
frequenc y transistor for the series pass element.
The slower, single-d iffused devices are less pron e
to secondary brea kdown and oscillations in linear
regulato r app licat ions.

As with th e lower-current regulators, Cl is
required to frequency compensat e th e regulator
and prevent oscillations. It is also advisab le to
bypass the input with C2 if the regulator is locat ed
any d istance from the output filter of the unregu­
lated suppl y. The resistor across the em itt er base
junction of 02 fixes the min imum collector cur ­
rent of 01 to min imize oscillation prob lems with
light loads. It is sti ll possible to experie nce oscilla­
t ions with certain ph ysical layouts, but th ese can
almost always be eliminated by stri nging a ferr ite
bead, such as a Ferroxcube K5-00 1-00/3 B, on th e
em itter lead of 02.

The use of two booster transistors does not
appreciably increase the min imum input-out put
voltage differential over that for a single transistor.
The minimum different ial will be 2 to 3V, depend­
ing on th e drive current req uired from the inte­
grated circu it .

With high current regu lators, remote sens ing is
somet imes required to elim inate the effect of line
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resistance bet ween the regulat or and th e load. Th is
can be accomplished by returning R2 and Pin 9 of
the LM104 to the groun d end of th e load and
connect ing Pin B directl y to the high end of th e
load.

The low resistance values requ ired for the current
limit resistor, R3, are somet imes not readily avail­
able. A suitabl e resistor can be made using a piece
of resistanc e wire or even a shor t length of kovar
lead wire from a standa rd TO-5 transistor.

The curre nt limit sense voltage can be reduced to
about 400 mV by insert ing a germa nium diode (or
a diode-connec ted german ium transist or) in series
with Pin 6 of the LM104. This diode will also com ­
pensat e th e sense voltag e and make t he short cir­
c u it cu rre n t esse ntiall y ind e p e nd e n t of
temp erat ure.

'-_+ V,.. ~ - l l"

With high current regulators it is especially i rnpo r ­
tant to use a low-inductance capaci to r on the ou t·
put . The lead length on th is capacit or must also be
made short . Otherwise, the capaci to r leads can
resonate with small er bypass capaci to rs (like
0 .1 /-IF ceramic) which may be conn ected to th e
out pu t . These resona nces can lead to oscillati ons .
With short leads on th e outp ut capacitor, th e 0 of
the tun ed circu it can be made low enoug h so th at
it canno t cause trouble.



FOLDBACK CURRENT LIMITING

High curren t regula to rs d issipate a considerable
amount of power in the ser ies pass t ransistor under
full -load conditions. When the ou tput is shorted,
this di ssipat ion can easily increase by a factor of
fo ur. Hence, with normal current lim iting, the heat
sink must be designed to handle much mor e powe r
than th e worst case fu ll load dissipat ion if th e cir ­
cuit is to survive short -circu it cond iti ons. Th is can
increase the bul k of the regulator substant iall y .
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t ion of the fu ll load current , m ini mizing dissipa­
ti on in th e pass trans istor .

The circuit shown here accomplishes just this.
No rmally Q3 is held in a non-conduc t ing state by
the volta ge developed across R4. However, when
the vo ltage across the current limit resistor , R7,
increases to whe re it equa ls the vol tage across R4
(about 1V ), Q3 turns on and begins to rob base
drive from the dr iver transistor , Ql . This causes an
increase in the outpu t current of th e LM 104, and
it w ill go into current l imi ti ng at a current deter­
mined by R5. Since th e base driv e to Ql is
clamped, the output voltage will drop wi th heavier
loads. This reduces the voltage drop across R4 and,
therefore, th e available ou tpu t curr ent. Wit h the
out put comp lete ly shorted, the current wi ll be
about one-fif th th e fu ll-load curre nt.

In design, R7 is cho sen so tha t the vo ltage drop
across it wi ll be 1 to 2V under full load condit ions.
Th e resistance of R3 should be one-t housand times
the output voltage. R4 is then determined from

This situation can be eased con siderably by using
foldback curre nt lirni t inq. With th is method of cur ­
rent limi ting, the available outp ut curr ent act uall y
decreases as the max im um load on th e regulator is
exceeded and the outpu t vo ltage falls of f . Th e
sho rt -circui t curre nt can be adjust ed to be a f rac-

wher e I F L is the load current at which li miting will
occur.

If it is desired to reduc e th e rat io of fu ll load to
short ci rcuit current , t his can be do ne by connect·
ing a resistance of 2 to 10 Kn across the emitter­
base of Q3.
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SYMMETRICAL POWER SUPPLIES

In many applications, such as powering opera ­
t iona l amplifiers, there is a need for symmetrica l
pos itive and negative suppl y voltages . A circuit
which is a part icularly-economical solution to this
des ign prob lem is shown in the adjo ining figure. It
uses a minimum numb er of components, and the
voltage at both outputs can be set up within ±1.5%
by a single adjustment. Further, the output volt ­
ages will tend to track with temperature and varia­
t ions on the unr egulat ed supp ly.

The positive voltage is regula ted by an LM105,
while an LM104 regulates the negat ive supply. The
unusual feature is that the two regulators are int er­
connected by R3. This not only eliminates one
precision resistor , but the refere nce current of the
LM104 stab ilizes the LM105 so that a ±10% varia­
tion in its reference voltage is only seen as a ±3%
cha nge in out put voltage . Th is means that in many
cases the output voltage of bot h regulators can be
set up with sufficient accuracy by tr imming a
single resistor , R1.
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LM104 to ground with a lO JlF capac itor . A
center-tapped transformer with a bridge rectifier
can be used fo r the unregulated power source.

The line regula t ion and temperature drift of the
circu it is determined primarily by the LM104 . so
both output voltages will tend to track. Out put
ripple can be reduced by about a factor of five to
less t han 2 mV/V by bypassing Pin 1 of the
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ADJUSTABLE CURRENT LIMITING

In laboratory power supplies, it is oft en necessary
to adjus t the limiting current of a regulator . This,
of course, can be do ne by using a variabl e resis­
tance for the cu rre nt limit resistor . However, th e
cu rrent-limit res istor can easily have a value below
t hat of commercially-available potentiometers .
Discrete resistan ce values can be switched to var y
the limit ing current, but this doe s not pro vide
co nti nuouslv-variable adjustment.
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The circui t shown he re solves this pro blem, giving
a linea r ad justm ent of limiti ng current ove r a
five-to -one range . A silicon diode, D1, is inclu ded
to redu ce th e curren t limit sense vol tage to
a pproxi mate ly 50 m V. Appro xim at ely 1.3 mA
fro m the refer ence su pp ly is passed th ro ugh a
potent iometer, R4, to buck out the di ode vol tage.
Therefor e, the effect ive curren t limit sense vol tage
is nearl y propo rt ional to the res istan ce of R4. Th e
cur rent thr o ugh R4 is fairly insensitive to cha nges
in amb ient temperature, and D1 co mpensat es for
temp era ture varia t ions in th e current limit sense
voltag e of th e LM 104. Therefore, th e limit ing cur­
rent wi ll not be grea tly affe cte d by temperature .

It is important th at a po te ntiome te r be used for
R4 and connec ted as shown. If a rheo stat connec­
t ion were used , it coul d o pen while it was bei ng
adjusted and momentar ily increase the current
limit sense voltage to many t imes its normal value .
Th is cou ld dest roy th e series pass transistor s unde r
short -circui t cond it ions .

The inclusion of R4 will soften the current
limit ing cha racteris tic s of th e LM 104 somew hat
because it acts as an emitter-degeneratio n resistor
for the current-limit tran sisto r . Th is ca n be
avoided by reducing the value of R4 and develop ­
ing th e voltage across R4 with additional bleed
cur rent to ground .

IMPROVING LINE REGULATI ON

Th e line regulation for voltage var iatio ns on the
refer ence sup ply term inal of the LM104 is about
five t imes wo rse th an it is fo r changes on the
unregulated input . T herefore, a zener-di ode pre ­
regulat or can be used on the reference supply to
improve line regulation . Thi s is show n in the fiq ­
ure.
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The design of this circuit is fairly simple. It is onl y
necessary th at the minim um curr ent thr ou gh R4
be greater than 2 mA with low input voltage.
Further, the zener voltage of D1 mu st be five volts
greater than on e-half the max imum out put voltage
to keep th e t rans istors in the referenc e curre nt
source fro m saturati ng.
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USING PROTE CTIVE DIODES
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In cases like th is, it is advisable to use a mult iple­
pole swit ch or relay to d isconnect the regulat or
from th e unr egulated sup ply separate from th e
ot he r loads . If this canno t be don e. it is necessary
to put a diod e across the input of the regulat or to
clamp any reverse voltages , in addition to the pro ­
tect ive dio de betwee n th e input and the outp ut .
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Hea vy loads opera t ing fro m the unregu lated
supply can also destroy a voltage regulator. When
the inpu t power is switch ed off , th e input voltage
can drop fast er than the output voltage, causing a
voltage reversal across the regulator, especia lly
when the ou t put of t he regulator is lightly loaded .
Induct ive loads such as a so lenoid are part icu larly
tro ub lesome in th is respect . In addition to caus ing
a volta ge reversal bet ween th e input and th e ou t­
put, the y can reverse the input voltage causing
add it ional damage .

When th e LM104 is used as the co ntro l element of
the regulator, the d ischarg e path is through inter ­
n al junc tions fo rward biased by th e vo ltage
reversal. If the cha rge on the outp ut capacitor is in
t he orde r of 40 vo lt · IlF, th e circuit can be
damaged du ring the discharge interval. However,
the prob lem is not on ly seen with integrated cir­
cu it regulators. It also happens with d iscrete regu­
lators where the series-pass tra nsistor usually gets
blown out.

It is a little known fact that most voltage regu­
lators can be damaged by shorting ou t the unr egu­
lated input vo ltage wh ile the circu it is ope rat ing­
even th ough the output may have sho rt-circ uit
protection . When the input vo ltage to the regu­
lator fa lls instanta neously to zero, the out put
capacitor is st ill charged to the nom inal output
vo ltage. This applies vol tage of th e wro ng polar ity
across th e series pass transistor and oth er parts of
the regulato r, and they try to discharge the output
capacitor into the sho rt. The result ing current
surge can damag e or dest roy these parts.

The problem can be eliminated by connecting a
d iode bet ween the output and th e input such th at
it discharges th e output capaci to r when the input
is sho rted. Th e diode sho uld be capable of hand l­
ing large curren t surges without excessive voltage
drop, but it does not have to be a power diode
since it does no t carry current continuously. It
should also be relat ively fast . Ord inary rectifier
diodes will not do because they look like an op en
circuit in the forward direction un til minori ty
carr iers are injected into the int rins ic base region
of the PIN st ructu re.

Th is proble m is not just caused by acc iden tal
physical sho rts on th e input . It has show n up mo re
than once when regulators are driven fro m hiqh­
frequenc y de-de converte rs. Tantalum capacitors
are frequ ently used as output filters for the rec t i­
fiers. When thes e capac itors are operated near the ir
maximu m voltage ratings with excessive high Ire­
quency ripple across th em, they have a tendency
to spu tter-tha t is, short mo mentar ily and clear
themselves. When th ey sho rt , they can blow out
th e regulat or; but th ey loo k innocen t after the
smok e has cleared .

The so lut ion to th is problem is to use capacitors
with conservative voltage rat ings, to observe the
max imum ripple rat ings for the capaci tor and to
include a protective diode betwee n the input and
output of th e regulato r to protect it in case
spu ttering do es occur .

Yet another failure mode can occu r if th e requ­
lated supply drives induct ive loads. When power is
shut off , the induc tive curre nt can reverse the ou t­
put voltage polarity , da maging the regulator and
the outpu t capacitor. This can be cured with a
clamp diode on the output. Even withou t induc­
t ive loads it is usually good prac tice to include this
clamp diode to pro tec t the regula to r if its ou tput
is acc iden tally shorted to a negat ive supply .

A regulator with all these protec tive diodes is
show n here. 01 protec ts against output vo ltage
reversal. 0 2 prevent s a voltage reversal bet ween
the input and the outpu t of the regulator. And 0 3
prevents a reversal of the input-voltage polar ity. In
many cases , 0 3 is not needed if 01 and 02 are
used , since these diodes will clamp the input volt ­
age within two diode dro ps of ground . This is
adequa te if the input voltage reversa ls are of short
du ration .
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HIGH VOLTAGE REGULATOR

In the design of commercial power supplies, it is
common pract ice to use a float ing bias supply to
power the contro l circu itry of the regulator . As
shown here, this con nection can be used with the
LM104 to regulate output volt ages that are higher
than the rat ings of the integrated circuit. Bett er
regulation can also be obta ined because it is a
simple matter to preregulate the low current bias
supply so that the integrated circu it does not see
ripple or line vo ltage variations and because the
reduced operat ing voltage minimizes power dis­
sipation and associated thermal effects from the
curre nt de livered to the booster tra nsistor.
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The bias for the LM104. which is norma lly
obtained from a separate wind ing on the main
power tra nsformer, is preregula ted by D1. R4 is
selected so that it can provide the 3 mA operat ing
curr ent for th e integrated circuit as well as the
base dr ive of the booster transistor . 01 , with full
load and minimum line voltage. The boos ter
transistor regulates the voltage from the main

supply. and its breakdown voltage will determine
the max imum operating voltage of the complete
regulator.

The connection of the LM104 is somewhat differ ­
ent than usual : the internal divider for the error
amplif ier is shorted out by connect ing Pins Band 9
to gether . This makes the output voltage equal to
the voltage drop across t he adju stment resistor .
R2. instead of twice this voltage as is norma lly the
case. C2 and C3 must also be added to prevent
oscillat ion. The value of C3 can be increased to
4.7 J-l F to reduce noise on the out put .

It is necessary to add 02 and R5 to provide cur ­
rent limiting. When the output curren t becomes
high eno ugh to turn on 0 2, there will be an abrupt
rise in the output current of the LM104 as 0 2 tr ies
to remove base drive from the booster transistor.
Any furthe r increases in load current will cause the
LM104 to limit at a curre nt deter mined by R3.
and the outpu t voltage will co llapse. The value of
R3 must be selected so that the integrated circu it
can deliver the base current of 0 1. at fu ll load,
without limiti ng.

A second. NPN booster trans istor can be used in a
compound connection with 0 1 to increase the
ou tp ut curre nt of the regulato r. However, with
verv-h iqh-voltaqe regulato rs. the most economic al
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 connect ing the regu·
lator to the load, can be provide d by connect ing
R2 to the grou nd end of the load and Pins 8 and 9
to th e high end of the load.
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SWITCHING REGULATOR
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For addi tio nal informat ion on switc hing regu lator s
see " Oesigning Swit ch ing Regulators," Nationa l
Sem icon duct or AN-2, August , 1968.

the switch transistor, 01 , the cat ch diode, 0 1, and
the LC fi lter . The indu c tor is made large enoug h so
tha t the current through it is essent ially co nsta nt
thro ugho ut the switch ing cycl e . Whe n 01 turns
on, the voltage on its co llect or will be nearly equa l
to the un regulated input vo ltage. When it turns
off , the magnetic field in L1 begins to co llapse,
d riving the co llector voltage of 0 1 to ground
where it is clamped by 0 1.

..
UTU lI

"'UI(

"

If, fo r example, the input vol tage is 10V and the
switch transistor is driven at a 50% du ty cyc le, the
average voltage on the co llector of 01 will be 5V.
Th is wavefor m will be filtered by L1 and C1 and
ap pear as a 5V dc voltage on th e ou tpu t. Since the
inductor current comes from the input while 01 is
on bu t from gro und th rough 01 while 01 is off,
the average value of th e input curr ent will be half
the ou tp ut current. The power outpu t wi ll there­
for e equal the inp ut power if switching losses are
neglec ted .

"'""

In design, the value of R3 is chosen to prov ide
sufficien t base drive to 0 1 at the ma ximum load
cu rrent. R4 must be low enough so that the bias
current coming ou t of Pin 5 of the LM104
(app ro ximate ly 300 pAl does not t urn on th e
switch transistor. Th e purpose of C2 is to rem ove
tran sien ts that can appear acro ss R2 and cause
erra t ic switch ing. It shou ld not be made so large
that it severely integr ates the wavefor m fed back
to th is po int .
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The powe r co nversion from the input vol tage to a
lower output vo ltage is obtai ned by the act ion of

Linear regula tors have the advan tages of fast
response to load transients as well as low no ise and
rippl e . Howeve r, since they must d issipa te the
difference between the unregulated ·su pply powe r
an d th e ou tpu t po wer, they some t imes have a low
eff iciency . Th is is not always a pro blem with ac
line-operated equ ipmen t because the power loss is
easi ly affo rded , because the input vo ltage is
already fairlv-welt regulated and becau se losses can
be minimi zed by adjustment of transformer ratio s
in the power supply . In systems operat ing from a
fixed dc inpu t vo ltage , the situat io n is often much
different. It might be necessary to regula te a 28V
input voltage dow n to 5V. In th is case, the power
loss can qu ickly become excessive. This is true
even if eff iciency is not one of the more impo rtant
criteria, since high powe r dissipat ion calls for
expensive pow er tra nsist ors and elaborate heat
sinking methods.

Switching regu lators can be used to greatly reduce
d issipat ion . Efficiencies approaching 90% can be
rea lized even tho ugh the regulated ou tpu t vol tage
is onl y a frac t ion of the input vo ltage . Wit h proper
design, transient respon se and ripple ca n a lso be
made Quite acce pt able.

Th is circuit, wh ich uses th e LM104 as a self­
osci llat ing switc hing regulat or , op erates in much
th e same way as a linear regulator . The refe renc e
current is set up at 1 mA with R1, and R2 deter ­
mines th e ou tput vo ltage in the norma l fashion .
The circuit is made to osc illate by app ly ing posi­
tive feedb ack through R5 to th e non -invert ing
inpu t on the erro r amplifier of the LM104 . When
the output vol tage is low, th e intern al pass tran ­
sisto r of the integrated circuit turns on and drives
01 into satura t ion . The cu rrent feedback th rough
R5 then increases th e magnitu de of th e refere nce
voltage develo ped across R2. 0 1 will re main on
until the out put vo ltage comes up to twice this
reference vo ltage. At th is point . the error am plifier
goes into linear operatio n, and the posit ive feed­
back makes the c ircui t switch off. When this
happens, the refere nce voltage is lowered by feed­
back th rou gh R5, and th e circuit wi ll stay off unt il
the outp ut volt age drop s to where the error amp li­
fier again goes into linear ope rat ion . Hence, the
circui t regulates with th e out put voltage oscillat ing
about the nom inal value with a peak-to -peak ripp le
of around 40 mV.
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HI GH CU RR ENT SWITCHING REGULATOR
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There are a numbe r of precautions th at should be
observed with all swi tc hi ng regulators, although
they are more inclined to cause pro blems in high­
current applications :

The line regulat ion of this circuit is worsen ed
somewhat by the unregulated input vol tage being
fed back into the reference fo r the regulator
through R6. This effec t can be eli mi nated by con­
nect ing a 0 .01 J.l F capacit or in ser ies wi th R6 to
remove the dc component of the feedback .

One unusual prob lem th at has been not ed in wor k­
ing wit h switching regulator s is excessive dissipa­
tion in the swit ch t ransistors caused by high
emitter-base satura t io n volt age. Th is can also show
up as errat ic operation if Q1 is th e defective
device. Th is saturation vo ltage can be as high as 5V
and is th e result of poor allo y ing on the base con­
tact of the transistor . A defective t ransistor w ill
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
poo rly-a lloyed cont act. However, a bad device can
be spotted by probing on the bases of the sw itch
tra nsistors while th e cir cu it is operati ng.

One thi ng th at is f requent ly over looked in the
design of switc hi ng circui ts is th e r ipple rating of
t h fi lter capaci tors . Excessive high ·frequency
rir re can cause these capaci tors to fail. Th is is an
es eciallv -impor tant consideration for capaci tors
used on the unregulated input as th e ripp le curre nt
thr ough them can be high er than the dc load cur­
rent . Th e situ ation is eased somewhat for the fi It er
capacitor on the output of the regulator since the
ripple curre nt is only a f ract ion of th e load cur­
rent . Nonet heless, proper design usuall y requi res
that the vo ltage rat ing of thi s capacito r be h igher
than that d ictated by the dc vo ltage across it fo r
reliable operation.

sipat ion in the diode, but the diode also presents a
short circuit to the swi t ch t ransistor, when it fi rst
turns on , until all the charge stored in the base
regio n of the diode is removed. Similarly , a high
f requency swi tc h transistor must be used as exces­
sive switching losses in low frequ ency tr ansistors,
li ke the 2N3055, make th em overheat .

It is important th at the core mater ial used for the
inductor have a soft saturat ion characteris t ic.
Cores th at saturate abrupt ly produc e excessive
peak currents in th e switch tr ansistor if the output
cur rent becomes h igh enough to run the core close
to saturat ion . Powdered rnol vbdenurn-per rnallov
cor es, on the oth er hand , exh ibi t a gradual reduc­
t ion in permeability w ith excessive curre nt , so the
on ly effect of output currents above the design
value is a gradual increase in switchi ng frequency .
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Outp ut currents up to 3A can be obtai ned using
the switching regulator circuit shown here. Th e cir ­
cu it is identical to the one described previously,
except that Q2 has been added to increase the
ou tput current capabili ty by about an order of
magnitude. It should be no ted that th e reference
supply termi nal is returned to th e base of Q2,
rather than the unregulated input. This is done
because the LM 104 will not funct ion properly if
Pin 5 gets mor e than 2V mo re positive than Pin 3.
Th e reference current, as well as th e bias currents
for Pins 3 and 5, is supplied from the unregu lated
input through R5, so its resistance must be low
enough so that Q2 is not turned on with about
2 mA fl owing through it.

For one, fast swi tch ing diodes and t ransistor s must
be used. If D1 is an ord inary junct ion rect if ier,
vo ltages in the orde r of 10V can be developed
across it in the forward direction when the switch
tra nsisto r turns o ff . This happe ns because low­
f requency rect ifi ers are usuall y manufactured wi th
a PI N str uc tu re which presents a high forward
impedance until enough m inority carriers are
injected into th e diode base regio n to increase its
conducta nce. This no t only causes excessive di s-

It is necessary th at the catch diode, D1, and any
by pass capaci tance on the unregulated input be
returned to grou nd separatel y from the other parts
of th e circuit. Th ese components carry large cur­
rent tr ansients and can develop appreciable vo ltage
transients across even a short length of w ire. If C1,
C2, or R2 have any common grou nd impeda nce
wi th the catch diode or the input by pass capacitor ,
the t ransients can appear d irect ly on the outpu t .

AN 21-11



SWITCHING REGULATOR WITH
CURRENT LIMITING

The switchi ng regulator circuits described pre ­
viously are not protect ed from overloa ds or a
short-circu ited output . The current limiting of the
LM104 is used to limit th e base dr ive of th e switch
transistor, but this does not effec tively protect the
switch transistor from excessive current . Providing
shor t circu it protection is no simple problem,
si n c e it is necessary to keep th e regulator
operating in th e switch ing mod e when the output
is sho rted. Otherwi se, the dissip ati on in th e switch
transistor will becom e excessive even th ough th e
curre nt is limited .

age becomes large enough to turn on 03 , current
limiting is initiated . This occurs because 0 3 takes
over as th e control trans istor and regulates the
vo ltage on Pin 8 of the LM 104. This po int, which
is the feedb ack term inal of the error ampl ifier, is
separated from the act ual output of the regulato r
by not short ing the regula ted output and booster
output te rminals of the integrated circuit. Hence,
with excessive output current, the circuit still oper­
at es as a switching regulator with 0 3 regulati ng the
volta ge fed back to the error amplifier as the out­
put vo ltage falls off .

L...... .... II ... :::: -.V

A resistor, R7, is included so that excessive base
current will not be dr iven into th e base of 0 3. C4
insures that 0 3 does not turn on from the current
spikes through th e switc h transist or caused by
pulling th e stored charge out of the catch diode
(the se are about twice t he load cu rrent ). Th is ca­
pacit or also operates in con junct ion wit h C2 to
produ ce suff icient phase dela y in t he feedback
loop so that the circu it will osci llate in current
limit ing. However, C4 should not be made so large
that it appr eciably integ rates th e rectangu lar wave­
form of the current thr ough the switch transis t or .

As th e outpu t voltage falls below half the design
value, D1 pulls down the reference voltage across
R2. Th is permits th e current limit ing circui t ry to
keep op erating when the unregulated input voltage
drops below the design value of output vo ltage,
with a short on the output of the regu lator .

A tra nsistor with good high-current capability was
chose n for 03 so that it does not suffer from
secondary breakdo wn effects from the large peak
currents (about 200 mAl through it . With a
shorted output, these peak currents occu r with the
ful l input voltage acros s 0 3. The average d issipa­
tion in 03 is, however, low.
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A circuit wh ich provides current limit ing and pro­
tect s the regulat or from short circuits is sho wn
here. The curre nt through th e swit ch tra nsistor
prod uces a voltage drop across R9. When this volt ·
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SWITCHING REGULATOR WITH
OVERLOAD SHUTOFF
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An alternate method for protecting a switch ing
regulat or from excessive output currents is show n
here . When the output current beco mes too high,
the voltage drop across the current-sense resistor ,
RS, fires an SCR which shuts off t he regulator.
The regulator remains off, d issipating prac tically

With this circuit, it is necessary that the shutoff
current be 1.5 times the full load current . Other­
wise, the circui t will shut off when it is switched
on with a full load because of the excess current
requ ired to cha rge the output capacitor. The shut­
off current can be made closer to the full load
curren t by connecti ng a 10 /IF capaci tor across R2
whic h will limit the charging curre nt fo r Cl by
slowing the riset ime of the output voltage when
the circuit is turned on. However , th is capac itor
will also bypa ss the positive feedback from R6
which makes the regulator oscillate. Therefore, it
is necessary to put a 270 n resistor in the ground
end of the added capac itor and provide feedback
to th is resistor from the collector of 01 through a
1 Mn resistor .

In the actual circuit, complementary trans istors,
03 and 04, replace the SCR since it is difficult to
find devices with a low enough holdin g curre nt
(abou t 25 /lAl. When t he voltage drop across RS
beco mes large enough to turn on 04, th is removes
the base dr ive for th e outpu t transistors of the
LM104 through Pin 4. When th is happens 0 3
latches 0 4, holding the regulator off until the
input voltage is removed. It will t hen start when
power is applied if th e overload has been removed.

no power , until it is reset by removing the input
voltage .

"''OJ

..
"..,...

" "n.

"
l D1, F

. CI '...'
'"

"'OUy· ·''''
lou , ~ )...

"' III~··,..
","'..

AN21- 13



DRIVEN SWITCHING REGULATOR

When a number of switching regulato rs are oper­
ate d from a common power source, it is desirable
to synchron ize th eir operation to more uniform ly
dist ribute t he switched current wavefor ms in the
input line. Synchronous operation can also be
beneficial when a switch ing regulator is operated
in conjunction with a power converter .

..
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input of the error amplifier. The waveform is
obtained by integrat ing the square wave synchro·
nizing signal. Th is triangu lar wave causes the error
amplifier to switch because its gain is high enough
that the waveform easily overd rives it. The switch ­
ing duty cycle is controlled by the output voltage
fed back to th e error amplifier. If the output volt·
age goes up, th e duty cycle will decrease since the
error amp lifier will pick off a smaller portion of
the tr iangular wave. Similarly, t he duty cycle will
decrease if th e output volt age drops . Hence , the
duty cycle is con trolled to produce the desired
outpu t volt age.

Without a synchronous dr ive signal, th e circui t will
self oscillate at a frequency determ ined by L1 and
C1. Th is self-oscillat ion frequency must be lower
than the synchronous drive frequency. Therefore ,
more filter ing is requ ired for a dr iven regulat or
than for a self-oscillatinq regulat or operat ing at the
same freq uency . This also means th at a dr iven
regulator will have less outpu t ripple.

'--....------....---.l~_v,..~ ...v

A circuit which synchron izes the switching requ­
lator with a square wave dr ive signal is shown here .
It d iffers from the switching regulators descr ibed
previously in th at positive feed back is not used .
Instead, a triangular wave with a peak-to-peak
amp litude of 25 mV is applied to th e non invert ing

AN21- 14

The value of C2 is chosen so that its capacitive
reactance at the dr ive frequ ency is less th an one­
ten th the resistance of R2. The amplitude of the
tr iangular wave is set at 25 mV wit h R5. It is advis­
able to ac couple th e drive signal by putti ng a
capacitor in ser ies with R5 so that it does not
disturb the de refer ence voltag e developed for th e
erro r amplifier .



THE LM104 REGULATOR

The basic reference for the regulat or is zener diod e
01 . The reference diode is supplied from a PNP
current source, Q8, which has a fixed current gain
of 2. Th is arra ngeme nt per mits th e circu it to
opera te with unregulated input volt ages as low as
7V, substantially increasing th e efficie ncy of low­
volt age regulators.

The reference supp ly is tem perat ure com pensat ed
by using the negative temperature coeff icient of
the transisto r emitter-base voltage s to cancel the
posit ive coeff icient of the zener diode. The design
prod uces a nomina l 2.4 V betwee n t he reference
and reference suppl y terminals of the integrated
circu it. Connecting an external 2.4 Kn resisto r
bet ween th ose terminals gives a l mA reference
current from the collecto rs of Q1 and Q2, wh ich is
independen t of temperat ure. The reference vol tage
supplied to the error ampl ifier is developed acros s
a secon d external resistor con nected betwee n the
adjustment terminal and ground .

The refere nce supply term inal is nor ma lly con­
n ected to the unreg ulat ed supply. However,
improved line regulat ion can be obtained by pre­
regulati ng t he volt age on th is term inal. Th is
improvement occurs because Q1, Q2, and Q7 do
not see chan ges in input voltage. Normally, it is
th e change in th e em itt er-base voltage of these
trans istors with changes in collector-base voltage
which det ermines the line regulation .

When the reference supply and unregulated input
t erminals are operat ed from separate voltage
sourc es, it is important to make sure that the un­
regulated input te rminal of th e integrated circu it
does not get mor e than 2V more posit ive th an th e
reference supply te rminal. If th is happens, the
c o ll ec t o r- iso la t ion junction of Q6 becomes
forward biased and disrupts the reference.

The error ampl ifier of the regulator is quite similar
to th e LM101 operat ional amplifi er . Emitter
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follower input transistors, 01 8 and 0 19, dr ive a
dual PNP which is operated in th e common-base
con figurat ion. The current gain of these PNP tran­
sistors is fixed at 4 so that the base can be driven
by a current source (013) . Active collector loads
are used for th e input stage so that a voltage gain
of 2000 is obta ined . 0 21 and 022 provide enough
current gain to keep the interna l, series-pass tran ­
sistor from loading the input stage. R14 limits the
base drive on 023 when it satura tes with low, un­
regulat ed input volt ages. The collecto r of 023 is
brought out separate ly so that an exte rna l booster
trans istor can be added for increased outpu t cur­
rent capa bility . R13 estab lished the min imum
opera ting current in 023 when booster transi stor s
are used .

One feat ure of th e erro r amplifier is th at it oper­
ates prope rly with common mode voltages all th e
way up to ground . Because of thi s, the circu it will
regulate with ou tput volt ages to zero volts.

Current limiting is provided by 024. When the
voltage between the current limit and un regulated
input terminals becom es large enou gh to turn on
024, it will pu ll 010 ou t of saturat ion and remove
base drive from 021 throu gh 020. This causes the
series pass transistor to ex hibit a co nsta nt current
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chara cteristic . The pre-load current , provide d for
024 by 01 0 before current limit ing is initiated,
gives a much sharper curre nt ·limi t characteristic.
C1 and R11 are include d in the limit ing circuitry
to suppress oscillatio ns.

The error ampli fier is conn ected to a divider on
the ou tput (R15 and R16) to keep the refere nce
current genera to r fro m satu rating with low input­
ou tpu t voltage different ials. A compensating
resistor , R17, wh ich is equal to the equivalent
resistance of th e divider is include d to minimize
offset erro r in the erro r amplif ier.

The major feed back loop is frequency cornpen­
sated by the brute-force method of rolling off the
response with a relat ively large capac itor on the
output. C2 is included on the integrated circuit to
compe nsate fo r th e effec ts of series resistance in
th e outpu t capacitor. A compensation point is also
brought ou t so that more capaci tance can be
added across C2 for certain regulator co nfigura·
tion s. R8 impro ves th e load·transient response,
especial ly when compensation is added on Pin 4.

The purpose of 09, which is a collec to r FET, is to
bias the curr en t-sourc e transisto rs, 01 2 and 01 3.
It also supplies th e preload curre nt fo r the
cur rent ·limit transistor , 024, t hrough 010.
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THE LM105 - AN IMPROVED
POSITIV E REGULATOR

IN T RODUCTI ON

IC vo l tage regul ators are seeing rapidl y inc reasing
usage. The LM 100 , one of t he f irst, has already
been widely accep ted . Designe d for versati li ty , t hi s
ci rc ui t can be used as a l inear regul ator , a swi tc h­
ing regulat or , a shun t regulat or , or even a cu rr ent
regul ator . T he outpu t vol tage can be set between
2V and 30V wi th a pai r of ex t erna l resistor s, and i t
wo rks w i th un regula ted inpu t vo l tages dow n t o
7V . Di ssipat io n l im i tations o f t he Ie packag e re­
st r ict t he out put cur rent t o less t han 20 mA, but
ex terna l transisto rs can be adde d to obtain ou tp u t
curren ts in excess of 5A . Th e LM 100 and an
ex tensi ve descript io n of its use in many practical
circu i ts are described in References 1-3.
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One comp laint abo u t t he LM 100 has been that it
does no t have good enough regulat io n fo r certain
app l icat ions. In addi t ion, it becom es di ff icult to
prove th at t he load regu lat ion is sat isfacto ry und er
wo r st -case design con d it ions . These problems
pr om pted development o f t he LM 105, w h ich is
nearl y iden ti cal to t he LM 100 exce pt t hat a gain
stage has been add ed f or improved regu lat ion . In
t he great majority o f app l icat ions, t he LM 105 is a
pluq-in rep lacem ent fo r th e LM 100.
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TH E IMPROVED REGULATOR

The load regul at ion o f t he L M 100 is abou t 0 .1%,
no load to fu ll load, w i t hou t cur rent l im i t ing.
When shor t circui t pro tection is added , the regul a­
tion begins t o deg rade as t he ou tpu t cu rren t
beco mes greate r t han abou t half th e limiting cur ­
rent. T hi s is ill ustra t ed in Fi gur e 1. T he LM 105 , 011
the other han d , gives 0 .1% regul at ion up to cur­
ren ts clo sely approach ing the sho rt ci rcui t current.
A s shown in Figure lb, th is is part icularl y signi f i­
cant at h igh temp erat ur es.

The curren t l im i ting charac te ris t ics o f a regulator
are impor tan t fo r t wo reaso ns: F irst , it is alm ost
man da tory t hat a regulator be sho rt -circuit pro­
tec ted because t he ou t pu t is di stri bu ted to enou gh

LOAD CURRENT (mAl

b. T, '" 125 '£

FIGURE 1. Compar iso n Between th e l oad Reg ul at ion of
t h e L M100 an d L M105 fo r Eq u al Sh or t Cir­
cuit Cu rr ent s

places t hat th e pr ob abil i ty of i t becoming shorte d
is quite h igh. Second ly , th e sharp ness o f t he limit ­
ing charact eri st ics is not improved by t he addi tion
o f ex ternal booster transisto rs. Ext er nal transistor s
can incr ease th e max imum output cu rren t , but
they do no t impr ove t he load regul at ion at cur­
rents app roachi ng th e sho r t c ircu i t cur rent. Thu s,
i t can be seen that the LM 10 5 prov ides mor e than
ten t imes bett er load regulati on in prac tic al powe r
suppl y designs .
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Transisto rs 0 8 and 0 9 make up the error amp li fi er
o f the circ uit . A gain of 2000 is obtained f rom th is
single stage by using a current source, ano ther col­
lector on 02, as a co llec to r load. The outpu t of
the amp l if ier is bu ff ered by 0 11 and used to dri ve
the series-pass t ransistor , 0 12. The co llec tor o f
0 12 is brought out so that an ex ternal PNP t ran­
sisto r, or PNP- NPN combinat ion, can be added
for increased output current.

In the LM 100, generation o f the reference vo ltage
star ts w ith zener d iode, Dl , which is supp l ied wi th
a fix ed current from one of the collectors of 0 2.
Th is regulated vo ltage, wh ich has a posit ive tem­
peratu re coeff ic ient , is buffe red by 0 4, d ivid ed
down by Rl and R2 and connected in ser ies wi th a
diod e-conn ected tr ansistor , 0 7. The negative tem­
peratu re coeff icient of 07 cancels out the posit ive
coeff ic ient of the vo ltage across R2, producing a
temperature-compensated 1.8V on the base o f 0 8.
Th is point is also brought outside the ci rcu it so
that an external capacit or can be added to bypa ss
any no ise f rom the zener di ode.

FIGURE 4. Schematic Diagram o f the l Ml 05 Regulator .

Current li mitin g is provid ed by 010. When the
vo l tage across an external resistor connected
between Pins 1 and 8 becomes high enough to turn
on 0 10, i t removes the base drive from 01 1 so the
regulator exh ibi ts a constant -cur rent characteri st ic.
Prebiasing the curr ent limi t transistor w i th a por ­
tion o f the emit ter-base vo ltage of 01 2 fro m R6
and R7 reduces the curren t limit sense vo ltage.
Th is increases th e eff ic iency of the regulator ,
especiall y when foldback curr ent limit ing is used.
With fo ldb ack limiti ng, the vo ltage drop ped across
the curre nt sense resistor is abou t four tim es larger
than the sense vol tage.

A s fo r the remaining detail s, the co llecto r o f the
ampl i fie r, 09, is brough t out so that ext ernal
co ll ec to r -base capac itance can be added to
fr equency -stabili ze the circuit wh en it is used as a
lin ear regulator. Th is termina l can also be grounded

to shut the regula tor oft. R9 and R4 are used to

start up the regu lator, wh ile th e rest of the cir­

cuit ry establ ishes the prope r operat ing levels for
the curren t source transistor , 0 2.
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The d iff erences between th e LM 100 and the
LM 105 can be seen by comp aring the schemat ic
di agrams in Figures 3 and 4. 04 and 05 have been
added to the LM 105 to for m a common- colle ctor,
comm on-base, com mon -emi t ter amp l i f ier , rather
than th e single commo n-emitter d ifferenti al arnpl i­
f ier on the LM 100.

FIGUR E 2 . Com pariso n Betw een the line Regulat ion
Ch aracterist ics of the LM 100 and LM 105 .

CIRCUIT DESCRIPTION

Th e LM 105 has also benef i ted from the use of new
IC components developed afte r the LM 100 was
designed. Th ese have reduced the internal pow er
consumption so that th e LM 105 can be specifi ed
for input vo ltages up to 50V and output voltages
to 40V . The minimum preload current require d by
the LM 100 is no t needed on the LM 105.

10 20 50

INPUT-OUTPUT VOLTAGE DIFFEREN TIAL{VI

FIGURE 3. Schemat ic D iagram of th e LM100 Regulator .

Figure 2 shows that the LM 105 also provides
bett er l ine regulat ion than the LM 100 . These
curves give the percent age change in ou tpu t vo lt­
age for an incremental change in the unregulated
inp ut vol tage. The y show that the line regulat ion is
worst for small d i ff erences between th e inpu t and
output vo ltages. The LM 105 provide s about thr ee
t im es better regulati on under worst case condi ­
t ions. Bypassing the internal reference of the regu·
lator makes the ripple reject ion o f the LM 105
almo st a fac to r of ten bett er than the LM 100 over
the ent ire operating range, as shown in the figure.
Th is bypa ss capacito r also eliminates noise qener­
ated in the internal reference zener of the IC .
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The reference c ircui t ry of the LM105 is the same,
exce pt that t he cu rre nt through the reference
d ivider , R2, R3 and R4, has bee n reduced by a
factor o f two on th e LM105 for reduced pow er
con sumption , In the LM105 , 0 2 and 03 form an
em itter couple d amp lifier, wi th 0 3 being th e
emit ter-fo llower input and 0 2 th e co mmo n-base
output amp lifier. R6 is the coll ect or load for this
stage, which has a voltage gain of about 20 . Th e
second stag e is a diff erentia l amplifier, us ing 04
and 05. 0 5 ac tua lly provides the ga in. Since it has
a current source as a co llecto r load , o ne of th e
collecto rs of 01 2, th e gain is qui te high : about
1500. Th is gives a tot al gain in the error ampli fier
of about 30 ,000, wh ich is ten t imes highe r than
the LM100.

It is not obvious from the sche ma tic, but the first
stag e (02 and 0 3 ) and second stage (0 4 and 05)
of the erro r am plifier are close ly balan ced when
the circuit is ope rat ing. This will be tru e regardl ess
of the absolute value of comp one nts and over the
o perat ing tem per atu re rang e. The on ly thing
affec tin g balance is co mponent ma tchi ng, which is
good in a mon o lithi c integra ted c ircuit , so th e
error ampl ifier has good dr ift cha racte rist ics ove r a
wide temperature range.

Frequency compe nsat io n is acco mp lished wi th an
ex ternal integ rating capacitor around the error
amp lifier, as with the LM100. This scheme mak es
the stabil ity insensitive to loading co nd it ions­
resistive or reactive -while giving good transient
response. However, an inte rna l capac itor , C1, is
added to preven t mino r-loop osc illat ions due to
the increased gain.

Add ition al diff erences betw een th e LM100 and
LM105 are that a field -effec t tr ansisto r, 0 18, con­
nected as a curre nt sou rce starts th e regulator
when power is first applie d . Since this curren t
sou rce is co nnected to grou nd , rat her than the out·
put , t he minimu m load curren t before the requ­
lator dr ops ou t of operat ion wi th large input ­
outpu t vo ltage d ifferentia ls is greatl y red uced . This
also minimizes powe r dissipatio n in the integrated
c ircu it when the difference between the input and
output voltage is at the wors t-case value. With th e
LM105 circuit co nfigurat ion, it was also necessary
to add 017 to eliminate a latc h-up mechanism
which co uld ex ist with lower out put -voltaqe set­
t ings. Withou t 017, thi s co uld occu r when 0 3
saturated and cut off the second stage amp lifiers,
04 and 05, causin g the outp ut to latch at a volt ­
age nearly equa l to the un regulated inpu t.

POWER LIMITATIONS

Although it is desirous to pu t as much of the requ­
lator as possib le on the IC chip, there are cert ain
basic limi ta t ions. For o ne , it is not a goo d idea to
put the series pass tr ansistor o n the ch ip. Th e
power that must be d issipat ed in the pass i ran ­
sisto r is too much for pract ical IC packages. Fur­
ther , IC's must be rat ed at a lower maxi mum oper ­
ating tem peratu re than power transistors. Th is
means that even with a pow er package , a mor e-

massive hea t sink wou ld be requ ired if the pass
transistor was included in the IC.

Assum ing that these prob lems coul d be so lved, it is
still not advisa ble to put the pass tr ansistor on the
same ch ip with the reference and co ntrol circuit ry :
cha nges in the unr egulat ed input volt age or load
current produce gross variat ions in ch ip temp er a­
tur e. These variatio ns wo rsen load and line regula­
t ion du e to temp erature interact ion with the con ­
tro l and reference circu it ry .

To elaborate, it is reaso nabl e to neglect the pack­
age probl em since it is po ten tia lly so lvable. The
lower, maximum ope rat ing temp erat ures of IC's,
however, presen t a mo re basic prob lem . The con ­
trol c ircuitry in an IC regulator runs at fa irly low
curre nts. As a result , it is mor e sens it ive to leakage
curre nts and other phenomena which degrades the
perf orm ance o f semiconduc to rs at high temp era­
tur es. Hence, th e maximum op erat ing temperature
is limited to 150°C in militar y temp er ature range
app licat ions . On th e othe r han d , a pow er t ran sistor
operating at high curren ts may be ru n at tempera­
tur es up to 200°C, because even a l mA leakage
curre nt woul d not affec t its operat ion in a prop­
erly designed circ uit. Even if the pass tra nsisto r
develop ed a pe rmanent 1 mA leakage from chan ­
ne ling, ope rat ing under these con ditions of high
stress, it wou ld no t aff ect circu it ope ratio n. These
condi tions wou ld no t trouble the pass transistor,
but th ey wo uld most cert ainly caus e co mple te fail­
ure of the con t rol circu itry .

These problems are not eliminated in app lica t ions
with a lower max imu m ope rat ing temp erature .
Integrated circu its are so ld for limit ed temperature
range app licat ions at cons ide rably lower cos t. This
is ma inly based on a lower max imum junc t ion
temp erat ure . They may be rat ed so th at they do
no t blow up at highe r tem peratures, bu t they are
no t guaranteed to operate with in spec ificatio ns at
these temperat ures. Therefo re, in app licat ions with
a lower max imum ambient temperature, it is
necessa ry to pur cha se an ex pensive fu ll temp era'
tur e range pa rt in order to take advan tage of the
theoret ical maximum op erating tem peratures o f
the IC.

Figure 5 makes the po int abou t dissipati o n lirnita­
tions mor e stro ngly. It gives the ma ximu m short
circuit output current for an IC regulator in a
TO·5 pac kage, assumi ng a 25°C temp eratu re rise
bet ween the chip and am bien t and a qu iescent cur­
rent o f 2 rnA. Dual-in-line or flat pack ages give
results which are, at best , slight ly bet ter, but are
usually wor se. If the shor t circu it curren t is no t of
prime conce rn , Figure 5 can also be used to give
the maximum ou tput current as a funct ion of
inpu t-outpu t vol tage differen tial. However , the
increased d issipat ion du e to the qu iescen t current
flow ing at the max imum input voltage must be
taken int o accoun t. In addi tio n, the input -output
d ifferen tia l must be measured with the maxi mum
expected inpu t vo ltages.
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FIGURE 5. D issipat ion Limited Short Circu it Ou tput
Current for an Ie Regul ator in 'I TO-S Pack­
age.

Th e 25° C tem perat ure rise assumed in arr iving at
Figur e 5 is not at all unreasonable. With milit ary
tem perature range part s, this is va lid fo r a maxi­
mu m junct ion temperature o f 150°C with a 125 °C
ambient. For low cost pa rts , ma rke te d fo r limit ed
tem peratu re range ap pl icati ons, this maximu m d if­
ferent ial app rop riately dera tes the maximu m ju nc­
t io n temp eratu re.

In pract ica l designs, the maximum per missib le
di ssipation wi ll always be to the left of the curve
shown for an infi nite heat sink in Figur e 5. This
cu rve is real ized with the pack age imm ersed in
circulat ing ace ton e, freon or mine ral o il. Most heat
sinks are not qui te as qocd .

To summarize , power transistors can be run with a
te mpe ra ture d ifferent ial , ju nc t ion to amb ient , 3 to
5 t imes as grea t as an int egrat ed c ircuit. This
mean s that they can dissip ate much mor e power ,
even wi th a smaller hea t sink . Th is, cou p led w it h
th e fact that low cos t , mu lt ilead po we r packages
are not avai lab le an d that ther e ca n be therm al
interact ion s between th e co nt ro l circui t ry and the
pass tr ansisto r, st ro ngly suggests tha t the pass tran­
sisto rs be kept sepa ra te fro m the integrated circu it.

USING BOOS T ER TRANS ISTO RS

Figure 6 shows how an exte rna l pass t ransist or is
adde d to th e LM105. The ad dition of an ex te rna l
PNP transistor does not increase the mini mum
input o utp ut vo ltage d ifferenti al. This wo uld
happen if an NPN tr an sistor was used in a com­
pou nd emitter foll ower co nnec t ion with th e NPN
outp ut t rans isto r of the IC. A single-d iffuse d , wide

,-- ....--JVvY-+ ----+ - _VOUT - sv

base tra nsistor like th e 2N3740 is recommend ed
bec ause it causes fewer osc illat ion problem s than
doubl e-d iffused , planar devices. In add it ion , it
see ms to be less pro ne to failure un der ove rloa d
co nd iti ons; and low cos t devices are available in
pow er packages like th e TO·66 or even TO ·3 .

Whe n the maximu m dissipat ion in th e pass tr an­
sisto r is less th an ab out 0.5W, a 2N29 05 may be
used as a pass t ransistor. However, it is genera lly
necessary to ca refully obse rve thermal derat ings
an d prov ide so me so rt o f heat sink .

In the cir cuit of Figur e 6, th e output volt age is
det er mi ned by R 1 an d R2 . The resist or values are
selec ted based on a feedback vo lta ge of 1.8V to
Pin 6 of th e LM105. To kee p th ermal dr ift of the
ou tpu t vo ltage w ithi n spec if icat ions, th e pa ra llel
co mbinat ion of R 1 and R2 should be approxi ­
ma te ly 2K . However, this resist ance is no t cr itical.
Varia t ion s of ±3 0% wi ll no t ca use an ap preciab le
degrad at ion of tem perat ure d rift .

The 1 I1F output cap aci to r, C2, is requ ired to sup­
press osc illat ions in the feedb ack loop involvinq
th e ex te rnal bo ost er tr ansist o r, Q 1, and the output
t ran sistor of th e LM105. C 1 co mpe nsates th e
int ern al regulat o r ci rcuit ry to ma ke the sta bi lity
independ ent fo r all load ing conditions. C3 is no t
no rma lly requ ired if th e lead length between th e
regulator and th e output filter of the rect ifier is
short.

Cu rrent limiti ng is provided by R3 . The current
limi t resistor sho uld be selecte d so that the maxi­
mu m vo lt age dr op ac ross it , a t full load cu rre nt , is
equa l to the vo ltage given in Figure 7 at th e ma xi­
mu m jun ct ion temperat ure of th e IC. This assures
a no load to full load regu lat ion bett er th an 0. 1%
under wo rst-case co nd it ions .
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The sho rt circu it ou tpu t cu rren t is also determ ined
by R3 . F igure 8 shows the vo ltage d rop ac ross this
resisto r, when the ou tput is sho rted , as a fu ncti on
of junct ion temperature in the IC.

With t he ty pe of cu rren t limiti ng used in F igure 6,
the dissipat ion unde r sho rt c ircuit co nd it ions can
be mor e than three t imes th e wo rst-case ful l load
d issipat ion . Hence, th e hea t sink fo r th e pass tr an-
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R3. Therefore, mo re voltage must be developed
across R3 befor e curre nt l im it ing is in it iated. After
th e outp ut vol tage begins to fall , the bucking

vol tage is reduced, as it is propor tional to the out·
pu t voltage. With th e output shor ted, the current
is reduced to a valu e determined by th e curre nt
lim it resistor and the curre nt l imit sense vo lt age o f
th e LM1 05.

~

: D.4 f-++-+-"""k--1-++-+~
~,.
::;
~

z

~

FIGURE 8 . Voltage Drop Across Current Limit Resistor
Required to In it iate Cu rrent Lim it ing.
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sistor must be designed to accommodate the in ­
creased dissipat ion if the regulator is to survive
mor e than mo men tarily w ith a shorted outpu t. It
is encouraging to no te, however, tha t the short
circuit current w i ll decrease at higher ambien t tern­
peratures. This assists in pro tec t ing the pass tr an­
sistor fr om excessive heat ing.

FIGU R E 10. Limiting Ch aracteristics of Regulator Using
Fo ldback Current limiti ng.

FO LDBACK CURRENT LIMITING

With high current regulators, the heat sink fo r th e
pass tr ansistor mu st be made qui te large in order
to hand le th e po wer di ssipated und er worst -case
condit ions. Mak ing it more than th ree ti mes larger
to withstand short ci rcu its is somet imes incon­
venient in th e extre me. This probl em can be solved
with fold back current li mi t ing, which makes the
output current under overload cond it io ns decrease
below the fu l l load curre nt as the output vo lta ge is
pu lled do wn. Th e short ci rcui t current can be
made but a fr action o f the ful l load curren t.

Fi gure 10 i llust rates the limiti ng characteris tics.
Th e circu it regulates for load currents up to 2A .
Heavier loads w il l cause the outpu t voltage to
drop, reduci ng th e available current. Wi th a short
on the ou tput, the current is only 0.5A .

In design, th e valu e of R3 is det ermined from

( 1)

Finall y . R4 is given by

where VI,m is the current l im it sense voltage of the
LM 105, given in Figure 8, and lsc is the design
value of short ci rcui t current. R5 is then obtained
f rom

(21

(3)

wh ere VO U T is the regul ated output voltage, V",ns"
is maximum vo ltage across the curr ent limit resis­
tor for 0.1% regulation as indicated in Figure 7,
Ibleed is th e preload current on the regulator ou t ·
put provided by R5 and Ib'a> is the max imum cur­
rent comi ng out of Pin 1 of the LM 105 under full
load condition s. Ib'a> w ill be equal to 2 mA plu s the
worst -case base dr ive for th e PNP booster tran­
sisto r, Q2. ' bleed should be made abou t ten t imes
greater than Ib ias -

A high curr ent regulator using foldback limit ing is
shown in Figure 9. A second booster tr ansistor,
Q1, has been added to provide 2A output current
wi thou t causing excessive dissipat ion in the
LM 105 . The resistor across it s emitter base june­
tion bleeds of f any col lecto r base leakage and
estab lishes a mi nimum co ll ecto r curren t fo r Q2 to
make th e ci rcu it easier to stab ilize wi th light loads.
Th e foldback characteris t ic is pro duc ed with R4
and R5. The vo ltage across R4 bucks ou t th e
voltage dr opped across th e current sense resistor ,

"
rl~

""

FI GU R E 9. 2A Regulator with Foldb ack Current Li mit ­
ing.

wh ere I FL is the ou tp ut current of the regul ator at
fu ll load.
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FIGUR E 11. Power D issipat ion in Series Pass T ransistors
Und er Overload Conditions in Regulator
Using Foldback Current limiting .

With foldba ck limit ing, power d issipa t io n in the
pass tr ansistor reaches a maximu m at some po int
between full load and sho rt c ircu ited out put. This
is illust rated in Figure 11. However, if the
max imum dissipati on is ca lculated with the
wo rst-case input vo ltage, as it shou ld be , th e powe r
peak is not too high.

It is recom mended that a ferrite bead be st rung on
th e em itter of th e pass transistor , as show n in Fig­
ure 9 , to supp ress osci llati o ns that may show up
with certain phy sical configurat ions. It is advisa ble
to also incl ude C4 across th e cu rren t limit resistor .

In som e applica tions, th e power d issipat ed in 02
beco mes too great for a 2N2905 un de r wo rst-case
cond it ion s. Th is can be tru e eve n if a heat sink is
used, as it sho uld be in almost a ll app licat ions .
When dissipati on is a pro blem , the 2N 2905 can be
rep laced with a 2N3 740 . With a 2N3 740, the fer ·
rite bead and C4 are not need ed because this tran ­
sistor has a lower cu toff frequency.

One of th e advantag es of foldback limit ing is th at
it sha rpens th e limit ing characteristi cs of the IC. In
add it ion, the maxim u m output curren t is less sen­
sit ive to variat io ns in the current limit sense volt ·
age of th e IC: in this circui t , a 20 % change in sense
vol tage will only affe ct th e trip current by 5%. The
tem perature sensit ivity o f the fu ll load current is
likewise redu ced by a facto r of four , whi le the
short circuit current is no t .
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Even th ough the voltage dr opped across th e sense'
resist or is larger with fo ldback limi tin g, the mini­
mum input -output vo ltage different ial of the co rn­
plete regu lator is no t inc reased above the 3 V spec i­
fied fo r th e LM105 as long as th is dr op is less tha n
2V. This can be attributed to th e low sense volta ge
of th e IC by itself.

Figure 10 shows that fo ldb ack limit ing can only be
used with ce rtain kind s of loads. When th e load
looks predom ina tely like a curre nt source , th e load
line can intersect th e foldba ck ch aract erist ic at a
poin t wh ere it will prevent th e regulator fro m
co mi ng up to vo ltage, even without an ove rload .
Fo rtu nat ely, most so lid sta te circuit ry present s a
load line which doe s not int ersect . However, th e
po ssibility ca nn ot be igno red , and th e regulator
must be designed with some kno wledge of th e
load .

HIGH CURR ENT REGULATOR

The ou tp ut curren t of a regu lato r using the LM105
as a co nt ro l eleme nt can be increase d to any de­
sired level by add ing mor e booster t ransistor s, in­
creasing th e effec t ive current gain of the pass tra n­
sistors. A circuit for a l OA regu lat o r is shown in
Figure 12. A third NPN tr ansistor has been in­
c1uded to get hig her curr ent. A low frequ ency
device is used for 0 3 because it seems to better
withs ta nd abu se. However , high frequency tr ansis­
tors mu st be used to dr ive it. 0 2 and 03 are both
doubl e-diffu sed transistor s with good freq uency
respon se. Th is insu res tha t 0 3 wi ll presen t the
dom inant lag in th e feedb ack loo p through the
booste r tr ansistor s, and bac k aro un d th e out put
t rans isto r of. t he LM105 . Th is is further insured by
th e add it ion of C3 .
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FIGU RE 12. l OA Regulato r with Foldback Current
l im iting .



Th e ci rc ui t , as shown, has a full load capability of
lOA . Fo ldback lim it ing is used to give a short
circu it o u tpu t current of 2.5 A. Th e add it ion of 0 3
inc rease s the mini m um input -o u t pu t vo lta ge di f­
ferentia l, b y 1V, to 4V .

DOMI NAN T FAILUR E MEC HANISMS

The pro blem ca n be elim inated complet ely by
installing a d iod e between th e inpu t and output of
the regula to r such tha t t he ca pac ito r on the outpu t
is d ischarged through thi s d iod e if t he input is
sho rted . A fast switchin g d iod e should be used as
or d ina ry rec t ifie r d iodes are no t always effe c t ive.

By far, t he biggest reason fo r regul at or failu res is
overdissipation in the series pass t ransistor s. This
has been borne o u t by ex pe rience with the
LM 100. Excessive he at ing in the pass t ransisto rs
ca uses them to sho rt out, destroying the IC. This
ha s happened most fre q uen t ly wh en PNP boo ster
tr an sist or s in a TO·5 ca n, like th e 2N2905, were
use d . Even with a goo d heat sink , t hese tr ansisto rs
ca nno t d issipa te much mo re than l W. The maxi­
mu m di ssipat io n is less in many appl icat ions . When
a single PNP booste r is used and power can be a
pro blem, it is be st to go to a tr an sistor like the
2N3740, in a TO ·66 po wer pa ckage, using a good
heat sink .

Using a com po un d PNP/ NP N booster do es not
so lve al l problems. Even whe n br eadboard ing with
tr an sist or s in TO ·3 po wer pack ages, heat sinks
m ust be used. The TO· 3 package is no t ver y good ,
ther mall y , without a heat sink. Dissip at io n in the
PNP tr an sist or dr iving the NPN series pass tr ansis­
tor canno t be ignor ed either. Dissipation in th e
dr iver wit h wo rst -case current gain in the pa ss tran­
sisto r mu st be tak en into account. In ce rta in cases,
thi s cou ld requ ire tha t a PNP t ran sis to r in a po we r
package be used to dr ive the NPN pas s tr ansist or .
In almost all cases, a hea t sink is req uired if a PNP
dr iver tr ansisto r in a TO·5 pa ck age is selected .

Another cause of pro blems with regul at o rs is se­
vere voltage tr ansien ts on th e unregula ted inpu t.
Even if t hese tr ansient s d o no t cause im media te
fa ilure in the regul at o r, they can feed thr oug h and
de st roy the load . If the loa d sho rts out , as is Ire­
q uentl y the case, th e regulator can be dest ro yed
by sub sequ ent tr ansient s.

Th is pr ob lem can be so lved by specify ing all pa rts
of th e regulator to w iths tan d the t ransient condi­
t io ns . However, when ult imate rel iab ility is
need ed, th is is not a go od so lut ion . Espec ia lly
since th e regula to r can wi th st and th e tr ansi ent, ye t
severe ly overstress th e circu it ry on its o u t put by
feedi ng the transients throu gh . Hence, a more logi·
ca l recourse is to include ci rc u it ry wh ich supp res­
ses th e tr an sien ts. A met hod of doing th is is shown
in F igur e 13. A zene r diode, which can hand le

11
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With output curr en ts above 3A , it is good pract ice
to replace a 2N 3055 pass tra nsistor wi th a 2N3772.
The 2N3055 is rated fo r h ighe r curre nts th an 3 A,
but its curren t gain fa lls o ff rapid ly . Th is is espe­
cial ly tr ue at e ither h igh temp er atu res o r low
inp ut -cutout vol ta ge d iffe ren tial s. A 2 N3772 will
give subs ta nt ially bette r perfo rmance at h igh cur­
rents, and it makes life mu c h easie r for th e PNP
driver.

FIG U RE 13. Suppression Circuitry to Remove Large
Voltage Spikes from U nregulated Supplies.

large peak current s, cla mp s th e input vo ltage to
the regulat or wh ile an indu cto r lim its the cu rren t
th rough the zen er du ring the tr ansient. The size of
th e inductor is det er min ed fro m

CONCLUSIONS

In sw itch ing regula tor app lica tions,' th e size o f
the resistor used to provide po sit ive feedback
sh o uld be do ubl ed as the impe dance seen looking

Th e LM105 is an exact replac em ent for the
LM 100 in th e majo rity of app lica t ions , p rovidin g
abo ut ten ti mes better regulati on . Ther e are, how­
ever, a few d iffer en ces:

where ~V is the voltage by wh ich the input t ran ­
sient exceeds the breakdown vo ltag e of th e diode ,
~t is th e duration of th e tr an sient and I is the peak
curre nt the zene r can handle whi le st ill clamping
th e input voltage to the regu lator . As shown , th e
suppressio n circ u it wi ll clam p 70V , 4 ms transients
on th e unregu lat ed supp ly .

(4)
~V~t

L = - ­
I

The so lu t io n to th is pro ble m is to use capaci to rs
with conserva tive vol ta ge rat ings. In add it io n, the
maxi m um ripple allowed by the manu fac turer a t
the opera tin g frequency shoul d also be observed .

The seco nd biggest ca use of fa ilu res has been th e
o u tpu t fi lter ca pa cito rs o n power inverter s provid ­
ing unregula ted power to th e regula tor . If th ese
cap acito rs are o pe ra ted with exce ssive ripp le across
th em, and simu ltane ous ly near th eir maximum dc
vo ltage rati ng , t hey w ill spu t te r. That is, they short
mo men ta rily and clear th em se lves . When th ey
sho rt , t he o u tp ut capacito r of th e regul at or is d is­
cha rged back thr ou gh th e rever se biased pa ss tr an­
sisto rs o r the co n t rol c ircui t ry, fr equ ently causing
dest ruc t io n. Th is pheno meno n is espec ially preva­
lent when so lid tan ta lum capacito rs are used w ith
hiqh-frequ en cy po wer inver te rs. Th e maximu m
rippl e allowed on these ca pacito rs decr eases lin­
ea rly with frequ ency .
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back into the refe rence byp ass term inal is twice
that of the LM 100 (2 KQ versus 1 KQJ . In addi ­
t ion , the mi ni mum output vo ltage of the LM 105 is
4.5V , com pared wi th 2V for the LM100. In low
vol tage regulator appl icat ions, the eff ect of this is
obv iou s. However , it also imposes some l imi tations
on curren t regulator and shunt regulator designs. J

La stl y , c lamping th e compensa ti on terminal
(Pin 7) wi thi n a diod e drop of ground or the out ·
put term inal w ill not guarant ee that th e regul ator
is shut off , as it w ill w it h the LM 100. T his restricts
th e LM 105 in th e overload shutoff schemes J

which can be used with the LM 100.

Dissipation li mi tat ions of pr act ical packages d ie­
tat e th at the ou tput curre nt of an IC regulator be
less th an 20 mAo However , external booster tran ­
sistors can be added to get any output current
desired. Even w ith satisfactory packages, con sid­
erably larger heat sinks would be needed if the
pass transi stors were put on the same chi p as the
reference and control circ ui t ry, because an IC
must be run at a lower max imu m tempe rat ure
th an a pow er tr ansistor. In add ition, heat dissi­
pated in th e pass tr ansistor coup les into the low
level circu it ry and degrades performance . All this
suggests that the pass t ransistor be kept separate
from the IC.

Overst ressing series pass transistors has been the
biggest cause of fa il ures with IC regulators. Th is
no t onl y applies to the trans isto rs within t he IC,
but also to the ex ternal booster t ransistors. Hence,
in design ing a regulator, it is of utmost import ance
to determine the worst-c ase power dissipat ion in

AN23-8

all t he driver and pass t ransistors. Devices must
then be selected wh ich can handl e the power. Fur ­
ther, adequate heat sinks must be prov ided as even
power t ransistors cannot d issipate much powe r by
themselves.

Normall y, the highest power dissipation occurs
when the output of the regul ator is shorted. If th is
condit ion requ ires heat sinks which are so large as
to be impractical , foldback current l im iting can be
used. With foldback l imiting, the power dissipated
under short circu it condit ions can actu all y be
made less than the dissipat ion at fu ll load .

The LM 105 is designed pr imaril y as a posit ive volt­
age regulator. A negat ive regulator, the LM 104,
whi ch is a fu nctional comp lement to the LM 105,
is described in Reference 4.
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A SIMPLIFIED TEST SET FOR

OPERATIONAL AMPLIFIER CHARACTERIZATION

INTRODUCTION

The test set desc ribed in this paper allows co rn­
plete qu an t itat ive characte rizat ion of all d c o pera­
t ion al am plifier parameters qu ick ly and with a
minimu m of add it io nal eq uipment. T he method
used is accurat e and is equa lly suita ble fo r labor a­
tory or prod uct ion test-for quant itat ive reado ut
or for limit test ing. As embod ied her e, the test set
is co nd it ioned fo r te st ing the LM709 and LM10 1
amp lifiers; however , simple chang es di scussed in
the text will allow test ing of any of the generally
available opera t ional amplifiers .

Amp lifier parameters are test ed over th e ful l range
of commo n mode and pow er supp ly voltages with
eit her of two ou tpu t loads. Test set sensit ivity and
stab ility ar e ade quate for test ing all presently
availab le integrated amp lifiers.

The pa pe r wi ll be d ivided into two sections, i.e., a
funct ional descriptio n, and a d iscussio n of circu it
op erat ion . Co mplet e construct ion information will
be given includin g a layou t for th e tester ci rcui t
board s.

FUNCTIONAL DESCRIPTION

The test set ope rates in o ne of thre e bas ic mod es.
These are : (1) Bias Current Test ; (2) Offset
Voltage, Offset Current Test ; and (3) Tran sfer

M. Yamatake
Ju ne 1969

Fu nct ion Test . In the firs t two of these tests, the
amplif ier under test is exe rcised throughou t its full
common mod e range. In all th ree test s, powe r
supply voltages for th e circuit under test ma y be
set at ±5V, ± 10 V, ± 15V or ±20 V.

POWER SUPPLY

Basic waveforms and de o perati ng vo ltages fo r the
test set are derive d from a power supply sect ion
co mpr ising a po sit ive and a negative rect ifier and
filte r, a tes t set voltage regulator , a test circu it
voltage regulato r, and a function generator. The
dc supplies will be disc ussed in the section deal ing
with deta iled circuit de scription .

The wavefor m gen erator provides three output
func tions , a ±19V square wave, a - 19V to +19 V
pulse with a 1% d uty cycle, and a ±5V triangular
wave. The squa re wave is the basic wavef orm from
which both the pulse and tria ngular wave outpu ts
are derived.

The squa re wave generator is an operat iona l ampli ­
fier connected as an asta ble multivi brator . This
amplifier provi des an outpu t of approximatel y
±19V at 16 Hz. This squa re wave is used to d rive
junction F ET switch es in the test set and to gen­
erate the pulse and triangular waveforms.
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FIGU RE 1. Functional Diagram of Bias Current T est
Circuit

The pulse generator is a monostable multivibrator
driven by the output of the square wave generator.
This multivibrator is allowed to swing from nega­
tive saturation to positive sat uration on the
positive going edge of the square wave input and
has a time constant which will prov ide a duty
cycle of approximately 1%. The output is approxi­
mately -19V to +19V.

The triangular wave generator is a de stabilized
integrato r dr iven by the o ut put of th e square wave
generator and provid es a ±5V output at th e squa re
wave frequ ency, inverted wit h respe ct to the
square wave.

The purpose of these var iou s outputs from the
power supply sect ion will be d iscussed in th e func­
tiona l descripti on .

BIAS CURRENT TEST

A func t iona l d iagram of the bias cu rrent test
circuit is shown in Figure 1. The output of the
tri angula r wave generator and th e output of the
test circuit, respectively, drive the hori zontal and
vertical deflection of an oscilloscope.

The device under test , (cascaded with t he inte ­
grat or, A 7 I, is con nected in a different ial amplifier

AN24-2

conf igurat ion by R I, R2 , R3, and R4 . The inputs
of this d ifferent ial amplifier are d riven in co mmon
from the ou tput of the triangular wave genera tor
th rough atten uator Rs and amp lifier As . The
inputs of the device under test are connected to
the feed back netwo rk throu gh resistors R5 and
R6 , shunted by the switch 5s a and 5S b '

The feedback network provides a closed loop gain
of 1,000 and the integrator time constant serves to
reduce no ise at the outpu t of the tes t circuit as
well as allowin g the output of the device under
test to remain near zero volts.

The bias current test is accomplished by allowin g
the device unde r test to dr aw inp ut current to on e
of its inputs through th e cor respo nd ing inpu t resis­
tor on positive going or negative going halves of
th e tr iangular wave generator outp ut . Thi s is
accomplished by closing 5s a or 5S b on alte rnate
ha lves of th e t riangular wave inp ut. Th e vo ltage
appear ing across th e input resistor is equal to input
current t imes the input resistor . This volt age is
mul tipli ed by 1,000 by the feedb ack loop and
ap pears at the integrator out put and th e vertical
input of the oscilloscop e. The verti cal separat ion
of the tr aces represent ing the two input cur rents
of th e amp lifier under test is eq uivalent to the
tot al bias cu rrent of th e amp lifier under test .



The b ias current over the ent ire common mode
range may be exami ned by setting the output of
A s equal to th e ampli f ier common mode range. A
photograph of th e bias curren t osci lloscope di splay
is given as Figur e 2. In thi s f igure, t he total input

F IGU RE 2. Bias Current and Common Mode Reject ion
Di splay

current of an amp Iifie r is displayed over a ±1OV
common mode range w i th a sensitivity of 100 nA
per vert ical d ivision.

The bias current display of Figure 2 has the added
advantage th at incipie nt breakdown of th e input
stage of th e device und er test at the ex t remes of
the common mod e range is easil y det ected.

If ei ther or bo th the upper or lower trace in the
bias current di splay exh ib its curvature near the
horizonta l ends of the oscil loscope face, then the
bias curren t of t hat inp ut of the amp lifier is shown
to be dependent on common mode vo lt age. The
usual causes of this dependency are low break­
down vo ltage of the di fferentia l input stage or
current sink .

OFFSET VOLTAG E, OF FSET CURRENT TEST

The offset vo ltage and offse t current tests are
performed in the same general way as the bi as

curren t test. The onl y difference is that the
switches S5a and Ss b are closed on th e same half­
cycle of the triangular wave inpu t .

The synchronous operation of S, a and Ss b forces
th e ampl ifier under test to draw it s inpu t curren ts
through matched high and low inpu t resistors on
alternate halves of th e inp ut tri angu lar wave. T he
d ifference between th e vol tage dro p across the two
values of inp ut resistors is proport ional to the d if ­
ference in input current to the two inputs of the
amp lif ier under test and may be measured as th e
vertical spacing between th e tw o traces appearing
on th e face of the oscilloscope.

Offset vol tage is measured as the vertica l spacing
between the trace correspon di ng to one of the two
values of source resistance and the zero volt base­
li ne. Switch S6 and Resistor R9 are a base l ine
chopper whos e purpo se is to prov ide a baseline
refer ence wh ich is indep endent of test set and
osci lloscope dr i f t. S6 is driven from the pulse ou t­
put of the functi on generator and has a dut y cyc le
o f approximate ly 1% of t he t riang ular wave.

Figure 3 is a pho tograph of the var ious wavefo rms
presented du ring thi s test . Offset voltage and off ­
set curr ent are displayed at a sensit iv ity of 1 mV
and 100 nA per division , respect ively, and both
paramet ers are di splayed over a common mode
range of ±1OV.

FIGURE 3. Off set Volt age, Off set Current and Co mmon
Mod e Reject ion Display
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FIGURE 4. Functional Diagram of Transfer Function

Circuit

TR ANSFER FU NCTION TEST

A fu nct ional diagr am of the t ransfer fun ct ion test
is shown in Figure 4. Th e ou tp ut of the triangular
wave generator and th e out put of the circu it unde r
test , respecti vely , dri ve t he hor izontal and vert ical
inputs of an osci ll oscope.

Th e devi ce und er test is dr iven by a ±2 .5 mV tri­
angu lar wave derived f rom the ±5V output of th e
triangular wave generator th rough the attenuators
R1 " R" , and R" RJ and through th e voltage
fo llower, A 7. The ou tput of the device und er test
is fed to the vertica l input of an oscilloscop e.

Amplifier A 7 performs a dual funct ion in this test .
When S7 is closed during th e bias cu rrent test , a
voltage is developed across C, equa l to the amp li ·
fier offset vol tage mul t ipl ied by t he gain of the
feedback loop. When 57 is opened in th e tran sfer
fun ction test, the charge stored in C, continues to
prov ide thi s offset co rrection vo ltage. In addit ion,
A 7 sums the triangu lar wave test signal w it h t he
offset correct ion vol tage and app lies this sum to
th e inpu t of the amplifier under test through th e
attenuator R " RJ • Th is input sweeps th e input of
th e amp li f ier under test ±2.5 mV around it s offset
voltage.
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Figure 5 is a pho tog raph of the output of the test
set during th e t ransfer fu ncti on test. This fi gure
illustrates th e fu nct ion of amp l if ier A 7 in adj usti ng
th e dc input o f the test devi ce so t hat it s tr ansfer
fu nct ion is d isplayed on th e cente r of th e osci l lo­
scope face.

Th e t ransfer func t ion display is a plo t o f V on vs
V o u t for an am pli fi er . Th is d isplay provi des int or­
mat ion abo u~ three amp li fier parameters:. 'gain,

FIGUR E 5 . Transfer Func t ion Display
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FIGU RE 6. Power Supply and Func t ion Generator

gain linearity, and output swing. Gain is displayed
as the slope , t:.Vout / t; V;n of the transfer function.
Gain linear ity is indicated change in slope of the
Vout/V;n display as a funct ion of output voltage .
This disp lay is part icularly useful in detecting
crossover d istortion in a Class B o ut put sta!J2. Out­
put swing is measured as th e vertical deflect ion of
the transfer func tion at the hori zontal extremes of
the display.

DETAILED CIRCUIT DESCRIPTION

POWER SUPPLIES

two power supp lies are provided in the test set .
One supply provid es a fixed ±20V to pow er the
circuitry in the test set ; the other provides ±5V to
±20V to power th e circuit under test .

The test set power supply regulator accep ts +28V
fro m th e pos itive rectifier and filter and provides
+20V through th e LM100 positive regulat or.
Amplifier A, is powered from the negat ive rect i­
fier and filter and operates as a unity gain invert er
whose input is +20V from the positive regulator,
and whos e output is -20V.

As shown in Figure 6. which is a comp lete sche­
matic of th e power supp ly and function generator,

The test circuit power supp ly is reference d to th e
+20V output of th e pos itive regulator through the
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variab le d ivider comprising R7, R8 , R9, R, o, and
R26. The output of th is d ivider is + lOV to +2.5V
according to th e position of S2. and is fed to the
no n-Inverti ng, gain·of-two ampli fie r, A2. A, is
powered from +28 V and provides +20V to +5V at
its output. A) is a unity ga in inverter whose inpu t
is the output of A, and wh ich is powered from
-28V. The co mplemen tary outputs o f amplifi ers
A2 and A) provide dc power to the circuit under
test.

LM101 amplif iers are used as A, and A) to allow
op eration from on e grou nd referenc ed vol tage
each and to provide protect ive current limit ing for
the devic e under test .

FUNCTION GENERATOR

The function generator provides t hree outputs, a
±19V sq uare wave, a -1 9 V to +19V pulse havin g a
1% du ty cycle , and a ±5V triangula r wave . The
square wave is the basic fun ctio n from whi ch the
pu lse and tr iangular wave are derived , th e pulse is
refer enced to th e lead ing edge of th e squa re wave ,
and the triangular wave is the inverted and inte ­
grated square wave .

Amp lifier A4 is an astab le mu lt ivibrator generating
a square wave fro m posi tive to negative saturat ion.
The amplitude of this squa re wave is ap prox i­
mately ±19V. T he squa re wave frequenc y is
determined by the rat io of R , 8 to R , 6 and by the
tim e constant, R ' 7C9' The operat ing freq uency is
stabili zed against tem perature and power regula ·
t io n effec ts by regulat ing the feedback signa l wi th
th e divider R, 9, Os and 0 6,

Am plifier As is a mon ostable mult ivibr ator t rig­
gered by the positive going ou t put of A4. T he
pu lse width of As is determined by th e rat io of
R20 to R22 and by the t ime co nstant R2, C , o ­
The output pu lse of As is an app rox imately 1%
d uty cy cle pu lse from approxim ately - 19V
to +19 V.

Amp lifier A. is a de stab ilized integrator driven
from the am plitude -regulated outp ut of A4 . Its
o ut put is a ±5V triangu lar wave . The amplitude of
the output of A. is determi ned by the sq uare wave
voltage devel oped acro ss Os and D. and the time
constant Rdd, C' 4 _ DC stabilizat ion is acco m­
plished by the feedback network R'4 , R2S , and
C, s . The ac attenuat ion of th is feedback netw or k

AN2 4 - 6

is high eno ugh so that th e integrato r action at the
square wave frequ ency is not degraded .

Op erat ing freq uency of the fun ct io n generator
may be varied by adjust ing t he t ime constants
associa ted with A4, As , and A6 in the same rat io .

TEST CIRCUIT

A complete schemat ic d iagram of the test ci rcuit is
shown in Figure 7 .·The test c ircuit accep t s th e out­
pu ts of the power su pplies and functi on generat or
and provides hori zontal and vertical out puts for an
x-Y osci lloscope, which is used as the measur e­
ment system.

The prim ar y elements of the test circuit are th e
feedb ack buffer and integrator, co mprising ampli­
fier A7 and its feedback netwo rk C ' 6' R)" R32 ,

and C' 7, and th e d ifferent ial amp lifier net wor k ,
compris ing the device under test and the feedback
netwo rk R40, R4) , R44 , and Rs> . The remainder
of the test circuit provides the prop er con dit ionin g
for t he device under test and sca ling for th e oscil­
loscope, on which the tes t results are displayed.

The amplifier A8 provides a variab le amplitude
sou rce of co mmon mod e signal to exe rcise the
am plifier under test ove r its com mo n mode range .
Thi s amplifier is co nnected as a non -inverting gain ­
of -3.6 am plifier and receives its inpu t from the
triangu lar wave generator . Pot entiometer R) 7
a llows the output of thi s amplifier to be varied
from ±O volt s to ±18 volt s. The output of th is
amplifier dr ives th e d ifferential input resistors,
R4) and R44, for th e device under test.

The resisto rs R4• and R4 7 are cu rren t sensing
resistors which sense the inpu t cu rren t o f the
device unde r test . These resistors are switche d into
th e circu it in the proper sequ enc e by th e field
effect tr ansistors 0 6 and 0 7, a. and 0 7 are dr iven
from th e squ are wave output of th e funct ion
generato r by th e PNP pair , a ,0 and 0" , and the
NPN pair , 0 8 and 0 9, Sw itch sections S, band
S ' c select th e switching seque nce for 0 8 and 0 9
and hen ce for 0 6 and 0 7, In the bias curre nt test ,
th e FET dr ivers , 0 8 and 0 9, are switched by out
o f phase signals from 0, 0 and 0 , , . This ope ns the
FET switches 0 6 and 0 7 on alternate ha lf cycles
of th e square wave outp ut o f the func tion gen­
erator. During th e offset volt age, off set cu rrent
test, the FET drivers are ope rated synchro nous ly
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from the outp ut of 0 , , . During th e transfer func­
tion test , O. and 0 , are switched on cont inuously
by turn ing off 0 , , . R4 2 and R4 , maint ain the
gates of the FET switches at zero gat e to source
vo ltage for maximum conductance duri ng the ir on
cycle. Since the sources of these switches are at
th e com mon mod e input voltage of the device
under test , these resistors are con nected to t he
outp ut of the comm on mode driver amplifier, As .

The input for th e integrator-feedback buffer , A, .
is selected by the FET switches 0 4 and 0 , . Dur ing
the bias curre nt and offset voltage offset curr ent
tests , A, is con nected as an integrator and receives
its input fro m th e output of the device under test.
The output of A, drives t he feedba ck resistor.
R4 o- In this connect ion, the integrator holds the
output of the device under test near ground and
serves to ampl ify the voltages correspondin g to
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bias curren t, off set current, and off set voltage by a
factor of 1,000 befor e presenting th em to t he mea­
surement svs tern , FET switches 0 4 and a s are
turned on by switch section S, b during these tests.

FET switches 0 4 and a s are turned off during the
tran sfer fun ction test. Thi s disconnects A7 from
the outpu t of the device und er test and changes it
fro m an integrator to a no n-invert ing unity gain
amp lifier dr iven from the t riangular wave out put
of the function genera tor throug h the attenuat or
R33 and R34 and switch sect ion S, a ' In this con ­
nection , amplifier A7 serves two functions ; first,
to provide an of fset volta ge correction to the inp ut
of th e device und er test and, secon d, to drive th e
input of the device under test with a ±2.5 mV
tr iangular wave cen te red abo ut th e offse t volt age.
During th is test , the com mon mod e dr iver amp li­
fier is disa bled by switch section S , a and the
vert ical input of the measurement osci lloscope is
tr ansferr ed fro m the ou tput of the integ rato r­
buffer, A7, to the ou tpu t of t he dev ice unde r test
by swit ch sect io n S , d - S, a allows supply voltages
for th e device und er tes t to be set at ±5, ±10, ±15,
or ±20V. S2b changes t he verti cal scale factor for
th e m e asurement osc illoscop e to maintain
optim um vertic al deflecti on for th e part icular
power supply voltage used . S4 is a momentary
contact pushbu tt on switch wh ich is used to change
the load on the dev ice under test from 10kl1
to 2kl1.

A delay mus t be provided whe n switch ing from
th e inpu t tests to th e tr ansfer fu nct ion tests. The
pur pose of th is delay is to disable the int egrator
functi on of A7 befor e dr iving it with th e tr iangular
wave. If th is is no t don e, th e offset correction vo lt ­
age , stored on C, 0, will be lost. This delay be­
tween opening FET switch 0 4 , and sw itch 0 " is
provided by the RC filter , RJ' and C I q ,

Resistor R4 1 and d iod es D7 and Ds are provided
to con tro l th e integrator when no test dev ice is
present, or when a fault y te st device is insert ed .
R4 1 provides a dc feedba ck path in the absence of
a test device and reset s th e integra tor to zero .
Diodes D7 and Ds clam p the input t o the inte ­
grat or to approx imately ±.7 vo lts when a faulty
device is inserted .

FET switch a , and resistor Rn provide a ground
referenc e at the beginning of th e 50 -ohm -sour ce,
off set -voltage trace. Th is trace provides a ground
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reference which is inde penden t of instrument or
osci lloscope calibrat ion. The gat e of Q , is dr iven
by the output of mo nostable multivibrato r As ,
and shorts the verti cal oscilloscope dr ive signal to
ground during th e tim e that As out put is posit ive.

Switch 53, R27, and Rn provid e a 5X scale
increase during input param et er tests to allow
measurement of amp lifiers with large off set
voltage, off set curren t, or bias cur ren t.

Switch 55 allows amplifier compensa tion to be
changed for 10 1 or 709 type amp lifiers.

CALIBRATION

Calibrat ion of the te st syste m is relativ ely simple
and req uires on ly two adjustmen ts. First, the ou t ­
put of the main regulator is set up for 20 V. Then ,
th e tr iangular wave generator is adj usted to pro­
vide ±5V outpu t by select ing Rod" This sets the
horizontal sweep for the X·Y oscillosco pe used as
the measu rement system . The oscilloscope is then
set up for lV /div ision vertical and for a full 10
division ho rizonta l sweep.

Scale factors for th e three test posit ions are :

1. Bias Current Display (Figure 2)
Ib " , total 100 nA/div . vertica l
Com mon Mode Vo ltage Variable ho rizonta l

2 . Offset Voltage-Offset Current (Figure 3 )

loffse. 100 nA/di v. vert ical
Voffse• 1 mV/div . verti cal
Commo n Mode Volt age Variable ho rizontal

3. Transfer Function (F igure 5)
V~ Q5mVM~ .

Vou• 5V/di v. @ V, ±20V
5V/d iv. @ V, ±15V
2V/d iv. @ V, ±lOV
l V/div. @ V, ± 5V

CONSTRUCTION

Test set constr ucti on is simp lified thr ough the use
of integrated circuits and etched circuit layou t .

Figure B gives photographs of t he completed
tes ter. Figure 9 shows the parts locat ion for the
components on th e circu it board layout of Fig­
ure 10. An attempt should be made to adhere to



this layout to insure that parasrnc coupling be­
tween elements will not cause oscillat ions or give
calibration probl ems.

Table , is a listing of specia l components which
are needed to fit th e physical layou t given for the
tester.

TABLE 1. Part ial Part s List

T, Tr iad F-90X

S, Cent ralab PA2003 non-short ing

52 Centralab PA2015 non -shorting

53. 54 Grayhill 30-' Series 30 subminiatu re
push butt on switch

55. 56 Alcoswitch M5T-105D 5PDT

CONCLUSIONS

A serni-auto rnat ic tes t system has been described
which will compl ete ly test the importan t opera­
tional amplifier parameters over the full power
supply and com mon mod e ranges. Th e system is
s im p le, inexpens ive, easily calibrated, and is
equally suitable for engineering or qual ity assur­
ance usage.

FIGURE Sa. Bottom of Test Set
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FIGUR E Bb. Fro nt Pane l

FIGURE Be. Ja cks
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FIGUR E 9. Component Locat ion. Top V iew
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FIGURE 10. Circuit Board Layou t
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HIGH-SPEED MOS COMMUTATORS

Speed and accu racy of MaS analo g commutators
are being improved sha rply by techn iques initia lly
developed to make large-scale Ma S dig ital inte­
grated circu its compatible with bipolar logic cir­
cu its. Now, TTL logic can drive an MaS commute­
tor at rates up to 20 MHz, with signal accura­
cies better than 90%. And at lower frequencies,
accu racies very close to 100% can be ach ieved.

In th e past, Ma S monolithic commutators and
multiplexer s were recommended for precis ion ana­
log switch ing on ly at relat ively low rat es, on the
orde r of 10 kHz. Commutation at higher rates was
considered risky because of large noise tran sients
produ ced by the Ma S switch ing transisto rs. Con ­
sidera ble t ime had to be allowed for the tra nsients
to sett le down before the signal could be sampled
accurately.

Transient noises have been reduced to at least half
their former level by pro cesses that lower the
switc hing-voltage threshold of the MaS transistors.
The pro cesses also cut impedance and leakage cur ­
rent , perm itt ing low-impedance designs that fur­
the r enhance co mmutator performance.

y . W! IIV
A.NALOGIN'U TS
lZ... - axm

Dale Mrazek
January 1970

Although they switch analog voltag es, th e MaS
field-effect transistors in these commutators can
be inte rfaced with logic ICs almost as read ily as
low-voltaqe MaS ICs. Eith er MaS or bipolar logic
can control th e MOSF ET gate voltage s. Only a few
volts chan ge in the gate vo ltage will turn th e
MOSFE Ts on or off.

Examples of new multichannel designs for analogI
d igital da ta ·gathering applications are shown in
Figures 1 and 2. Circuit impedances have been
optimized in each so that commuta t ion rat es are
much highe r th an the normal 200 to 500 kHz
rate of tow-vol taqe Ma S commuta to rs (rates, in ­
cide nta lly, about twice as high as the maximum
rates of high·thresho ld commutators). Th e ali-MaS
system in Figure 1 op erates at 1 MHz, wh ile the
MOS/TTL system in Figure 2 achieves 20 MHz.

LOWERING THRESHOLD VOLTAGES

Reducing the MOSF ET swi tchinq-threshold volt­
age, VTH, improves most of th e charact erist ics that
affe ct commutator performan ce. Chief result is a
reduction in th e gate-voltage change needed to
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switch the MOSFET on and off. In t urn, swi tchi ng
t im es and the noise t ransient s and ci rcui t imped­
ances tha t produc e signal erro rs can all be re­
duced . The benef it s of lower ing VT H are additive,
particularly in multichannel commu tato rs. T he
signal may go through several sw it ches in series.

Th e importance of th e threshold voltage is il lus­
tr ated in Figur e 3, which shows schemat ically the
operati on of a p-channel enhancement ty pe o f
MOSF ET (the basic element of most MOS in te­
grated circu its ). It conducts whe n the gate voltage
is more negative than th e po tentia l of th e sourc e
and the bul k semiconductor subst rate Vss by at
least V T H • Th e ox ide und er th e gate electrode acts
as the d ielect ric of a capacitor. The electr ic fie ld
applied to the gate electrode cause holes (absence
of elect rons) to appear in th e chan nel region
starti ng f rom the source. The n-type silicon .there
is converted to p-type, el imi nat ing th e p-n diode
juncti ons th at had block ed current fl ow between

SUBSTRATE
(BULK)

OFf

UMn OAIlICE "0.. "'I'·m
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source and dr ain (th e source is the most posit ive
term inal ). VT H is the bias at wh ich the layer of
int ri nsic semiconductor, wi th no surplus of elec­
trons or ho les, and th e p-channel reach the drain
diffusion . Conduction begins at thi s point and
increases as V G goes more negat ive th an VT H

(t hat is, when th e qate-to-sour ce vol tage -VG S is
more th an VT H ).

Th e (1-0-0) sil icon proc ess described in th e appen ­
di x produces MOSF ETs whose VT H is 1.8 to 2.5
volts when there is no bias between bul k (sub­
st rate) and source (Vas = 0) . In com parison, a
conventiona l MOSFET made with (1-1-1) sil ico n
has a VT H of about 4V . Pract ical MOS ci rcui ts do
have some Va s bias and usually some addit ional
signal vo lt age at the source , whi ch raise th e work­
ing value of V T H • As the ty pica l VT H curves in
Figure 4 show, th e thr esho ld of a device rises with

Va s ·

ON

UM' EDANCE A()to .. 200m

F IG URE 3. Channel Enhancement in MOS Tr ansisto rs (P Chan nel)
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A general equation describ ing th ese relat ionshi ps is

where K is a device constant (usuall y 0.8 to 1.2)
and ±2¢ F is t he zero-bias threshold. This equat ion
produces curves such as those in Figure 4.

accurate commutat ion. In contrast, a 2V th reshold
makes the necessary swing onl y fr om +lOV to
about -20V. The difference becomes mor e signifi ·
cant at lower signal voltages. At V x = ± 1V, for
instance, the high V TH device requi res a swing
from at least + l V to - lOV , wh ile the low VTH
device does th e job wit h +1V to - 6V - abou t a
th ird less. High-speed , low-impedance TTL gates
can con trol a commutator in th e latte r voltage
range, as show n in Figure 2, because such small
tr ansit ions can be made very rapidl y . Th ey are
close enough to bi polar logic tr ansit ions for the
use of simple, high·speed TTL·to·MOS interfaces.
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FIGURE 4. Typical Threshold ·V oltage Curves

The MOSFET equi valent ci rcu it (Fi gure 5) offers
further insight int o th e importance of low ering
V TH. The smaller change in V G means th at smaller
tr ansient voltages will appear at source and drain.
The tran sients are caused by charging and di s­
charging of the capacitances. The t ime requi red to
change V G and the durat ion of th e tra nsients w ill
be smaller, too. The value of RON, the MOSFET 's
impedance while conducting, wi l l also be less at
any given value of V G more negative th an VTH.
Any reduction in RON w ill make VOUT more
nearly equal to V IN' The accuracy of an analog
switch is determ ined by the rat io Vo uTIVIN'

CONT RO L VO LTAG ES

Signal voltage V x often varies between posit ive
and negat ive values in commuta to r applica ti ons.
To make certain t hat the MOSFET switches on
und er all signal condi ti ons, V G must swing from at
least V x to (VS S - V T H- IlV - V X I. where ±V x are
the signal limits and a V is th e overdrive needed to
lower th e switch's series resistance to th e desir ed
level (main ly, reduct ion in RON obtained by
making - V G S more negative).

I f th e signal range is fa irl y wide, say ± lO V, th e
gate volt age of a MOSFET wi th a 4V to 6V thresh­
old must swing f rom +10V to abo ut -26V for

Multichannel switch es made with (1·0·0) sil icon
typically operate w it h a maximum change in
cont ro l vol tage of fr om + 14V to -30V, which
permit s V x = ±14V. Relat ively few pract ical ap­
pl ications require so large a swing. If larger signal
voltage must be handled, it would be cheaper to
use a scaler than to pay the cost of a high·voltage
mult iplexer with beefed-up cont ro l ci rcu it ry .

ON AND OFF RESISTANCES

For best signal accuracy and maxim um sw itching
rate, impedances should be low. Th e resistance of
a MOSFET whi le on, RON, varies with signal volt·
age, so it cannot be com pensated readi ly . This pro ­
duces a vari able erro r term called RON modulation .

MaS commutators are usually st ructured as series
swi tches (Figure 00). Two or more ranks of com­
muta tors are generall y used, as in Figure 1, to
min imize the control circu itry. The added ranks
put addi tional MOSFETs in each signal channel
and enlarge th e amount and variation in RON of
th e cond uctin g channel. If V x vari es, the error
ratio VOUT/V,N tends to vary because RON is a
funct ion of the effec tive switchi ng threshold
which r ises and falls w ith Vx .

There is no simple way of keepi ng RON constant .
Usually , the effect of the var iat ion is reduced by
increasing the other impedances, bu t th at lowe rs
th e max imum swi tchi ng rate. A low-VTH eases t his
pro blem greatl y . A ll oth er condi t ions being equal,
th e MOSFET w ith th e lowest VTH w ill conduct
better at any given value of VG more negative th an
VTH. The p-channel enhancement will be greater
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and th e channel electr ically larger. Figure 6c is a
typical curve of RON versus gate b ias, Low-VT H

analog switches made wi t h (1-0-0) sil icon by Na­
t ional Semiconductor as integrated ci rcuit s achieve

RON values comparable to th ose of larger, but
high er-VT H , di screte MOSF ETs.. fro m 250 to 300

ohm s at V x ; - lO V and about 100 ohms when

V x ; +lO V . T he RON of a high-VTH integrated

commutator , in con trast , is ty picall y a few hun­
dred ohms higher and some report ed ly reach a few
ki lohms.

To swamp out the voltage-d ivider eff ect in Figure
6b, it has been custom ary to make the load, RL '

much larger than th e combinat ion o f RON and
Rs. Out pu t imp edances in the megohm range
are often used w it h high -V T H devices. But not e in
Figure 2 that very low values of source and load
impedance can be used wi th low-VT H commu ­
tator s, These low impedances and the very low
impedance o f th e TTL ci rcu it con t ro lling the gate
are two o f the main reasons for thi s commutator 's
except ionall y high speed.

Source impedance is usually made equal or less
th an RON so t hat leakage cur rent s of th e turned­
o ff MOSFETs can return to a low-im pedance
tur ned-on channel signal source. Leakage per
switc h is smal l in an integrated circuit commuta­
tor, but t here are several sw itching devices wi t h a
common output in th e same semiconducto r sub­
st rate. Leakage cur rents could add up to a value
that seriously degrades signal accuracy. In any
semi conducto r device, leakage inc reases rapid ly
w it h temperature. However, th e leakage speci f ica­
ti on is so small in our commutato r made wi th
(1-0-01 si licon that they wi ll wo rk we ll up to a
temperature of 125° C, wh ile commutato rs made
wi th (1-1-1) sil ico n have been specif ied for a
maxim um operat ing temperatu re of only 85°C.

Regardless of the process, the OF F resistance,
ROFF' of a we ll-made MOSFET is generall y hi gh
enou gh to prevent th e signal in th e OFF channel
(channel V y in Figure 6a) f rom appearing at the

output and degrading th e accuracy o f the signal
th roug h th e on channel (V x in th e fi gurel . ROFF
is usually around la' 0 ohms. If V y is a high­
fr equency signal, there may be signi fic ant AC
feedth rou gh, but th is can be prevented by tech­
niques to be di scussed short ly.

SWITCHING SPEED AND NOISE

The absolute sw itc hing speed of a commutato r is
lim ited by the t ime requ ired to charge and dis­
charge the device capacitances. Circu it impedances
affect speed by cont ribu t ing to the RC t im e con ­
stants, However, th e pract ical swi tc hing rate of a
precisio n commutator depends upon t he ti me re­
qu ired for the output signal to recover from
the noise t ransients produced dur ing the charge­
d ischarge cyc les. Low-V T H processing cuts tran­
sient recovery t im e because the tr ansient s' dura­
tio n and amplitude are reduced. Some designs
make the recovery time negli gibl e.

In all MOSFETs, t ransmission of a turn-on or turn­
off signal is foll owed by a delay whose length de­
pends upon the magnit ude and rate o f change of
t he gat e-con t rol volt age. A t turn-on, th e delay is
lengt hened by th e RC t im e con stant o f th e gate­
bulk capaci tance (see Figure 5) and th e imped­
ance in t he con trol ci rcuit. Capacit ances and im ­
pedances in the signal path cause a simi lar delay at
turn -off . A s VGS goes negat ive, turn ing th e sw it ch
on, energy is pulled fr om t he source and load
imp edances th rough th e gate-source and gate-drain
capaci tances, as in the simp li f ied equiv alent circuit
o f Figure Te. At turn-off, VG S goes to zero vol t s
or posit ive, and energy is pushed out through th e
same pat hs.

Thus, negative turn-on and posit ive turn-o ff tr an­
sients appear at th e summing nod e. The tran sient
waveforms of low VT H and high V T H MOSFETs
are show n simpli f ied and superimposed in Figure
7b. The levels are typ ical for devices with VT H
; 2V and V T H ; 4V at V x ; ± l V . Th e larger gate
voltages used at higher signal voltages would make
durations and amp litudes proporti onately larger
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FIGURE 7. Transient Noise Generation

(another reason why th e Figure 2 circuit is faster
than th e Figure 1 circu it ).

The transients can be much larger than signal volt­
ages, so even th e relat ively smal l t ransients of a
low-VT H MOSFET can saturate th e buffer arnpl i­
fier. One of th e ways that designers of discret e
co mmu ta tors minimized transient s at th e summing
nod e was to d rive ad jacen t channels with co inci­
de nt turn -on and turn -off signals. In th is way,
negativ e-going tr ansient s from th e channels turning
on wiII part ially cancel out posit ive-going tra n­
sients from the channels turning off. When the
out put am plifier is an inte grator , th e amounts of
energy pu lled through the summing nod e will be
minimized by, in effect , being averaged out.

Co incident drive, d iscrete compo nent circui ts are
fairly complex and axpensive. Essentially th e same
effect is obtained in th e Figure 2 co mmu tator, at
much less cost . The TTL decod er selects channe ls
at such a high rat e of speed t hat a channel is turn­
ing on whi le anothe r chann el is tu rn ing of f. Transi­
t ions of th e con tro l vo ltage occur in less t ime t han
th e tu rn-on and turn-off delays of the MOS FETs.
So th e transient s are suppressed in a matt er of
nanoseconds. In fact, whe n th e gate vol tage is
goin g nega t ive o r posit ive simultaneously, the
transient is prac tica lly invisible a t th e out put. That
is, th e transient actua lly helps change th e o ut put
signa l to th e co rrec t level mor e rap idly .

You might say tha t th e high commutation rat e
makes the high co mmu tat ion rat e possib le, bu t it
is more pertinent to stress that the TTL decoder
co uld not direct ly co ntro l a high-VT H cornrnuta­
tor. Low-impedance dr ivers are essent ial fo r h igh
commutation rates, because they qu ickly source
and sink tr ansien ts. In th is respect , TTL integrated
circuits make almost ideal dr ivers.

In prin ciple , the gate turn ing o n and the gat e tu rn­
ing off in a mu lticha nnel IC co mmutator are part
of a closed-loo p circuit charging th e gate capac-

itan ce. The noise energy that does get int o th e
summing node should be d issipat ed quickly to
improve th e data cha nnel's recovery ti me. The
energy is dissipated in the parall el combination of
the summing nod e resistan ce and channel-source
impeda nce . The RC tim e consta nt of th e equiva­
lent circu it in Figure 8 should be optimized to
ob tain the maximum commut atio n frequ ency.

Fmax ; [(Rs/Rnode) Cnod el [ICE+ C2 112Cnodel

[VG1 -VGol to 1

This equat ion re lates th e t ime constant s, gate and
transien t volt ages and tr ansient recovery tol erance.
VGland VGO are th e tu rn-on and turn -off values
of VG; other terms are defined in Figure 8.

A.

A.

FIGURE 8. RC Network Governing Switching Freq uency

HIGH· FREQUENCY NOISE CONTROL

In some cases, th e ana log inpu t signal is AC rath er
than DC. That is, it may fluc tu ate rap idly between
posit ive and negat ive values. This ca n vary the
effect ive values of VSG, RON and perhaps ROFF,

and may also caus e spurio us charging or discharg ­
ing of the MOSF ET capacitance. The cond it ion
results in ou tpu t-vol tage fluctua tions due to th e
appeara nce at th e summing nod e of signal volt ­
ages from a channel th at is supposed to be off ­
a probl em known as AC feedthrough or channel­
feed throu gh no ise. The main cause is charge trans­
fer th rough the gate-sour ce and gat e-dra in capac­
itan ces of the turned -off MOSFETs.
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Fortunately, mo st t ransducer vo ltage outp uts are
below 10 kHz in frequ ency and simp ly using a
low-im pedance gate drive r prevent s the problem.
The transients sink in to th e dr iver rather tha n go
to the output. A high signal source imp edance
would make th is techn iqu e mor e ef fecti ve, but
would also cause larger tran sients in th e turned­
on channel , im posing longer recovery ti mes and
slower commutat ion rates.

There is a simp le detour around th is impasse, too .
The dynamic impedance of th e gate dr iver is al­
lowed to approa ch a zero -ohm im pedance when
th e channel is tu rn ed o ff (Figure 9). Theor et icall y ,
th is w ill prevent any channe l feedthrough noise at
signal fr equenci es up to 2 MHz. In practi cal ci r­
cuits, signal fr equency is limited by load imped­
ance, but can usually be pushed above 1 MHz.
The driver impedance it self must also be low at
high freq uencies, of course.

"GH'".S~: :~:~RO'' ''' ' '

' C'~C' R'
C' ·C GO

C, · C. . 1 f,o..... -=
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FIGURE 9 . Ze ro-Impeda nce Driver Retu rn
Prevents AC Fe edthrough

HI GH-SPEED SYSTEMS

A l l of th ese facto rs have been optimi zed in the
Figure 2 system. At 20 MHz, it s accur acy wi th
V x = ± l V is nearly as good as 99%. Sour ce and
load impedance are made very low because RON is
not greater than abou t 200 ohms per channel. T he
gate change is onl y 8V (f rom +2V to -6V I, and
th e high -speed TTL contro l makes the tr ansient s
coi ncide .

The 8-channel con fig urat ion shown can be th e
bu ild ing block o f very large solid-state com mu­
tators. Each 4-channel MOSFET sw itch is a mono­
lithic chip (National Semiconductor MM 4511. The
TTL channe l selector is a decoder (DM 784 2)
designed to convert 4·bit bin ary -cod ed-decim al
inputs into decimal-number outpu ts. Onl y 8 out­
put s are needed here, so the decoder' s fourt h in­
put is grounded.

The TTL outputs are t ranslated to MOS con trol
signals wi th an interface network consist ing of
iden tica l passive ci rcui ts on each cont ro l l ine, A n
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interface and its voltage levels are show n in Fi g­
ure 10. The aut hor used discrete components, but
all 16 resistors in the network cou ld be made as a
thick-fi lm printed circuit because the values are
not large and the tolerances are not crit ical.

TTL log ic outputs are posit ive, while MOSFETs
requ ire negative or posi ti ve gate biases to turn on
or off. The necessary vo ltage changes are made
w ith the capacitor in Figure 10.

Assume f irst that the TTL output is at a logic " 1" ,
Rl w ill pull the decoder output up to V' = +10V .
With Vss = +2V, there will be +8V across the cap­
acitor , V G w ill be equal to Vss, and t hat channel
wi II be held of f .

When t he TTL ou tput switches f rom a logic "1 " to
a logic " 0" level , t he decoder ou tpu t will go from
V' = 10V to about O.4V . Bias on the gate w ill
therefore drop from +2V to about - 6V , turn ing
the channel on. The commutator is contro lled,
then , by selecti ng th e locat ion of an " 0" bit in th e
decoder ou tp ut and mak ing all ot her outputs " 1" .

R1 is connec ted to a voltage h igher than +6V to
assure that the TTL output r ises rapid ly during a
tran sit ion f rom logic " 0" to logic " 1". This is
needed for quick, clean turno ff of a channel (a
sim ilar techni que of interfaci ng TTL and low­
V T H MOS digit al ci rcu its enab les th e MOS circui ts
to opera te at about twice th e normal MOS rat e).
The opposite t ransition , to the mo re negative
level, is normall y quite fast and is assisted by the
excellent current-sinking capabil ity of TTL.

V· al 0V DR 12V ~

OEC DDER ~ ~~ TV__-r
OUTPUT 0---1.1 G o--J

IOOOpF R2

'OK

Vss • VIl U~" · · 2V

0 0. ) I ~TE R F A tE NETWORI( 11Ctt ANtolELI

Dff

"[1V

DECODE R I ON
OUTPUT .. e.ev I +O.4V

I I

1 0T01 5 NS O EL~Y ~ ~
I I
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l VIlUl " - I V
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FIGURE 10. High -Speed TTL -to-MOS Control Interface

Care must be taken to select TT L drivers tha t do
no t break down w hen their outputs are pull ed up
to +10V or +12V. Th e DM7842 hasa diode in the



out put stage th at protects the outpu t t ransistor at
h igh voltages, and other devices in the Nati onal
TT L fami ly have simi lar output stages. These are
equi valent to Ser ies 54 TTL. Suitable TT L cont ro l
log ic can be assembled from ot her ICs, but th e
DM7842 is convenient because onl y one dri ver
ch ip is needed for every eight channels in the
commutator system.

There is a delay of 10 to 15 nanoseconds bet ween
a t ransit ion in the TTL out put and the sw it ching
of a channel on or of f . mainly due to the RC ti me
constant of the RC interf ace. How ever, th e delay
occur s equally on al l channels and does not aff ect
the commuta tion rate or signif icantly reduc e the
50 ns samplin g t ime permitted by a 20 MHz rate .
Commu tator ou t put can be kept sy nchro nized to
any fo ll ow ing data proc essing subsystem by put­
ti ng a comparable delay in the line fro m the svs­
tem cloc k to th e processor .

The MM451 chip is also avail ab le with a DTL
monolithic driver in a f latp ack . Th is hybri d IC,
th e MH453, does no t require an external inter­
face network . It w ill operate at fr equencies to
500 kHz and switch analog signals of ± 10V under
di rect contro l of TTL or DTL logic. T he fo ur
MOSFETs of th e MM4 51 are connected in a dual
differenti al conf igurat ion. usefu l for comb in ing
and comparing signal vo lt ages.

ALL-MOS COMMUTATORS

Commutators bu ilt enti rely o f MOS devices need
not be limi ted to low-frequency operation. despite
t heir larger voltage swings and t ransients. The
system in Figure 2 has better than 99% accur acy at
1 MHz w ith V x = ±10V wh en th e previo usly
d iscussed character ist ics of low -V T H devices in thi s
signal range are optim ized .

Sim ilar systems, op t imized for smalle r signal­
voltage ranges. have not been built by the author
bu t it is reasonab le to expect higher frequenc ies or
accuracies in such systems. Accuracy , of course,
wo u ld be further improved by operating the

op t imized designs at lower than th eir maximum
frequency . Longer recovery t imes wo uld be per­
mitte d.

Each of the MM 454 4-channel commut ato rs con­
tains four MOSFETs l ike t hose in th e MM 451 and,
in th e same chi p, a 2-bit MOS counter and decoder
for channel select ion and all-c hannel blanki ng
(F igure 11).

A s shown, the system samples th e 16 channels
sequent iall y . muc h like a rotary driven mechanical
commuta tor . The MM 454 is designed as a build ing
block fo r large sequent ial sampling systems. How­
ever, any particu lar chann el cou ld be selected
wi th exte rna l outp ut -gat ing logic. If random chan­
nel select ion were the normal operat ing mode, th e
MM451 and external select ion logi c can be used.
Two ranks of com muta tors. simi lar to Figure 1,
simpli f y th e contro l logic. For examp le, one gate
driver would turn on channels A 1. B1. C1 and 0 1.
and a second driver would select channel A 1 by
tu rnin g on channel El - whi ch tak es a lot less
cont ro l circu it ry th an select ing l out of 16
channels d irectly and requires only one more
monoli t hic commutator.

Either way , a very crit ical system design requ ire­
ment is to guarant ee that only the selected channe l
condu cts du r ing the sampling interval. The single
3-inp ut NOR gate in Figure 1 accompl ishes that.
Commutator C is used as th e master element. It
div ides down the 1 MHz clock signal through a 4: 1
countdown ci rcu it, wh ich is provided in th e
MM4 54 to facil it ate submult iplexi ng. Commutator
E's fou r channe ls th erefo re sequence at a 250 kHz
rate. Meanwhi le, the fou r channels in commu tato rs
A , B. C and 0 are each sequencing at 1 MHz. The
analog sequences th rough A 1, A 2. A 3 and A4 in
order when E1 is on, B 1 through B4 when E2 is
on, and so forth .

The 4 : 1 count-dow n ou tput of com mutator E
(1/ 16 MHz ) is fed back through the NO R gate to
the reset inputs of commutators A , B and D. Th e
reset every cyc le keeps them in step wit h cornrnu-

A~Al OC

OUTPUT

DU"UT..
C (lUfllT DOW~

FIGURE t 1. MM454 Fou r-Chann el MOS Submu lt ipl exer
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tator C and therefo re commutator E. The NOR
gate's output also can be used to mainta in
synchron izati on of the com mutator with oth er
signal processing syste ms.

ANALOG /DIGITAL SYSTEMS

Techn iques developed , and being developed, to
d irectly couple bipolar and large-scale MOS d igital
circuits a lso depend heavily upon th e lower ing of
th resho ld vo ltages. A report co mp iling and detail­
ing co upl ing techniq ues is in preparation . In gen·
eral, the ability of the MOS digital ci rcuit to ac­
cept small , positive transit ions in signal vo ltage,
and to operate with smaller di fferen t ials in bias
and gate voltages are th e critical req uiremen ts for
dir ect coupl ing.

Direct ly coupling MOS digital outputs to bipola r
logic also enhances operating speed , again because
impedances are lowered . So me of the high-speed
TT L/MOS hybrid syste ms that have been devel-
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op ed are similar in principle to commuta tors,
exce pt that Vx is digital dat a and scores of
MOSFET switc hing sta ges are used in each MOS
ch ip. One data -sto rage system built by the author
has ach ieved data transfer rates up to 16 MHz, by
mu lt iplex ing high-speed bipolar data int o parallel
MOS storage circu its.

Wit h all thr ee classes of bipolar /MOS int erfaces­
analog /digita l, logic/ logic and logic/analog-now
availab le, syste m designs can exp loit more fully
the many speed /cost t radeoffs of fered by hybrid
bipola r/MOS system s. Bipolar con trol logic and
MOS large-scale storage is an extremely eff icient,
minimum cost co mbinati on sui ta ble for med ium­
to ·h igh-speed syste ms.

In oth er words, low-th resho ld processing has en­
abled MOS to move out of the low-freq uency
range and into th e ranges whe re most modern
analog/di gital systems operate.
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FIGURE t. Com paring IC Op Amp. Wit h FET-Input
Amplifier

Figure 1 compares the typical input offset current s
of IC op amps and FET ampl ifiers. Although FETs
give superior performance at room temperature,
the ir advantage is rapidly lost as temperature
increases . Still, they are clearly better than early
IC ampl ifiers like the LM709. 3 Impr oved devices,
like the LM101A ,' equal FET performance over a
- SSoC to 12SoC 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.
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trans istors match much better than FETs with
typ ical offset voltages of 1 mV and dr ifts of
suvrc.

ABSTRACT

A monolithic operation al ampl i f ier having input
err or currents in the order of 100 pA over a - 55" C
to 125"C temperature range is described. Instead
of FE Ts, the circuit uses bipolar transistors with
curr ent gains of 5000 so that offset voltage and
dr ift are no t degraded. A power consumption of
t mWat low vol tage is also featured.

A numbe r of novel ci rcuits that make use of the
low curr ent character istics of the amp lifier are
given. Fur ther, special design techn iques required
to take advantage of these low currents are ex­
plored. Component selection and the treatment of
printed ci rcuit boards is also covered.

INTRODUCTION

A year ago, one of t he loudes t compl aints heard
about IC op amps was that their input currents
were to o high. This is no longer the case. Today
ICs can provide the ultimate in perfo rmance for
many applicati ons-even surpass ing FET ampli­
fiers.

FET input stages have long been cons idered t he
best way to get low input curren ts in an op amp.
t.ow-picoamp input currents can in fact be obtain­
ed at room temperature. However, this current,
whic h is th e leakaJle current of the gate junct ion,
doubles every 10 C, so performance is severely
degraded at high temperatures. Another d isad­
vant age is th at it is diff icult to match FETs
closely . ' Unless exp ensive selection and tr imming
techniques are used, ty pical offset voltages of
SO mV and dr ifts of 50 /l-Vrcmust be tolerated.

Super gain transis tors' are now challenging FETs.
These devices are standard bipo lar tr an sistors
which have been d iffused for extremely high
curre nt gains. Typ ically, current gains of SOOOcan
be ob tained at 1 /lA collector currents. Th is makes
it possible to get input currents wh ich are com ­
pet itive with FET s. It is also possible to operate
th ese tr ansistors at zero collector base voltage ,
eliminat ing th e leakage current s that plague the
FET. Hence they can provide lower error current s
at elevated temp eratures . As a bonus, super gain

In applicat ions invo lving 12SoC ope rat ion , the
LM108 is abo ut two orders of magn itude better
than FETs . In fact , unless special precaut ions are
taken, overall circuit performance is often limited
by leakages in capacitors, diodes, analog switches
or printed circu it boards, rather th an by the op
amp it self.

EFF ECTS OF ERROR CURRE NT

In an operational amp lifier, the input cur rent
produces a voltage drop across the source resis-

Rep rinted from EEE. December 1969.
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tan ce, causing a de error . This effect can be mini­
mized by op erating th e amplifier wit h equal
resistances on the two inputs .S The error is then
proporti onal to the difference in the two input
current s, or the off set curr ent. Since the current
gains of monol ith ic transi stor s tend to match well,
th e offset current is typically a factor of ten less
th an the input curre nt s.

they are selecte d and trimmed . Even though their
dr ift may be we ll contr olled (slJ-v f e ) over a
limited tem perature rang e, tr immed am plifiers
generally exhibi t a much higher drift over a -ss'c
to 12Soe temp erat ure range. At any rate, the ir
average d rift rat e would , at best, be like t hat of t he
LM101A where 12Soe op eration is involved.
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Appl icati ons that require low erro r currents
inc lude amplifiers for pho todiodes or capacitive
transducers, as these usually operate at megohm
impedance levels. Sample-and-hold circui ts, timers,
integrato rs and ana log memories also benef it from
low error current s. For exa mple, wit h th e LM709,
worst case drift rates for th ese kinds of circuit s is
in th e order of 1.SV/sec. The LM108 impr oves th is
to 3 mV/sec.- worst case over a -ss'c to 12Soe
temperature rang e. Low input curren ts are also
hel pful in oscillators and active filte rs to get low
freq uency o peration with reasonab le capacito r
values . The LM108 can be used at a frequency of
1 Hz with capacitors no larger than O.OlIJ-F. In
logar ithmic amp lifiers, th e dynam ic range can be
ex tended by nearl y 60 dB by going from t he
LM709 to the LM108 . In other app licatio ns,
having low error currents of ten per mits an en tirely
diffe rent design approach whic h can great ly sim­
plify circu itry .

Primary trans istors (Q I and Q 2 ) are used for th e
input stage ; and th ey are op erat ed in a cascode
connect ion with Q s and Q 6 ' The bases of Q s and
Q 6 are bootstrapped to the emitters of Q I and Q 2
thr ough Q 3 and Q 4 , so t hat the inpu t tr ans istors
are operated at zero co llecto r-base voltage. Hence,
circuit perf orm ance is no t impai red by th e low
breakdown of the primaries, as the secondary tra n­
sist ors sta nd off the common mode voltage. This
configuration also improves th e co mmon mode
rejection since t he input transistors do not see
variat ions in the co mmo n mode vo ltage. Further,
because th ere is no vo ltage across the ir collector­
base junctions, leakage currents in the input tr an­
sistors are eff ect ively eliminat ed .

Figure 4 shows a simplified schema ti c of th e
LM108 . Two kinds of NPN t ransist ors are used on
th e Ie chip : supe r gain (prima ry) transi stor s which
have a current gain of SOOO wit h a breakdow n
voltage of 4V and conventi onal (secondary) tran ­
sist ors which have a current gain of 200 with an
80V breakdown. Thes e are different iated o n the
schematic by drawing th e secon daries wit h a wider
base.

THE LM108

z
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FIGURE 2. Illustrat ing The Eff ect Of Sou rce Resistance
On Typ ical Input Error Voltage
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Natu rally, error current has th e greatest effect in
high impedance circuitry. Figure 2 illustrates th is
point. The offset voltage of the LM709 is degraded
significantly wit h source resistances great er than
10 kl1. With the LM101 A this is extended to
source resista nces high as SOO kl1. The LM108, on
the other hand, work s well with source resistan ces
above 10 MI1.

High source resista nces have an even greater effect
on the drift of an ampli fier, as shown in Figure 3 .
The performance of the LM709 is worsened with
sou rces greater th an 3 kl1. The LM101 A ho lds out
to 100 kl1 sour ces, while the LM108 still works
well at 3 MI1.

FIGURE 3. Degradatio n Of Typi cal Drift Character ist ics
With High Sou rce Res istances

It is dif ficul t to include FET amplif iers in Figure 3
because th eir drift is initia lly 50 IJ-Vrc. unless

The second stage is a diff erent ial amplifier using
high gain lateral PNPs (Q9 and Q I O). 6 Th ese de­
vices have current gains of lS0 and a breakd own
voltage of 80V . R I and R2 are th e collector load
resistor s for the input stage. Q , and Q 8 are diode
co nnec te d later als which compensate for t he
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FIGURE 4. Simplified Schematic Of T he L M 108

emitter-base voltage of the second stage so t hat it s
operating current is set at twice that of t he input
stage by R• .

make hiqh-irnp edance circuits fast ; and low power
circuits are very resistant to being made fast. In
other respects, it was desirable to make the LM108
as much like the LM101A as possible.

FIGURE 5. Input Curr ents
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The second stage uses an active collector load
(0, sand 0 , 6) to ob tain high gain. It drives a
complementary class-B output stage which gives a
substantial load dr iving capab ility . The dead zone
of th e outp ut stage is eliminated by biasing it on
the verge of conduct ion with 0 , , and 0 , 2'

Two methods of frequency compensation are
available for the amp lif ier. In one a 30 pF capaci·
to r is con nect ed from the input to the output of
the second stage (betwee n the compensat ion
te rminals). Th is meth od is pin -compatible with th e
LM10 l or LM101A . It can also be compensated
by con necting a 100 pF capacitor from the out put
of t he second stage to grou nd. This technique has
the advantage of improving the high freque ncy
powe r supply rejection by a factor of ten .

A comple te sche matic of the LM108 is given in th e
Append ix along with a description of t he circuit .
This includes such essential features as overload
protection for the inputs and out put.

PERFORMANCE

Th e primary design Object ive fo r the LM108 was
to obta in very low input currents witho ut sacr ific­
ing offse t voltage or drift. A secondary objective
was to reduce the power consumption. Speed was
of littl e concern , as long as it was comparable with
t he LM709. This is logical as it is qu ite difficu lt to

Figure 5 shows th e input curre nt characteristics of
the LM108 over a _55°C to 125°C tem perat ure
range. Not only are the input currents low, but
also they do not change radically over tempera­
tu re. Hence, the device lends itself to relat ively
simple temperature compensation sche mes, t hat
will be descr ibed later.

There has been considerable d iscussion abou t using
Darlington input stages rather than super gain tran ­
sistors to obtain low input currents.6

,7 It is appro­
priate to make a few comments abo ut t hat here .
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Darlington inputs can give about th e same input
bias curre nts as super gain t ransistors-at room
temperature. However, the bias current varies as
the squar e of the transistor current gain. At low
temperatu res, super gain devices have a decided
advant age. Add it iona lly, the offset curren t of
super gain tran sistors is cons iderably lower t han
Darlingtons, when measured as a percentage of
bias current . Further, th e offset voltage and offset
voltage dr ift of Darlington t ransistors is both
higher and more unpr ed ictable .

volt of t he suppl ies, which is espec ially important
when operating at low voltages. The out put falls
off rapid ly as t he current increases above a certain
level and the short circuit protection goes into
effect. The useful output dr ive is limited to about
±2 mAo It could have been increased by the add i­
tion of Darlington tra nsisto rs on the output, but
th is wo uld have rest ricted the voltage swing at low
supply voltages. The amplifier, incidentally, wor ks
with com mon mode signals to within a volt of the
supplies so it can be used with supply voltages as
low as ±2V.

Experience seems to tell th e real tr uth about Dar­
lingtons. Quite a few op amps wit h Darlington
input stages have been introduced. However, none
have becom e industry standards . The reason is th at
th ey are more sensitive to variations in t he manu ­
fact uring process . Therefore , satisfac tory perform­
ance specif ications can only be obtain ed by sacr i­
ficing the manufactu r ing yield .
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The ope n loop frequency response, plotted in
Figure 8, indicates that the freque ncy response is
abo ut th e same as that of t he LM709 or th e
LM101A. Curves are given for the two compensa-
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funct ion of supply voltage in Figure 6. The operat­
ing current is about an order of magnit ude lower
than devices like t he LM709. Furthermore, it doe s
not vary rad ically wit h supp ly voltage which
mea ns t hat the device performance is maintained
at low voltages and power consumption is held
down at high voltages.
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The output drive capa bility of the circu it is illus­
trated in Figure 7. The ou tput swings to within a FIGURE 9 . Compensa tion Circuits
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and input sta ges determines the effective out put
resistan ce, and thi s canno t be acco unt ed for by
conven tio na l design th eor ies. Semicond uctor man ­
ufac turers take care of th is by specifying the gain
unde r full load co ndi tio ns, wh ich com b ines ou t put
res istanc e wit h ga in as far as it affec ts overa ll cir­
cui t performance. This avo ids the fictiti ous pro ­
blem that can be crea ted by a n a mplifier wit h
inf inite gain, which is good, that will cause th e
o pen loop output resis tance t o a ppear infinite,
whi ch is bad , al though non e of this affe cts overa ll
performa nce sign ificantly.

The closed loop output impedance is, non eth eless,
importa nt in som e applica t ions. Thi s is plotted for
several operati ng co-iditions in Figur e 11 . It can be
seen th at the output impedance rises to abou t
500£1 at high freq uenc ies. The increa se occu rs
because the compensation capacitor rolls off the
o pen loop gain. Th e output resis ta nce can be reo
duced at the inte rmediate freque nci es, for clo sed
loop gain s greate r th an one , by ma king th e cap aci­
tor sma ller. Th is is made appa rent in th e figure by
compar ing t he output resistanc e with a nd without
freque ncy co mpensation for a closed loop ga in
of 1000.

Classica l op a mp theo ry esta bli shes ou tput resis­
ta nce as an importa nt design parameter . Th is is not
t rue for IC o p amps: Th e out put resist an ce of
mo st devic es is low enough that it can be igno red ,
because t hey use class-B ou tput stages . At low fre ­
quencies, ther ma l feedback between the out put

With unity ga in co m pensation, both methods give
a 75-degr ee sta bility marg in. However , the shu nt
compensati on has a 300 kHz small signal band­
wid t h as o pposed to 1 MHz for t he ot her scheme.
Becau se th e co mpensat ion capa cit or is not incl ud­
ed on th e IC ch ip, it can be tailored to fit the
application . Whe n t he a mplifie r is used o nly at low
frequ en cies, the com pensation capacitor can be
increased to give a greater stability margin . T his
makes t he circuit less sens itive to capaci tive lo ad­
ing, st ray capa ci tances or impro per supply by pass­
ing. Overcom pensat ion also red uces the high t re­
quency no ise ou t put of th e amplifie r .

The frequency response of an o perat iona l amp li­
fier is co nsiderably different fo r large output sig·
nals t han it is for sma ll signals . Th is is ind ica ted in
Figure 10. With unitv-qain co mpe nsa t io n, the
small signal bandwid th of the LM108 is 1 MHz.
Yet full output swing can not be obta ined above
2 k Hz. This co rre spo nds to a slew rate of 0 .3V /lls .
Both th e full-output bandwidth and th e slew rate
can be increased by using smaller compensa tion
capaci tors , as is ind icat ed in the figure. However ,
th is is on ly app licab le for higher closed loo p gains .
Th e results plotted in Figure 10 are for standard
compensat ions . With un ity gai n compensat ion , th e
same curves are ob ta ined for t he shunt compensa­
t ion sche me.

tion circuits sho wn in Figure 9. The standard
co mpensation is ident ical to that of the LM101 or
LM101A. The al ternate compensat ion scheme
gives much better rejection of high frequen cy
power supply noise, as will be shown late r.

Wit h closed-loop gains greater t han one, t he high
f requency perfor ma nce can be o pti mized by
making t he co mpensa tion capacito r smaller . If
uni t v-qain co mpensat ion is used fo r an amplifier
with a gain of ten , th e gain erro r wil l exceed
1-percent at frequ encie s abo ve 400 Hz. Thi s can be
ex tended to 4 kHz by red ucing th e compensat ion
cap acito r to 3 p F. The fo rmu la fo r de term ini ng
th e minimum ca paci to r valu e is given in Figure 9a .
It should be no ted that the capac itor value does
not rea lly depend on t he clo sed-loop gain. Instead ,
it depends on the high frequency attenuation in
th e feedback network s and, th erefore , th e valu es
of R I and R2 • When it is des irable to o pti mize
performance at high freque ncies, t he standard
co mpensat ion shou ld be used . With small capacitor
va lues, t he stabi lity margin obt ained with shunt
compensat ion is inadequate for co nservat ive de­
signs.
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The output resistance also tends to increase at low
frequ encies. Thermal feedb ack is respons ible for
this phenomenon. The data for Figure 11 was
taken under large-signal conditions with ±15V
supplies. th e ou t put at zero and a ±1 mA current
swing. Hence, the therma l feedback is accentua ted
more than would be the case for most appl ica­
t ions.

In an op amp, it is desirable that perf ormance
be unaffect ed by variat ions in supp ly voltage .
IC am plifiers are genera lly 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 supp ly reject ion which is
typically in excess of 100 dB, and it will oper­
ate wit h supply voltages fro m ±2V to ±20V.
Therefore, well·regulated supplies are unneces­
sary, for most applicat ions, becaus e a 20·per­
cent var iat ion has litt le effect on perf ormance .
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FIGURE 12. Power Supply Rejec t ion

The story is dif feren t for high-frequency noise
on t he suppl ies, as is evident from Figure 12.
Above 1 MHz, pract ically all the noise is fed
th roug h to the output . The figure also demo n­
st rates that shunt compensation is about ten
times bette r at reject ing high frequency noise
th an is standa rd compensa tio n. This dif fe rence
is even more pronounced with larger capacitor
values. The shunt compensatio n has the added
advantage th at it makes the circu it virtually
unaffected by th e lack of supply bypassing.

Power supply rejection is defined as the ratio
of th e change in offse t voltage to the change in
the supply voltage producing it. Using th is def i­
nition, t he rejection at low frequencies is un­
affected by the closed loop gain. However, at
high freq uencies, the opposite is true. The high
frequency reject ion is increased by the closed
loop gain. Hence, an ampl ifier with a gain of
ten will have an order of magnitude better re­
ject ion than that shown in Figure 12 in the
vicinity of 100 kHz to 1 MHz.
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The overa ll performance of th e LM108 is
summarized in Table 1' . It is apparent from the
table and the previous discussion that th e de­
vice is ideally suited for app licatio ns that re­
qu ire low input currents or redu ced powe r con­
sumption. The speed of th e amplifier is not
spect acular, but this is not usually a probl em in
high·im peda nce circuitry. Furth er, the redu ced
high frequency performance makes the amp lifier
easier to use in tha t less attention need be paid
to capaci t ive loading, stray capacitances and
supply bypa ssing.

APPLICATIONS

Becau se of its low input curre nt, the LM108
opens up many new design poss ibilit ies. How­
ever, extra care must be taken in com pon ent
selectio n and the assembly of printed circuit
board s to take full advanta ge of its perform­
ance. Further, unusual design tec hniques must
often be app lied to get around the limita tions
of some com ponents.

SAMPLE AND HOLD CIRCUITS

The holding accuracy of a sample and hold is
d irectly related to the error currents in th e
components used . Therefore, it is a good circuit
to start off with in explaining the pro blems in-

SAMfOU ---<,...--,

OUTPUT

"l hF

FIG URE 13. Sample And Ho ld Circu it

volved. Figure 13 shows one conf igurat ion for a
samp le and hold . During th e sample interval,
a, is turned on, charging the hold capac itor ,
C" up to the value of the input signa l. When
a, is turned off , C, reta ins th is voltage. The
output is obta ined from an op amp that buffers
the capaci tor so that it is not discharged by
any loading. In the hold ing mode , an erro r is
ge ne rated as the capacitor looses cha rge to
supp ly circuit leakages. The accumulation rate
fo r error is given by

dV IE

dt c, '
where d VIdt is the time rate of change in out ­
put voltage and IE is t he sum of the input
current to the op amp, the leakage current of
the hold ing capacitor, board leakages and the
"off" current of th e FET switc h.

"See Appen dix , page 19 .



When high·temperatu re op eration is involved,
the FET leakage can limit circuit performance.
This can be min imized by using a junction
FET, as indicated, because commercial junction
FETs have lower leakage than the ir MOS coun­
terparts. However, at 125°C even junction de­
vices are a problem. Mechan ical switches, such
as reed relays, are quite satisfactory from th e
standpoint of leakage. However , they are oft en
undes irable because they are sens it ive to vibra­
t ion , they are too slow or the y requ ire exces­
sive d rive power . If th is is the case, the circuit
in Figure 14 can be used to eliminate the FET
leakage.

OUTPUT

tTl'ft.., ,.I,""rr" " lIOlru.......19
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FIGURE 14 . Sample And Hold That Eliminate. Leakage
In FET Sw itches

When using P-chan nel MOS switches, the sub­
str ate must be connected to a voltage which is
a lways mor e posi t ive th an the input signa l. Th e
so u rc e-t o-substr at e junction becom es forward
biased if thi s is not do ne . The troublesome
leakage current of a MOS device occurs across
t he s u bstrate-to-drai n junct ion . In Figure 14 ,
this cur rent is routed to the output of the buf­
fer amplifier through R I so that it does not
contr ibute to the error current.

The main sample switch is 0 " while 0 , iso­
lates the hold capacitor from t he leaka ge of
0 , . When the sample pulse is appl ied, both
FET s turn on cha rging C, to t he input voltage.
Removing th e pulse shut s off both FETs , and
the output leakage of 0 , goes th rough R, to
the output. The voltage drop across R , is less
than 10 mY, so the substrate of 0 , can be
boo tstrapped to the output of th e LM10B.
Therefor e, the vo ltage across the substra te-drain
junction is equa l to t he of fset vo ltage of the
amplifier. At this low voltage, the leakage of
the F ET is reduced by about two orders of
magnitu de .

It is necessa ry to use MOS switches when boot­
strapping the leakages in this fashion. The gat e
leakage of a MOS device is still negligible at

high temperat ures; th is is not t he case with
junc tion FET s. If the MOS transistors have pro­
tective d iodes on the gates, special arrangements
must be made to drive 0 , so the d iode does
no t becom e fo rward biased .

In selectin g the ho ld capaci tor, low leakage is
not the only requ iremen t. The capaci to r must
also be free of dielectr ic polar ization pheno m­
ena." Th is rules out such typ es as paper , mylar,
electro lyti c, tantalum or high- K cera mic. For
small capacitor values, glass or silvered -mica
ca pac ito rs are recommended. For the larger
values, ones with teflon, polyethylene or poly­
carbonate dielectr ics should be used .

The low input current of the LM10B gives a
drif t rate, in hold , of only 3 mYIsec whe n a
1 IlF ho ld capacitor is used . And t his num ber is
worst case over the military temperat ure range.
Even if th is kind of performan ce is not needed,
it may still be beneficial to use the LM1DB to
redu ce the size of the hold capacit or. High
quality capaci tors in th e larger sizes are bulky
and expensive. Furth er , the switches must have
a low "on" resistance and be driven fro m a low
impedance source to charge large capa cito rs in a
short per iod of tim e.

If the sample int erval is less than about 100 IlS,
t he LM1OB may not be fast enou gh to work
prop erly. If t his is the case , it is advisab le to
subst itute the LM102 A,9 wh ich is a vol tage fo l­
lower designed for both low input current and
high speed. It has a 30Y IllS slew rate and will
operate with sampl e interv als as sho rt as 1 IlS.

When t he hold capacitor is larger th an 0.05 IlF,
an isolati on resisto r should be includ ed betw een
the capacitor and the input of th e amplif ier
IR, in Figure 14 ). This resistor insures t hat the
IC will not be damag ed by shorting the ou tput
or abruptly shutting do wn the supplies when
the capacito r is charged. This precaution is not
peculiar to th e LMlOB and should be observed
on any IC op amp .

INTEGRATORS

Integrators are a lot like sample-and -ho ld cir­
cui ts and have essenti ally th e same design pro b·
lems. In an integr ator, a capa citor is used as a
st orage element; and th e error accumulatio n
rate is again pro por ti ona l to the input curr ent
of t he op am p.

Figure 15 shows a circu it that can compensate
for the bias current of the amplifier. A current
is fed into the summing node th rou gh R I to
supply the bias current. The potentiometer, R"
is adjusted so tha t th is current exactly equals
th e bias cur rent, redu cing the drift ra te to zero .
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FIGURE 15 . Integrator With Bias Current Comp ensation

The d iode is used for two reason s. First, it acts
as a regulator, making t he compensa tion rela­
t ively insensitive to variations in supply vo ltage.
Second ly, the temperature d rift of d iode voltage
is approxi mately the same as th e temp erat ure
dri ft o f bias current . Therefor e, the compensat ion
is more effec tive if the te mpe rat u re cha nges.
Over a O°C to 70°C temperatu re range, th e com­
pensation will give a fact or of te n red uctio n in
input current . Even better results are achie ved if
the temp eratu re change is less.

Normally, it is necessa ry to reset an integrator to
establish the in itial condi tions for integrat ion. Re­
setti ng to zero is read ily acco mplished by shor tin g
th e inte grating capacitor wit h a suita ble switch .
However, as with the samp le and ho ld circu its,
semiconductor switches can cause problems be­
cause of high-temperature leakage .

turns on 0 , and 0 " sho rt ing the integrat ing ca­
pacit or. When the switches tu rn off, the leakage
current of 0 , is absor bed by R, while 0 , isolates
the ou t put of 0 , from the summ ing node . 0 , has
practically no voltage across its junctions because
the substra te is grounded; hence, leakage curr en ts
are negligible.

The addi t ional circuitry shown in Figure 16 makes
the error accumulation rate pro port ional to th e
offset current , rather than the bias current. Hence,
the dr ift is reduced by rough ly a factor of 10.
Dur ing the integration interval, the bias current of
the non -inverting input accumulates an error
across R4 and C, just as the bias current on the
inverti ng input do es acro ss R, and C, . Therefore,
if R4 is match ed with R, and C, is matched with
C, (with in abo ut S percent) the ou tpu t will drift
at a rate pro port ional to th e difference in th ese
curren ts . At th e end of th e integra tio n interval, OJ
re moves th e compe nsating er ror accumulated on
C, as th e circuit is reset .

In a pplication s invo lving large tem perat ure
changes, th e circuit in Figure 16 gives better re­
su lt s t ha n the compensation scheme in
Figure IS - especia lly under worst case conditions.
Over a - SSoC to 12SoC temperature range:the
worst case dr ift is redu ced from 3 mV/sec to
O.S mV/sec when a 1 JlF integrati ng capacitor is
used. If this reduction in dr ift is not needed , the
circuit can be simpl ified by eliminating R4 , C, and
OJ and returning the non -inverting input o f the
amplif ier d irectly to ground.

.""urr - JVl,..,......_---"

FIGURE 16 . Low Dr if t Integrator With Reset

' Q 1 1 ~tl QJPhi' ftot h "
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In fab rica ting low drift integr ators, it is again nec­
essary to use high qual ity compo nents and min i­
mize leakage currents in the wiring. The comments
made on capacit ors in co nnection with the
sample-and-ho ld circu its also apply here. As an
addition al precaution, a resisto r should be used to
isolate the inverting input from th e integrat ing
capacitor if it is larger than O.OS JlF. This resistor
prevents dama ge t hat might occur when the sup­
plies are abruptly shut down while the integrating
capacitor is cha rged .

60 me integ rator applicat ions requ ire bo t h speed
and low error curr ent. The out put amplifiers for
pho to mult iplier tub es or so lid-state rad iatio n de­
tectors are exa mp les of th is. Alt hough th e LM108
is relativ ely slow, th ere is a way to speed it up
whe n it is used as an invert ing amp lifier . Th is is
shown in Figure 17 .

The circuit is arranged so tha t the high-frequency
gain cha racteris tics are de ter mined by A" while
A, determines the dc and low-freque ncy charac­
ter istics. The non -invertin g input of A , is connect­
ed to the summing node thr ough R , . A, is oper­
ated as an integrator, going through un ity gain at
sao Hz. Its out put dr ives the non -inverting input

':>=-4.....+ - 0 UH UT

'--4--<.... RESET

"' OK

A connection that get s rid of switch leakages is
shown in Figure 16. A negative·going reset pulse

"' OM
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FIGURE 17. Fast Integrator

of A2 • The inverti ng input of A2 is also connected
to th e summing node th rou gh C, . C, and RJ are
chosen to roll off below 750 Hz. Hence, at fre­
quencies above 750 Hz, the feedback path is d i­
rectl y around A2 , with A, contributing little.
Below 500 Hz, however , the direct feedback path
to A2 roll s off ; and th e gain of A I is added t o th at
of A2 •

The high frequency ampl ifier, A2 , is an LM10 1A
connected with feed-forward compensation . ' 0 It
has a 10 MHz equiva lent small-signa l bandwidth , a
1OV/lJs slew rate and a 250 kHz large-signal band ­
widt h, so these are the high-frequency charact eri­
sti cs of the complete ampl ifier. The bias cur rent of
A2 is isolated from the summing node by C, .
Hence, it does not contribute to the dc drift of the
inte grato r. The inver ti ng input of A, is the only dc
connec tion to th e summing junct ion. Th erefore,
the error current of the composite amplifier is
equal to t he bias current of AI'

If A2 is allowed to satura te, A , will then star t
towards satu ration. If th e output of A, get s far off
zero, recovery from sat uratio n will be slowed dras­
tically. This can be preven ted by putting zener
clamp diodes across the integrating capacitor. A
suitable clamping arran gement is shown in
Figure 17. D, and D2 are included in the clamp
circuit a long wit h Rs to keep the leakage curr ent s
of th e zeners fro m introducing errors.

In add it ion to increasing speed, this circuit has
other advantages. For one , it has the increased out ·
put dri ve capa bil ity of the LM101A. Further,

the rmal feedback is virtuall y eliminated because
th e LM108 does not see load var iations . Lastl y,
the open loop gain is near ly infinite at low fre ·
quencies as it is the product of the gains of the
two amplifiers.

SINE WAVE OSCILLATOR

Although it is comparative ly easy to bu ild an oscil­
lator that approx imates a sine wave, maki ng one
that delivers a high-pur ity sinusoid with a stable
frequ ency and amplitude is ano ther sto ry. Most
satis factory designs are relat ively complicated and
req uire individual tri mmi ng and temperature com­
pensation to make them work. In add ition , they
generally take a long time to stabilize to the final
output amplitude.

A unique solution to most of these prob lems is
shown in Figure 18. A I is connected as a two-po le
low-pass active filter, and A2 is connected as an
integrator. Since t he ult imate phase lag introduced
by t he amplifiers is 270 degrees, the circu it can be
made to osci llate if t he loop gain is high enough at
th e frequency where the lag is 180 degrees. The
gain is actually made somewhat higher tha n is re­
quired for osc illation to insure start ing. Theref ore,
the amplitude bui lds up until it is limit ed by some
no nlinearity in the system.

Ampli tude stabi lization is accomplished with zener
clamp diodes, D I and D2 • This does int roduce dis­
tortion, but it is reduced by the subsequent low
pass filters. If D I and D2 have equ al breakdown
voltages , the result ing symmetrical clipping will
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FIGURE 18 . Sine Wave Oscillator

virtually eliminate the even-order harmonics. The
do minant har mon ic is then the third , and this is
abo ut 40 dB down at th e output of A I and about
50 dB down on the output of A, . Th is means that
the tota l harmonic distortion on the two outputs
is 1 percent and 0.3 percent, respectively.

The frequency of oscillation and the osci llat ion
threshold are de te rmined by R

"
R" R3 , Ct , C,

and C3 . Therefore precision components with low
temperature coefficients should be used . If R3 is
made lower than shown, the circu it wiII accept
looser component tolerances before dropping out
of oscillat ion. The sta rt up will also be qu icker.
However, the price paid is that d istortion is in­
creased . The value of R4 is not cr itica l, but it
shou ld be made much smaller than R, so tha t the
effective resistance at R, does no t drop when the
clamp diodes conduct .

The out put amplitude is determined by the break ­
dow n volta ges of D t and 0 , . Therefore, the clamp
level shoul d be temp erature compensated for
sta ble ope ratio n. Diode-con nect ed (collector shor t­
ed to base) NPN transistors with an emi tter-base
break down of abo ut 6.3V work well, as th e posi­
tive temperature coeff icient of t he diod e in reverse
breakd own near ly cancels the negat ive tempera­
ture coefficient of th e forwa rd-biased diode. Add­
ed advantages of using transistor s are that they
have less shunt capac itance and shar per break­
downs than conventional zeners .

The LM108 is parti cularly usefu l in this circui t at
low frequencies, since it perm its the use of small
capacitors. The circuit shown oscilla tes at 1 Hz,
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but uses capaci to rs in the orde r of 0.0 1 fJF. Thi s
makes it much easier to find temperatu re-sta ble
preci sion capacitors. However, som e judgment
must be used as large value resisto rs with low
temperature coefficients are not exactl y easy to
come by. '

The LM108s are useful in th is circu it for output
frequencies up to 1 kHz. Beyond that, better per­
formance can be real ized by sub st ituting an
LM102A for A, and an LM101A with feed ­
forward compensation for A,. The improved
high-frequency response of these devices extends
the operati ng frequency out to 100 kHz.

CAPACITANCE MULTIPLIER

Large capa citor values can be eliminated from
most syst ems just by raising the impedance levels,
if suitable op amps are available . However, some­
t imes it is not possible because th e impedan ce
levels are already fixed by some element of th e
system like a low impedance transducer. If t his is
the case, a capaci tance multip lier can be used to
increase the effective capac itance of a small capaci ­
to r and cou ple it into a low impeda nce system.

Previously, IC op amps could no t be used effec­
tive ly as capacitance mult ipliers because t he equiv­
alent leakages genera ted due to off set curre nt were
signif icantly grea ter than the leakages of large
tantalum capacitors. With t he LM108, t his has
changed. The circuit shown in Figure 19 generates

• Large-value resistors are available from Victoreen Instru­
ment, Cleveland, Ohio and Pyrof ilm Resistor Co..
Whippenv , New Jersey .



an equivalent capa citance of 100,000 /l F with a
worst case lea kage of 8/lA-over a _550 C to
125°C temperat ure ran ge.

sistor matching and by ba lanci ng of th e source reo
sistances, A t -percent deviation in any one of th e
resistor values reduces the common 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.

C '~ C l

IL ~~

As 'Rl

"'""

"'""
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Clear ly, the on ly way to get high input impedance
is to use very large resistors in the feedb ac k net­
wo rk. The op am p must 'o perate from a source
res ista nce which is orde rs of magnitude larger than
the resistance of the signal source. O lder IC o p
amps introduced excessive offset and dr ift when
operating fro m higher res istances and could not be
used successfully. The LM108, however, is rela­
t ive ly un aff ected by the large resistors, so t his
ap proach can someti mes be emp loyed.

With large inp ut resistor s, the feedback resistors,
R3 and R4 , can get quite large for higher closed
loop gains. For example, if R I and R, are 1 Mn,
R3 an d R4 must be 100 Mn for a gain of 100 . It is
d ifficu lt to accura te ly match resistors th at are thi s
high in value, so co mmon mode rejecti on may
suff er . None t heless, anyone of the resistors can be
t rim med to take out common mode feedth rough
cau sed either by resistor mismatches or the arnpl i­
fier itself.

uureur
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The performance of the circ uit is descr ibed by t he
eq uat ions given in Figure 19, where C is th e effec­
tive output cap acitan ce, IL is the leak age cur rent
of th is capacitance and Rs is th e ser ies resista nce
of the mult iplied capacitance . The series resistance
is relat ively high, so high· Q capaci tors cannot be
real ized . Hence, suc h appl icat ions as tuned circuits
and filters are ru led out. However , the multiplier
can st ill be used in timing circu its or servo co mo;
pensation net work s where so me resist anc e is
usually con nected in series wit h the capacito r or
the effect of the resis tance can be com pen sat ed
for.

FIGURE 19. Capacitance Multipl ier

One final poin t is that the leakage current of the
mult ip lied capacitance is no t a function o f t he
app lied voltage. It persists even with no voltage on'
th e output. Therefore, it can gen erate offset err ors
in a circuit, ra ther ' t han t he scaling erro r's caused
by conventional capacitors.

INSTRUMENTATION AMPLIFIER

In many instrumentation applica tio ns there is fre·
que nt ly a need for an amplifier with a high·
impedance diff erenti al input and a single end ed
output. Obvious uses for this are amplifiers for
br idge ·type signal sources such as st rain gages, tern­
pera ture sensors or pres sure t ra nsducers. General
purpose op a mps have satis factory input character­
ist ics, but feed back mus t be added to determine
th e effective gain. And th e addi ti on of feedback
can dr astically reduce the input resistance and
degra de com mon mode rejec t ion .

Figure 20 shows the classical op amp circuit for a
different ial ampl if ier . Th is circuit has three main
disadvantages. First , the input resi stance on the
inverting inpu t is relat ively low, being equal to R I .

Seco nd , th ere usually is a large difference in the
inpu t resistance of the two inpu t s, as is indicated
by th e- equations on th e schematic. Third , t he
common mode reject ion is great ly affected by re-

FIGURE 20 . Feedback Connection For a Diffe rent ial
Amplifier

Anot her prob lem caused by large feed back reo
sistors is that stray capacitance can ser iously affect
th e h igh freq ue ncy co mm o n mode reject ion . With
1 Mn inpu t resistors, a 1 pF mismatch in stray
ca pacitance from eit her inp ut to gro und can dro p
th e common mode rejection .to 40 dB at 1500 Hz.
Th e high frequenc y rejection can be improved at
the expense of frequency respon se by shu ntin g R3

and R. with matched capacitors.

With high impedance bridges, the feed back resis­
tances become prohibitively large even fo r t he
LM108 , so th e circui t in Figure 20 cannot be used .
One possible alternativ e is shown in ·Figure 21. R,
and R3 are chosen so th at their eq uiva lent -parallel
res istan ce is equal to R I, Hence, th e outpu t of the
ampli fier will be zero when the bridge is bala nced .
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This circuit has the same sensitiv ity to resistor
matching as the previou s circuits, with a 1 percent
misma tch bet ween two resistors lowering the corn ­
ma n mod e rejection to 80 dB. However, matching
is more easily accomplished because of the lower
resistor values. Further, the high frequency corn­
man mode rejection is less affected by stray ca­
pacitances. The high frequency reject ion is limit ed,
though , by the response of A I .

LOGAR ITH MIC CONV ERTER

FIGURE 21 . Ampli fier For Br idge Transd uce..

When the bridge goes off balance, the op amp
maintains th e voltage bet ween its inpu t termi nals
at zero with cur rent fed bac k from the ou tp ut
through R) . This circuit does not act like a true
differential amp lifier fo r large imbalances in th e
br idge. The voltage drops across the two sensor
resistors, 5 , and 52, become unequal as the bridge
goes off balance, causing some non ·linearity in the
transfer function. However, this is not usually
obj ectionable for small signal swings.

- __ I"'UTI_+

A logarithm ic amplifier is another circuit th at can
take advantage of the low input current of an op
amp to increase dynam ic range . Most pract ical log
converters make use of the logarithmic relat ion'
ship between the emitter-base voltage of standard
double-d iffused transistors and th eir collec tor
current. This logarit hmic characteristic has been
proven true for over 9 decades of collector cur­
rent. The only problem involved in using transis­
tors as logging elements is tha t t he scale factor has
a tem perature sensitivity of 0.3 percent/C. How­
ever, temperatu re compensating resistors have
been developed to compensate for th is character­
ist ic, mak ing possible log converters that are accu­
rate over a wide temperature range .

The collector current of 0 , is prop ort ional to the
input current through R, and , therefore, propor­
tional to the input voltage. The em itter -base volt­
age of 0 , varies as the log of the inpu t voltage.
The fixed emitter-base voltage of O2 subt racts
from th e voltage on the emitter of 0 , in determin­
ing the voltage on the top end of the temperature­
compensat ing resistor, 5 , .

Figure 23 gives a circu it that uses th ese techn iques.
0 , is the logging transistor, while O2 prov ides a
fixed of fset to temperature compensate the
emitter-base turn on voltage of 0 ,. O2 is operated
at a fixed collect or current of 10 JlA by A2, and
its emitter -base volta ge is subtracted from that of
0 , in determining the out put voltage of the cir­
cuit . The collector current of O2 is established by
R) and V+ through A2.

Il1 -". ;IIZ -I'1

A" - , - ii

"""1.1"
""1.1"

""1.1"

R1

'R'D.I%

FIGURE 22 . Different ial Input Instrumentat ion Amp lif ier

Figure 22 shows a true differential connection that
has few of th e problems ment ioned previously. It
has an input resistance greater than 10' 0 Q, yet it
does not need large resistors in the feedback cir­
cuitry. With th e componen t values shown, A, is
connected as a non-inverting amp lifier with a gain
of 1.01; and it feeds into A2 which has an invert­
ing gain of 100 . Hence , the total gain from the
input of At to the output of A2 is 101, which is
equal to th e non-inverting gain of A2. If all the
resistors are mat ched , t he circuit responds only to
the d ifferent ial input signal-not th e common
mode voltage.

The signal on the top of 5 , will be zero when the
input current is equal to the current through R) at
any temperature. Further, th is voltage will vary
logarithmically for changes in input current, al­
th ough the scale factor will have a temperature
coe ff icient of - 0.3%/ C. Th e out put of t he con­
verter is essent ially multiplied by the ratio of R I

to 5, . 5ince 5, has a positive temperature coeff i·
cient of 0.3 percent /C, it compensates for the
change in scale factor with temperature.

In th is circuit , an LM101A with feedforward corn ­
pensati on is used for A2 since it is much faster
than the LM108 used for A, . Since both ampl i­
fiers are cascaded in th e overa ll feed back loop , the
reduced phase shift through A2 insures st abilit y.
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FIGURE 23 . Tem perature Comp ensated One-Quadrant Logarithmic Co nverter

Certa in th ings must be cons idered in des igning this
circu it. For one, th e sensit ivity can be changed by
varying R I ' But R , must be made considerab ly
larg er than the resistance of S , for effective tern ­
perature "Compensation of the scale factor. Q , and
Q2 should also be matched devices in th e same
package, and S , should be at the same tempera ­
ture as these transistors. Accuracy fo r low input
currents is determ ined by the error caused by the
bias current of A " At high currents, the behavior
of Q, and Q 2 limits accuracy. For inp ut currents
approaching 1 mA , the 2N2920 deve lops logging
errors in excess of 1 percent. If larger input cur ­
rents are anticipated, bigger transisto rs must be
used ; and R2 should be reduced to insure that A2
does no t satu rate.

TRANSDUCER AMPLI FIERS

With certain transducers, accu racy depends on the
choice of the circu it configura t ion as much as it
do es o n the qua lity of t he co mponents . T he ampli­
f ier for photodiode sensors, shown in Figure 24 ,
illustrates th is po int. Normally, photodiodes are

"'...
"

51

OUT' UT

C1J 'DO.,

FIGU RE 24. Ampl ifier For Photod iode Sensor

opera ted with reverse vo ltage across the junct io n.
At h igh temperatures , the leaka ge cu rre nt s ca n
approach the signa l cu rrent. However , pho tod iodes
deliver a short-circu it out put current, unaffected
by leakage cur rent s, which is not signi ficantly
lowe r th an the output current with reverse bias .

The circuit shown in Figure 24 res ponds t o the
short-circu it output current of t he photodiode.
Since the voltage across the d iode is only the off ­
set vo ltage of the amplifier, inherent leakage is
reduced by at least two orders of magn itude . Ne­
glecting the offset current of the amp lifier, the
output current of the sensor is multiplied by R I

plus R2 in determ ining t he ou tpu t vo ltage.

Figure 25 shows an amplifier for high -impedan ce
ac transducers like a piezoelec t ric accelerometer.
These sensors normally require a high· inpu t­
resistance amplifie r. The LM10B can provide inpu t
res istances in the range of 10 to 100 Mn , using
conventiona l circu it ry . However, conventiona l
des igns are som et imes ruled out either becau se

r--1I>------~~ OUTPUT

~ TRA"SD UCE R

J
FIGURE 25. Am plif ier For Piezoelectric T ransducers
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large resistor s cannot be used or because proh ibi­
tively large inp ut resistances are needed.

Using th e circ uit in Figure 25 , input resistances
that are orders of magn itu de greater t han the
values of the dc retur n resist or s can be obtai ned.
Thi s is acco mp lished by boo tst rapping th e resistors
to the out put . With th is arrangeme nt, t he lower
cuto ff frequency of a capa citive t ransd ucer is de­
term ined more by th e RC prod uct of R , and C,
th an it is by resistor values and th e equ ivalent
capacitance of th e transdu cer.

CURRENT SOURCES

Although t here are num erous ways to make cur­
rent sou rces wit h op amps , most have limitat ion s
as far as th eir app licat ion is co ncerne d. Figure 27,
however, shows a curren t source which is fai rly
flexib le and has few restri cti on s as far as its use is
co nce rne d. It sup plies a current that is pro por­
t ional to th e input voltaqe and drives a load refer­
red to ground or any volt age wit hin the output­
swing ca pabi lity of th e amp lifier.

RESISTANCE MULTIPLICATION

Whe n an inverting o peratio na l ampl ifier must have
high inp ut resistance , the resistor values required
can get out of hand . For exa mple , if a 2 Mn inp ut
resistance is needed for an amp lifier wit h a gain
of 100, a 200 Mn feedb ack resistor is called for .
Th is resistan ce can, however, be redu ced using th e
circu it in Figur e 26. A d ivide r with a rat io of 100
to 1 (R 3 and R4 ) is added t o th e output of th e
amplifier: Unity -gain feedbac k is app lied from th e
output of th e divider, giving an overa ll gain of 100
using o nly 2 Mn resisto rs.

",.
"
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Thi s circuit does increase th e offset voltage some­
wha t . Th e out put off set vo lta ge is given by

FIGURE 27. Bilateral Curr ent Source

(
R ' + R2)VO U T = --R-

2
- A v Vos'

With t he out put gro unded , it is relat ively obvious
that t he ou tp ut current will be determ ined by Rs
and th e gain set ting of t he op amp, yie ld ing

Whe n th e out put is not at zero, it wo uld seem that
the curre nt t hrough R2 and R4 would redu ce
accuracy . Non eth el es s, if R I = R2 and
R3 = R. + Rs, th e outp ut curre nt will be inde ­
pen de n t of t he o utp u t vo ltage . F o r
R I + R3 » Rs , the out put resistan ce of th e cir­
cuit is given by

Rl

'""
Rl
1M

"
"1M

"
INPUT ~Wlt-""-~""-"""''''''.y.,,..,..,

The offse t voltage is on ly mu ltiplied by Av + 1 in
a conve ntio na l inverte r. Therefor e, the circu it in
Figure 26 multiplies th e offset by 200, inst ead
of 101. This multiplicati on factor can be redu ced
to 110 by increasing R2 to 20 Mn and R3

to 5.55 k.

FIGURE 26. Inverting Amplifier With High Input
Resistance

An oth er disadva ntage of th e circuit is that four
resistor s determ ine th e gain , instead of tw o .
Hence , for a given resistor toler ance, t he wo rst­
case gain deviat ion is great er, alt ho ugh t his is
pro bably mor e th an off set by th e ease of gett ing
better tol erances in the low resistor values.

R2>Rl

R2;» RJ

All • R2~~JR'JR4)

"1M

..
• OK

"
OUTPUT

RO UT == a, ( LlRR)

where R is anyone of the feedb ac k resistor s (R I ,

R" R3 or R4 ) and .:lR is the incremental cha nge
in th e resistor value from des ign cen ter. Hence, for
the circuit in Figure 27, a 1 percent devia tion in
one of the res istor values will drop t he outp ut
resistan ce of 200 kn. Such err ors ca n be t rimm ed
out by ad justi ng one of the feed bac k resistors. In
des ign, it is advisable to make th e feedb ac k resis­
tor s as large as poss ible. Oth erwise, resisto r tol er­
ances becom e even mo re crit ical.

The circu it must be driven from a source resistance
which is low by co mpa riso n to R " since t his resis­
tance will imba lance the circuit and affec t both
gain and out put resistance. As shown, th e circu it
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gives a negative output curr ent for a positive inpu t
voltage. Th is can be reversed by ground ing the
input and driving t he ground end of R, . The
magnitude of t he sca le factor will be unchanged as
long as R. » Rs .

VOLTA GE COMPARATORS

Like most op amps, it is possible to use th e LM108
as a voltage co mparat or. Figure 28 shows the
device used as a simple zero -crossing detecto r. The
inputs of th e lC are protected internall y by back-

F IGUR E 28 . Zero Cro ssing Detector

to -hack diodes co nnected between them , there­
fore , voltages in excess of 1V canno t be impressed
di rectly across the inputs. This problem is taken
care of by R, which limits the current so tha t
input voltages in excess of 1 kV can be tolerated.
If absolute accuracy is required or if R, is made
much larger than 1 Mn , a co mpe nsating resistor of
eq ual value should be inser ted in series with the
other input.

In Figure 28, th e output of the op am p is clamped
so that it can dr ive DTL or TTL directly. Th is is
accompl ished wit h a clamp diode on pin 8. When
the ou tput swings posit ive, it is c lamped at the
breakdown voltag e of th e zener. When it swings
negat ive, it is clamped at a d iode drop below
ground. If the 5V logic supply is used as a pos it ive
supply for th e am plifier, the zener can be replaced
with an ordinary silicon diod e. The maximum fan
out t hat can be handled by the device is one for
standard DTL or TTL under worst case cond itio ns.

As might be exp ected, the LM108 is not very fast
when used as a co mparator. The response t ime is
up in t he tens of microseconds. An LM103 " is
recommended for D" rath er tha n a convent iona l
alloy zene r, becau se it has lowe r capacitance and
will not slow the circui t fur ther. The sharp break­
down of the LM103 at low curre nts is also an
advantage as the current th rough the d iode in
clamp is only 10 IJ.A.

Figure 29 shows a comparator for vo ltages of
opposite polarity . The output cha nges state whe n
the voltage on the junction of R , and R, is eq ual
to VT H . Mathema tica lly, thi s is exp ressed by

-sv

FIGURE 29. Vo ltage Comparator With Out put Buffer

The LM108 can also be used as a di ffer ential corn­
parator, going through a transition when two inpu t
voltages are equ al. However, resistors must be
insert ed in series with the input s to limit current
and minimize loading on the signal sources when
the inp ut-prot ection diodes conduct. Figure 29
also shows how a PNP transistor can be added on
the ou tp ut to increase the fan out to about 20
wit h sta nda rd DTL or TTL .

POWER BOOSTE R

The LM108 , which was designed for low power
consumption, is not ab le to drive heavy loads .
However , a re lat ively simple booster can be added
to t he output to increase the outpu t cu rrent to
±50 mAo This circu it, shown in Figure 30, has t he
added advantage that it swings the output up to
the supplies, wit hin a fracti on of a volt. The in­
creased voltage swing is particula rly helpfu l in low
voltage circuits.

,----....- v·

:>:...i I-.....OUTI'UT

'- ..... v·

FIGURE 30 . Power Booster

In Figure 30, the output transistors are dr iven
from th e supp ly leads of t he op amp . It is impor ­
tan t that R, and R, be made low enoug h so 0 ,
and 0 , are not turned on by the wors t case quies ·
cent current of th e amplifier. The output of t he op
amp is loaded heavily to ground with R3 and R• .
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When the output swings about 0.5V positive, the
increas ing pos itive suppl y current will turn on Q1
which pulls up the load. A similar situat ion occurs
wit h Q , for negat ive output swings.

The bootstrapped shunt compensation shown in
the figure is the only one that seems to work for
all loading conditions. This capacitor, C" can be
made inversely proportional to the closed loop
gain to optimize frequen cy response. The value
given is for a unity-gain follower connect ion . C, is
also required for loop stabilit y.

The circuit does have a dead zone in the open loop
transfer characteristic. However , the low trequen­
cy gain is high enough so that it can be neglected .
Around 1 kHz, th ough , the dead zone becomes
qu ite noticeable .

Current limiting can be incorporated into the cir­
cuit by adding resistors in series with the emitters
of Q, and Q , because the short circuit protection
of th e LM108 limits the maximum voltage drop
across R, and R, .

BOARD CONSTRUCTION

As indicated prev iously, certain precautions must
be observed when bu ilding circuits that are sensi­
tive to very low currents. If proper care is not
ta ken, boar d leakage currents can easily become
much larger than the error currents of the op amp .
To prevent thi s, it is necessary to thoroughly clean
printed circu it boards. Even experimental bread­
boards must be cleaned with trichloroeth lene or
alcohol to remove solder fluxes, and blown dry
with compressed air. These fluxes may be insula­
tors at low impedance levels-like in electric
motors-but they certainly are not in high imped ­
ance circuits. In addition to caus ing gross errors,
their presenc e can make the circu it behave
erratically, especially as the temperatu re is
changed .

At elevated tem peratures, even th e leakage of
clean boa rds can be a headach e. At 125°C the
leakage resistance between adjacent runs on a
pr inted circuit board is about 10 " n (0 .05·inch
separation paralle l for 1 inch) for high quality
epo xv-qlass boards th at have been pro perly clean­
ed. Therefore, the boards can easily produce error
currents in the order of 200 pA and much more if
they become contaminated. Conservative practice
dict ates that the board s be coated with epoxy or
silicone rubber after cleaning to prevent contarn i­
nation. Silicone rubber is the easiest to use. How­
ever, if th e better durability of epo xy is needed,
care must be taken to make sure that it gets
thorough ly cured. Otherwise, the epo xy will make
high temperatu re leakage much worse.

Care must also be exercised to insure that the cir­
cuit board is protected from condensed water
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vapor when operating in t he vicinity of OoC. Th is
can usually be accomplished by coating t he boa rd
as ment ioned above .

GUARDING

Even with properly cleaned and coated boards,
leakage currents are on th e verge of causing
trouble at 125°C. The standard pin configuration
of most IC op amps has the input pins adjacent to
pins wh ich are at th e supply pot entials. Therefore,
it is adv isable to employ guard ing to reduce th e
voltage difference between the input s and ad jacent
metal runs.

o' .
/

v:

IOTTOIll VIEW

FIGURE 31. Printed Circuit Layout For Input Guarding
With TO-S Package

A board layout that includes input guarding is
shown in Figure 31 for the eight lead TO·5 pack ­
age. A ten· lead pin circle is used, and the leads of
the IC are formed so that the hol es adjacent to the
input s are vacant when it is inserted in th e board .
The guard , which is a conduct ive ring surround ing
the input s, is t hen con nected to a low impedance
point that is at t he same potential as t he inputs.
The leakage current s from th e pins at the supply
potentials are absorbed by the guard. The voltage
differen ce between th e guard and the inputs can
be made approximately equa l to the offset voltage,
reducing the effective leakage by more t han thr ee
orde rs of magnitude. If the leads of th e integrated
circuit, or other components connected to the
input, go through the board , it may be necessa ry
to guard both sides .

Figure 32 shows how t he guard is committ ed on
the more-common op amp circu its. With an inte ­
grator or inverti ng ampl ifier, where th e inputs are
close to grou nd poten tial, t he guard is simp ly
grounded. Wit h th e voltage follower, the guard is
bootst rapp ed to t he outpu t . If it is desirable to put
a resisto r in t he invert ing input to compensate for
th e source resistance, it is connected as shown in
Figure 32b .



R1

OU11'U1

C1

OUTPUT

R2

C1

e. .. . 111"....'''1.....~.t...

FIGURE 3 2. Connect ion Of Inpu t Guard s

Guarding a non- invert ing ampl ifier is a litt le more
com plica ted . A low impedance point must be
created by using relat ively low value feedback re­
sistors to determine the ga in (R I and R, in
Figure 32 c) . Th e guard is then connected to th e
junct io n of th e feed back resistors. A resistor, R3,

can be con nected as shown in the figure to com ­
pensate fo r large source resistances.

With th e dua l-in-line and flat packages, it is far
more difficu lt to guard th e input s, if th e sta nda rd
pin con figuration of the LM709 or LM10 1A is
used, because the pin spac ings on these packages
are fixed . The refo re, the pin configuration of the
LM108 was changed, as shown in Figure 33 .

CONCLUSIONS

IC op amps are now available tha t equal the input
current specifications of FET amplif iers in a ll but
the most restricted temperature range appl ications .
At operating temperatures ab ove 85°C, th e IC is
clearly supe rior as it uses bipolar t ransist or s t hat
make it pos sible to eliminate t he leakage curr ent s
that plague FET s. Additio nally , bipolar transistors
match better t han FET s, so low offset vo ltage and
dr ifts can be obtai ned without expensive ad just­
men ts or selection . Fur ther, the bipolar devices
lend themselves more read ily to low-cost mon o­
lith ic cons tr ucti on.

These am plifiers open up new application areas
and vast ly improve performance in others. For
example, in ana log memories, holdi ng inte rvals can
be extended to minut es, even where - 55°C to
125°C operati o n is invo lved . Instrumentat ion
amplifi ers and low frequency wavefo rm generators
also benefit fro m the low error currents.
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When operating above 8SoC, overall performance
is frequently limited by co mpo nents ot her than
the op amp , unless certain precautions are ob­
served . It is generally necessary to redesign circuits
using semiconductor switches to reduce th e effect
of th eir leakage currents. Further, high qual ity
capacitors must be used, and care must be exer·
cised in selecting large value resistors. Printed cir­
cuit board leakages can also be troublesome unless
the boards are properly treated . And above 100 °C,
it is almost mandatory to employ guard ing on th e
boa rds to protect the inpu ts, if the full pote nt ial
of th e ampl ifier is to be rea lized.

APPENDIX

A complete schematic of the LM108 is given in
Figure AI . A desc ript ion of the basic circuit is
presented along with a simp lified schem at ic earlier
in the text. The purpose of this Appendi x is to
explain some of the more subtle features of the
design .

The current source supply ing the input transistors
is 0 29. It is designed to supply a total input stage
current of 6 /lA at 2SoC. Th is current drop s to
3 J1.A at -5SoC but increases to onl y 7.S J1.A at
12SoC. Th is temperature chara cter ist ic tends to

C O MP ( ~SATlON

compensa te for th e current gain falloff of the
inp ut tra nsistors at low te mperatures without
crea t ing stabili ty proble ms at high temperatures.

The biasing circuitry for th e input curr ent source
is nearly ident ical to th at in th e LM101A, and a
complete description is given in Reference 4. How­
ever, a brief explanation follows.

A collector FET, 6 0 23, which has a saturation
curren t of abou t 30 J1. A, esta blishes t he collec tor
curr ent of 0 24. Th is FET provides t he init ial
turn-on current for t he circu it and insures sta rting
under a ll co ndi tions. The purpose of R I 4 is to
compensate for produc tion and temperature varia­
t ions in the FET curre nt . It is a collector resistor
(indica ted by th e T through it) made of th e same
semicond uc tor mate rial as the FET cha nnel. As
the FET current var ies, th e d ro p across R14 te nds
to co mpensate for changes in th e emitte r base volt·
age of 0 24 0

The co llector-emitter voltage of 0 24 is equ al to
the emitter base voltage of 0 24 plus that of O2s .
This voltage is delivered to 0 26 and 0 29. O2s and
0 24 are operated at substan t ia lly higher cu rrents
than 0 26 and 0 29. Hence, there is a diffe rent ial in

COMPENSATION
~__~~+""~~_,,,,+_-,~ ~ v·

1]1-............."""....- OUlP U1

FIGURE AI. Complete Schematic Of The LM10B
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Table I. Typ ical Performance of the LM108
Operat ional Amplif ier (T A = 25°C and
Vs = ±15V).

Input protection is provided by 0 3 and 0 4 which
act as clamp diodes bet ween the inputs. The col­
lectors of thes e transistors are boo tstrapped to the
emit ter of a, 8 through R3 ' This keeps th e col­
lector-isolation leakage of the transistors fro m
showing up on th e inputs . R3 is included so that
th e bootstrapping is not disrupted when 0 3 or 0 4

saturate with an input overload . Current-limit ing
resistors were not connected in series with the
inputs, since diffused resistors cannot be employed
such that the y wor k effectively , without causing
high temperature leakages.

their emitter base voltage s that is dropped across
R, 9 to determine the input stage current . R, 8 is a
pinched base resistor , as is ind icated by th e slash
bar through it. This resistor, which has a large
positive temperatu re coefficient, operates in con­
junction with R' 7 to help shape t he tempera ture
characterist ics of t he input stage current source.

The output currents of a, 6 , a, s and a, 3 are fed
to 0 " , which is a con t rolled-gain late ral PNP.6 It
delivers one-half of th e combined currents to the
output stage. 0 " is also connected to 0 , " with
its out put curr ent set at ap proxi mate ly 15/lA by
R7. Since thi s type of current source makes use of
the emitter-base voltage differential between
similar tran sistors operat ing at different collect or
currents. th e out put of 0 " is relat ively indep en­
dent of t he current delivered to 0" ." Th is cur­
rent is used for the input stage bootstrapping cir­
cuitry.

a, 0 also suppl ies curre nt to the class-B outp ut
stage. Its output current is determined by the ratio
of R I S to R" and the current through R, , . R , 3

is included so that the biasing circui try is not upset
when a, 0 saturates .

One major depa rt ure from the simplified schemat­
ic is the bootstrapping of the second stage act ive
loads. 0 " and 0 " . to th e ou tpu t . This makes t he
second stage gain dependent on ly on how well 0 9

and a ,0 matc h with var iat ions in output voltage.
Hence, the second stage gain is quite high. In fact,
the overall .gain of the amp lifier is typically in
excess of 10· at dc .

Input Offset Voltage
Input Offset Current
Input Bias Current
Input Resistance
Input Common Mode Range
Common Mode Reject ion
Offset Voltage Drift
Offset Current Drift
Voltage Gain
Small Signal Bandwidth
Slew Rate
Out put Swing
Supp ly Current
Power Supply Reject ion
Operating Voltage Range

0.7 mV
50 pA

0.8 nA
70 Mn

±14V
100 dB

3 /J.V tC
0.5 pAt C
300V/mV

1.0 MHz
0.3V l/ls

±14V
300 /lA
100 dB

±2V to ±20 V

The second stage active loads dr ive 0 , 4 ' A hiqh­
gain primary tr ansistor is used to prevent load ing
of th e second stage. Its collector is bootstrapped
by 0 , 3 to ope rate it at zero collecto r-base voltage.
The class-B out put stage is actually driven by the
emitter of a ,4 .

A dead zone in the outpu t stage is prevented by
biasing 0' 8 and 0 ' 9 on the verge of conduct ion
with a, s and 0 , • . R9 is used to compen sate for
the transconductance of a, s and 0 , 6, mak ing the
out put stage quiescent current relat ively indepen­
dent of the output curren t of 0 " . The drop
across this resistor also redu ces quiescent current.

For posit ive-going outputs, short circuit protection
is provided by R, o and 0, 7. When th e voltage
drop across R, 0 turns on a ,7. it remove s base
drive from a,8. For negat ive-going outputs, cur­
rent limit ing is init iated when the voltage drop
across R" becomes large enough for the collector
base junct ion of a ,7 to beco me forward biased.
When th is happens. the base of a ,9 is clamped so
the output current cannot increase further .
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tron . Comb ining these two eq uations and writ ing
the expr ession for th e output voltage gives

whe re the absolute value sign indicates tha t the
dim ensions of the quantity inside are to be
ignored ,

for E, N 2:O. Th is shows tha t the output is proper­
t ional to th e logarit hm of the input vol tage. The
coefficient of the log ter m is directl y proportional
to absolute temperature. Without compensation,
th e scale factor will also vary direct ly with temper­
ature. However , by making R2 d irect ly propor­
t ional to temperature, con stant gain is obtained.
The tempera ture co mpensation is typically 1%
over a temp erature range of _25°C to 100°C for
the resistor specified . For limited tempe rature
range appli cations, such as O°C to 50°C, a 430n
sensistor in series with a 570n resistor may be
subst ituted for the 1K resistor , also with 1% accu­
racy . The d ivider, R, and R2 , sets the gain while
the current through R3 sets the zero . With the
values given, the scale factor is 1VIdecade and
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LOGARITHMIC CONVERTERS

One of the most predictable non-linear elements
commonly available is the bipolar tran sistor. The
relat ionship betw een collec to r curr ent and emi tte r
base voltage is precisely logarithmic from currents
below one picoa mp to cu rren ts above one milli·
amp. Using a matched pair of tran sistor s and inte­
grate d circu it op erationa l amp lifiers, it is relat ively
easy to con struct a linear to logarithmic converter
with a dynamic range in excess of five decades. .

The circu it in Figure 1 generates a logarithmic out­
put voltage for a linea r input current. Transistor
0, is used as the non -linear feedb ack element
aro und an LM108 op erat ional amplifi er. Negative
feedback is app lied to the emitter of 0 , through
d ivider , R, and R2 , and the em itter base junction of
O2 , Th is forces the co llecto r current of 0 , to be
exactly equ al to the current through the input reo
sistor. Tran sistor O2 is used as the feedbac k ele­
ment of an LM10 1A operationa l amp lifier. Nega­
t ive feed back forc es the collector current of O2 to
equal th e cu rren t thro ugh R3 • For the values
shown , th is curre nt is 10/lA. Since the co llector
current of O2 rema ins constant, the emitter base
voltage also remains co nstan t. Therefore, only the
VBE of 0, varies with a change of input curr ent.
However , the output voltage is a funct ion of the
difference in em itter base voltag es of 0 , and O2 :

whe re k is Boltzmann's constant , T is temperature
in degrees Kelvin and q is the charge of an elec-

For match ed transistor s operating at different co l­
lector curren ts, the emitt er base different ial is
given by

(1)

(2)

Log generator circu its are not limited to inverti ng
operation . In fact, a featu re of this circuit is t he
ease wit h which non -invertinq ope ration is obtain­
ed . Supplying th e input signal to A2 and the
refer ence current to A, results in a log output
that is not invert ed from the input. To ach ieve the
same 100 dB dynam ic range in th e non-invert inq
conf igurat ion , an LM108 should be used for A2 ,

and an LM10 1A for A, . Since the LM108 can not
use feedf orward com pensa tio n, it is ' frequency
compensated wit h the standard 30 pF capaci tor.
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The onl y other change is th e addi t ion of a clamp
diode conn ected from th e emitter of Q , to
ground. Th is prevent s damage to the logging tr an­
sistors i f the input signal should go negati ve.

The log output is accurate to 1% for any current
betw een 10 nA and 1 mA o Th is is equi valent to
about 3% referred to the input . At currents over
500 IJA the t ransistors used deviate f rom log char­
acteristics due to resistance in the emitter , wh ile at
low currents, th e offset curren t of the LM 108 is
the major source of err or. Th ese err ors occur at
the ends of the dynamic range, and from 40 nA to
400 IJA the log converter is 1% accurate referr ed
to th e input. Both of the transistors are used in the
grou nded base conn ection, rather than the diode
con necti on , to el im inate errors due to base cur­
rent . Unfortunately , the grou nded base connecti on
increases th e loop gain. More frequ ency cornpensa­
tion is necessary to prevent oscill at ion , and the log
convert er is necessari ly slow . It may take 1 to 5 ms
fo r the output to settle to 1% of its f inal value.
Th is is especiall y tru e at low current s.

the trans fer function . With th e values shown the
scale fact or is 1VI decade and

EOUT =- ~Og lo l~II:I+4J (5)

f rom less than 100 nA to 1 mAo

Ant i·log or exponenti al generat ion is simp ly a
matter of rearranging the circu itry. Figure 3 shows
the circu itry of the log converter connected to
generate an exponential output fr om a l inear
input . Ampl if ier A I in conj unction with t ransisto r
Q , d r ives the emitter o f Q , in proporti on to the
input vo ltage. Th e collect or curren t of Q , vari es
exponent iall y with the emitter-base vol tage. This
curren t is converted to a voltage by ampl ifier A, .
With the values' given

EOUT = lO-[E 'N) . (6)

Many non-linear funct ions such as X111, X' , XJ ,

l l X, X Y , and X/Y are easily generated wi th th e use
of logs. Multiplicat ion becomes add iti on, div ision

C1
lOO ,f

C1
7h f

C3

I"

Z,.2I1I

-m r....sn'Ea"
MA,.CHESTtR.,. H

FIGURE 2. Fast Log Gen erator

becom es subtraction and powers become gain
coefficie nt s of log te rms. Figure 4 shows a circu it
whose ou tput is the cube of the input. Actually,
any powe r funct ion is available f rom this ci rcui t
by changin g the values of R. and RIo in accor ­
dance with the expression :

Note that when log and ant i-log ci rcuit s are used
to perform an opera ti on with a linear output , no
temp erature compensa ting resisto rs at all are
needed. I f 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 tran sistors to minimize therma l
gradient s. A r' c temperature difference between

Th e circui t shown in Figure 2 is tw o ord ers of
magnitud e faster than the previous circuit and has
a dy namic range of 80 dB . Operat ion is th e same
as the circui t in Figure 1, except the conf igurat ion
optimizes speed rather than dynam ic range. Tran­
sistor Q , is d iode conn ected to allow the use of
feedforward compensation I on an LM 101A oper a­
t ional ampli f ier. Thi s compensati on extends the
bandwidth to 10 MHz and inc reases the slew rat e.
To prevent errors du e to the f inite h F E of Q ,

and the b ias current of th e LM101A, an LM102
voltage fo llower buffers the base cu rrent and
input current . A lthough the log circ uit w ill operate
w ithout th e LM 102 , accuracy w il l degrade at
low input currents. A mp l if ier A , is also com ­
pensated for max imum bandwidth. As w ith th e
prev ious log converter, R, and R, control th e
sensiti vity ; and R, contro ls th e zero crossing of

AN30- 2
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the log and anti·log transistors resu lts in a 0.3%
error. Also, in th e log conveners, a r' c d ifference
between the log transistors and the compensating
resi stor resu lts in a 0.3% er ror .

Either of th e circuits in Figures 1 or 2 may be used
as dividers or rec ip roca l generators. Equ at ion 3
shows th e outputs of the log gene ra tors are actu·
ally the rat io of two currents: the input current
and the current through R). When used as a log

OJ

""" lJIlUI

tio nal to the log of E1 /E 2 • Transistor 0 ) adds a
vo ltage proportional to the log of E) and drive s
the anti-log transistor, 0 4 • The coll ector current o f
0 4 is converted to an out put voltage by A4 and
R"with th e scale factor set by R, at E , E) /lO E2 •

Measureme nt of t ra nsis to r current gains over a
wide range of operati ng currents is an app lication
particu larly suited to log mu ltipli er /div iders. Using
the circu it in Figure 5, PNP current gains can be

( o u ,

"TH lAiS ty, ( A..
MU tMU TER. " H

FIGURE 3. Anti-log Generator

generato r, the current through R) was held constant
by connecting R) to a fixed voltage. Hence , th e out·
put was just the log of th e input. If R) is dr iven by
an input vo ltage , ra ther than th e l5V reference,
the output of the log generator is the log rat io of
the inpu t current to the current th rough R), Th e
anti-loq of th is vo lta ge is the q uotient. Of cou rse,
if the divi sor is constant, the ou tput is th e
rec iproca l.

A co mp lete one quadrant mu lt iplier/divider is
shown in Figure 5. It is bas ically the log gen erator
shown in Figure 1 driving the anti ·lo g generator
shown in F igure 3 , The log generato r out put from
A , d rives t he base o f 0 ) w ith a vol tage prope r-

llllltli

mea sured at currents from 0.4 pA to 1 mA o The
collector current is the input signal to A" the base
cu rrent is th e input signal to A2 , and a fixed vo lt­
age to Rs sets the sca le factor. Since A2 hold s the
base at ground , a single resistor from th e emitter
to t he positive supply is all that is needed to esta b­
lish the operating current. T he output is proper­
t ional to collector current d ivided by ba se current ,
or h F E •

In ad dit ion to their application in perf o rm ing
funct ional operati ons, log generators can prov ide a
signifi cant increase in th e dy nam ic range of signal
processing systems. Also, unl ike a linear system ,
t here is no loss in accuracy or resolu t io n when t he

lOY ..,...
"

FIGURE 4. Cube Generator
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input signa l is small compared to fu ll scale. Over
most of the d ynamic rang e , the ·accuracy is a
perc ent-of-siqnal ra ther than a percent-of-full-sca le.
Fo r example, us ing log generators, a simple meter
can display signals with 100 dB dynamic range or
an oscilloscope can d isplay a 10 mV and 10V pulse
simultaneously. Obv iou sly , without the log genera ·
tor, the low level signals are completely lost .

To ach ieve w ide dyn am ic range wit h high acc uracy,
the input operational amplifier necessar ily must
have low offset voltage, bias current and offset
current. The LM108 has a maximum bias cu rren t
of 3 nA and offset curr ent of 400 pA over a -55°C
to 125°C temperat ure range. By using equal source
resistors, only th e offset current of the LM108
causes an er ro r. The offset cur ren t of the LM108 is
as low as many FET amp lifiers. Further, it has a
low and constant temperature coefficient rat her
than doubling every 10°C . Thi s resul ts in greater
accuracy over temperature th an can be ach ieved
with FET amplifiers . The offset vo ltage may be

...,....
•,- 'W........~

"liI,F

2Nnzo

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

The log converters are low level circuits and some
care should be taken dur ing construction. The
input leads shou ld be as short as poss ible and the
input circu itry guarded against leakage cu rrents.
So lder residues can easi ly conduct leakage cur­
rents, therefore circuit boa rds sho uld be cleaned
bef ore use . High quali ty glass or mica capacitors
shou ld be used on th e inputs to min imize leakage
currents. Also , wh en the +15V supply is used as a
reference, it must be well regu lated.
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Inverting Ampl ifier
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section 1 - basic circu its
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section 2 - signal generation
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section 3 - signal processing
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FET circu it applications

Sample and Hold With O ff set Ad justmen t JFET AC Coupled Integrator

The 2N4 339 JFET was selected because o f its low
IGSS « 100 pA l. verv -low IDIO F F) «50 pA l and
low pin ch off vol tage . Leakages of th is leve l put
the burden of circui t performance on clean , so lde r­
resin free, low lea kage c ircui t layout .

Th is circuit ut ilizes the "u -arnp" techni que to
ach ieve very high voltage gain. Using C , in the cir­
cu it as a Miller integra tor, or capaci ta nce multi ­
plier , allo ws this simp le circuit to handl e very
long t ime co nstants.

IUSET

'JOV

'" ,".
". 2"""

001 ,.,

R... > I~
e,..$ l S pf ".

'" .I "f

OUT'UT

- U II

Long T ime Comparator Ultra-High ZIN AC Un ity Gain Ampl if ier

The 2N4393 is operated as a Miller integ rato r . Th e
high Y" of the 2 N43 93 lover 12,000 u mhos @

5 m Al yields a sta ge gain of about 60 . Since th e
equivalent ca pacitan ce loo king into th e gat e is C
t imes ga in and th e gat e source resistanc e can be
as high as 10 MQ , time con stan ts as lo ng as a
minut e ca n be ach ieved.

Nothing is left to cha nce in reducing inpu t capaci ­
tance. The 2N44 16, which has low capac itance in
the first place, is op erated as a sou rce follo wer
with boo tstrapped gat e b ias resistor and drain . Any
input capacitance you get with this c ircui t is due
to po or layou t techniques.
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FET Cascade Video Amplif ier JFET Pierce Crystal Oscill ator

The FET cascode video amp lif ier features very low
input loading and reduct ion o f feedback to almost
zero . The 2N3823 is used because of i ts low capaci­
tan ce and high Yls . Bandwidth of thi s amp li fie r is
limited by RL and load capacitance.

Th e JF ET Pierce crys tal osci llator allows a w ide
f requency range o f cry stals to be used without cir ­
cui t mod ificat ion . Since the JFET gate does not
load the crystal. good Q is maintained thu s insurin g
good fr equency stabil it y.

llM

,. sv 51

10M ."
'"~

.V
Off

I .

sv

' M
lOV

'00'
..V

'00'
,oov

.,.
>oov

.,.
.oov

10.

FETVM- FET Vo ltm eter

This FETVM replaces the fu nction of the VTVM

whi le at t he same ti me ridding the instrument of

the usual line cord . In add ition. dr if t rates are far

superior to vacuum tube ci rcui t s allowing a 0.5 vo lt

fu ll scale range wh ich is im practical with most vac­
uum tu bes. The low-leakage, low-no ise 2N4340 is

an ideal device for th is applica tion .
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HI -FI Tone Con trol Circu it IHi gh Z Input}

Th e 2N3684 JFET provides the functi on o f a high
inpu t im pedance and low noi se characterist ics to

RIC

bu ff er an op amp-operated feedback type tone
contro l circuit .

. 1lYo--.._..rrr,....I-~t-~.....------+-'

---,
I
I
I
I
I
I
I
I

AGe

100 MH z Conve rter

The 2N4416 JFET w ill provide noi se f igures o f less
than 3 d B and power gain o f greater than 20 dB.
Th e JFET s ou tstanding low crossmodulati on and
low intermodula t io n d istor t io n prov ides an ideal
character ist ic fo r an input stage. Th e output feeds

into an LM 171 used as a balanced mixer . Th is con­
f igur at ion greatl y reduces L.O. radiat ion both in to
th e antenna and into th e 1.F. st rip and also re­
duces RF signal feedt hrou gh.
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DIFfERENTIALo--JlM,,---7.J
INSTRUMENT

INPUT o-.JY'IV--;-'

Different ial Analo g Switch

The FM 1208 monoli th ic dua l is used in a di ff er­
ential mu lt ip lexer applicat ion where ROSION)
should be closely matched. Since Ro s lO N ) fo r the
monol ith ic dua l tr acks at better th an ± 1% over

w ide temp eratu re ranges (-25 to +125°CI, thi s
makes it an unu sual but ideal cho ice for an
accurate mu ltip lexer . Thi s close t racking great ly
reduc es errors du e to commo n mod e signals.

lSDK

INPUT(O~-..-l,...~

'"

,.

'"

1lK

""J lJOK

M agneti c-Pickup Phon o Preampl if ier

This pr eampl ifier prov id es pro per loading to a re­
luctan ce phono cart r idge. It providesapprox imately
35 dB of gain at 1 kHz (2.2 mV input for 100 m V

output ), it features S + N/N rat io of bett er th an

- 70 dB (referenced to 10 mV input at 1 kH z) and
has a dyn amic range o f 84 dB (referenced to 1 kH z).
The feedback provides for RIAA equal izati on .
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Variable Att en uater Negative to Posit ive Supply Logic Level Sh ift er

Th e 2N368 5 acts as a voltag e var iabl e resistor w ith
an ROSION) of 800n max. The 2N3685 JFET will
have linear resistance over several decades of resist­
ance providing an excellent electronic gain contro l.

Th is simple cir cuit provides for level sh if tin g fr om
any logic func tion (such as MOS) op erat ing fr om
minus to ground supply to any logi c level (such as
TT L) operating from a plus to ground supply . The
2N3970 provides a low rdsl ONI and fast sw itch ing
ti mes.

... ., -i- !WlO TY,. CAL

..-
f-....--ov~,

""
l ll]" .v. o-- +-- ....~h,)

,...VIDEO
OUTPUT

Voltage Co ntrolled Variable Gain Ampl ifier Ult ra-High Gain Aud io Ampl if ier

Th e 2N43 91 provides a low ROSION ) (less than
30n ). Th e tee atte nuator prov ides fo r opt imum
dynam ic linear range for attenuation and if com­
plete turn off is desired, attenuati on of greater than
100 dB can be ob ta ined at 10 MHz provid ing prop­
er RF const ruction techniques are emp loy ed.

Sometim es called the " JFET 1.1 amp," thi s circ uit
provides a very low powe r, high gain amplifying
function . Since 1.1 of a JFE T increases as dr ain cur ­
rent decreases, th e lo wer drain current is, th e mo re
gain you get. Yo u do sacr i f ice input dynamic
range w ith increasing gain , however.

""

INPUT

OUTI'UT

Level·Shift ing-lsolation Amplifier

The 2N4341 JFET is used as a level shifte r be­
tween two op am ps operated at different power

supply vol tages. The JFET is ideally sui ted for this
t ype of appl icati on because 10 = Is .
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FET Nixie · Drivers

The 2N3684 JF ET s are used as Nix ie tu be dr ivers.
Their V p o f 2·5 vo lt s ideall y mat ches DTL-TTL
logic levels. D iodes are used to a +50 vo lt
prebias l ine to prevent breakd own of the JFETs.
Since th e 2N 3684 is in a TO-72 (4 lead T O-18)
package, non e o f th e circu it vo lt ages appear on th e
can. Th e JF ET is immune to almo st all of th e
fail ur e mechan isms fou nd in bi polar t ransisto rs
used for this applica t ion .

.....- .......--0 +200V

, -,, ,
I ,

-L .l..
T

JFET -Bipolar Cascad e Circui t

The JFET-Bip olar cascod e circuit wi ll provide full
video output for th e CRT cathode dr ive. Gain is
about 90. Th e cascode conf igurat ion elimi nat es
Mill er capacitance pr oblems w ith th e 2N409 1
JFET, thu s allowing d irect drive f rom th e vid eo
detecto r . An m derived f i l ter using st ray capaci­
tance and a variable ind uct or prevents 4.5 MHz
sound fr equency from being ampli fie d by the
vi deo ampli f ier.
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Precision Current Sink

The 2N3069 JFET and 2N2219 bipo lar have inher­
ently high out pu t impedance. Using R I as a cur­
rent sensing resistor to provide feedb ack to t he
LM 10l op amp pro vides a large amou nt of loop
gain fo r negat ive feedb ack to enhance the t rue cur­
rent sink nature of thi s circui t. For small cu rrent
valu es, the 10k resistor and 2N22 19 may be elimi ­
nated i f th e source o f t he JF ET is connected to
R, .

OUTPUT o-..-!~---...------,f,

INPUT

C1

1_

OI,f'

· Po l v~· r b o n" e

d,elocm c l;llp"c,lar

,..., r-+1SV ISAMPtEl

.....J L.J _lOVIHOLD)

low Drift Sampl e and Hold

The JFETs, Q , and Q" provide complete buffer­
ing to C " th e sample and hold capacito r . During
sam ple, Q , is turn ed on and provides a path,
rd, (O N ), for charging C, . Dur ing hold, Q , is
turn ed off t hus leavi ng Q , 10 10 F F ) « 50 pAl and
Q , IG S S «1 00 pAl as th e only d ischarge pat hs.
Q , serves a buffer ing funct ion so feedback to th e
LM 101 and output cur rent are supplied fr om it s
source.



:"

SIGU l 0----....

>-4>--0 ouTPUT

L------o -uv

Wien Bridge Sine Wave Oscillator JFET Sample and Ho ld Circuit

The major probl em in pro duc ing a low distort ion,
consta nt am plitude sine wave is getting th e ampl i·
fier loop gain just right . By using th e 2N3069
JFET as a voltage variable resistor in the amplifier
feedb ack loop , th is can be easily ach ieved . The
LM103 zener d iod e provides th e voltage referen ce
for the peak sine wave amplitude ; th is is rectif ied
and fed to th e gate o f the 2N3 069, th us varying its
chann el resistance and, hence, loop gain.

The logic voltage is applied simultaneou sly to the
sample and hold J FETs. By matching input imped­
ance and feedback resistance and capacitance, er­
rors du e to rds(ON) of th e J FETs is minimized.
Th e inherent matched rds(ON ) and matched leakage
currents of the FMl l09 mo nolith ic dua l greatly
improve circu it performance.

R2
VOU l ~ iii v,..

HI

"''''

". o-.......J,i~.,)

2NS1l 9

...--....-O '~,

'"

' ..o-....~h,;

:"
:"

High Impedance Low Capacitance Wideband Buf fer High Imped ance Low Capacitance Amplifier

Th e 2N44 16 features low input capacitance which
makes th is co mpo und -series feedback buller a
wide-band un ity ga in amplifier.

Th is compound series- feed back circuit provides
high input impedanc e and stable, wid e-band gain
for general purpose video amplifier appl icat ions.
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Stable Low Frequency Crystal Osc illator o to 3600 Phase Sh ifte r

This Colp itts-Crystal oscill ator is ideal for low Ire­
quency crystal oscil lato r circuits. Excell ent stabil­
ity is assured because the 2N3823 JF ET circu it
loading does not vary with temperature.

Each stage prov ides 0
0

to 180
0

phase sh if t . By
ganging the two stages, 0

0
to 360

0
phase shift is

ach ieved. The 2N3070 JFE Ts are ideal since the y
do not load the phase sh if t network s.

r- -- -- - - - ..,
I I

AU l De
.,.PUT,

I
I
I

AOQlTlOfillAl STACES
I~ REQUIRED

I
IANAl OG
I INPUT
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I
I
I

IL .J
DM7IOG

VOLTAGE
TRANSLATOR

Oll
TTl

INPUT
CONTR OL

DTL·TTL Controll ed Buffered Analog Sw itch

This analog sw itch uses th e 2N 486 0 JFET fo r it s
25 ohm rON and low leakage. Th e LM 102 serves
as a vo ltage buller. Thi s ci rcuit can be adapted to

a dua l trace osci llo scope chop per . The DM7 800
monoIith ic I.C. provides adequate switch drive
controlled by DT L-TTL logic levels.

20 MHIOSCillATOR "ALUES

Cl .., ,00,F U ol J,,"
[ 1 • 1 ~ , f l2 • ' OT,,,,. 01" Jlt "lOli G
" DO ' rev 10 ' 1 iliA...

4l ,f

Low Disto rtio n Osc illator

T he 2N44 16 JFET is capable o f oscilla ti ng in a cir­
cuit where harmon ic di stort ion is very low . T he

JF ET local oscillator is excellent when a low har­
mon ic conte nt is requi red for a good mixer ci rcuit .
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200 MHz Cascode Amplifier

This 200 MH z JFET cascode circuit features low
cro ssmodula t ion, larqe-siqnal handl ing ability, no
neutral izat ion , and AGe controll ed by biasing the

uppe r cascode JFET . The onl y speci al requ irement
of th is ci rcuit is th at lo ss o f the upper unit mu st
be great er th an that of th e lower uni t .

+

OUTPUT

FET Op Amp

The FM3954 monol ith ic-dual provides an ideal
Iow-o f tset, low- dri f t buffer funct ion for th e
LM101A op amp. The excellent matc hing charac-

t erist ics of th e FM3954 track well over its bias
current range thu s improving common mod e
reject ion .

High Toggl e Rate High Frequ ency Analog Switch

Thi s commutato r cir cu it provides low impedance
gate dri ve to the 2N3970 analog switch for both
on and o ff dr ive cond itions. Thi s ci rcuit also ap ­
proaches th e ideal gate drive conditions for high

fr equency signal handl ing by prov id ing a low ac
impedance for off dr ive and high ac impedance
for on drive to th e 2N3970. The LH0005 op amp
do es th e job of ampl ify ing megahert z signals.
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4-ehannel Commutator

This 4-channe l com muta tor uses th e 2N4091 to
ach ieve low channel ON resistance «30£11 and
low OFF cu rrent leakage. The DM7800 voltage
tran slator is a monolithic device whic h prov ides

fro m +10V to - 20V gate dri ve to th e JFE Ts whi le
at th e same t im e provid ing DTL-TTL logic com ­
patabi litv .

"
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ADDITIONAl
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Wide Band D iff erent ial Multiplexer

This design allows high f requency signal handling
and high toggle rates simultaneously _Togg le rates

up to 1 MHz and MH z signals are possibl e w ith th is
circuit .
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Curre nt Mo nitor

R, senses current flow of a power supply. The
JF ET is used as a buffer because 10 = Is . the refo re

th e ou tput mo nitor voltage acc urate ly reflects the
power su pply current flow .
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Low Cost H igh L evel Preamp and Tone Con tro l Circuit

This preamp and to ne contro l uses th e J FET to its
best advantage; as a low no ise high input imp ed ­
ance device. All d evice parameters are non -critical
yet the circuit achi eves harmonic d isto rtion levels

of less th an .05% with a SIN rat io of ove r 85 d B.
The to ne co ntrols allow 18 dB of cut and boost;
the amplifie r has a 1 volt ou tput fo r 100 mV inpu t
at maximum level.
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The 2N 3069 JFET and 2N221 9 bip ol ar serve as
voltage iso lat ion devices between th e output and
th e current sensing resistor . R , . Th e LM 101 pro­
vides a large amount of loop gain to assure that th e
cir cuit acts as a current source. For small values of
cu rrent. th e 2N2219 and 10k resistor may be el irn­
inated with th e output appearing at th e source of
the 2N3069 .

Schmitt Trigger

Th is Schm itt trigger circuit is "e mitter cou pled"
and prov ides a simp le comparator action. The
2N3069 JFET places very little loading on th e
measured input. Th e 2N3565 bipolar is a high h F E

tran sistor so the cir cui t has fast tran sit io n action
and a dist inct hysteresis loop .

· SU" l Y

Gos · S"",lIomu

r--"'--<lv~,

VIDEO INPUT
sen ZM4J11

VIDEOOUTPUT
sen

Low Power Regulator Reference

This simple reference circuit provides a stable volt­
age reference almost totally f ree of supply voltage
hash. Typical powe r supply reject ion exceeds
100dS.

AN32-1 2

High Frequency Switch

Th e 2N439 1 pro vides a lo w on - resistance o f
30 ohms and a high off-impedance « .2 p FI when
off . With proper layout and an "ideal " switch. th e
performan ce stated above can be readily achieved.
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ANALOG-SIGNAL COMMUTATION

INTRODUCTI ON

Telemetry and other data-acquisition systems have
become very compact and efficient , part icularly
when built with integrated circu it s. To keep in
step, small, low-power commutator s are needed to
multiplex large numbers of analog signals. Metal­
oxide-semico nductor field-effect tr ansistor s do the
job well.

MOS IC's conta in ing several MOSFET switch ing
channels are presently availab le in produ ct ion
quantities and perform excellently as low-level
analog commutators i f the system designer under­
stands their l imit ati ons and exploits their advan­
tages. This report w i ll descri be the DC character­
istics involved in swi tc hi ng analog signals when the
signal inp ut range var ies between - 1OV and +1OV.

MOSFET's size up very well against earlie r swit ch­
ing devices when their overall characte r istics are
con sidered (see Table 1 and the discussion of corn­
pet i t ive devices). In addition 10 being fabricated
easi ly as mu ltichannel IC's- in some cases, com ­
pl ete w ith sw itching-cont ro l circui try on th e
chip- MOS FET 's have several signi fica nt electr ical
advan tages:

• Power di ssipat ion is essenti all y zero in most
app licat ions. No DC power is consumed in th e
contro l gate, and pract icall y no signal powe r is
di ssipated in th e swi t ch.

• Offset vo ltage is zero in a well-desiqned swi tc h.

• Resistance is reasonably low when the chann el
is conducting.

• Resistance o f an OF F channel is pract ically
open-circu it (R0 F F is on th e order of 10 ' 2

ohms and leakage currents are very small, abou t
100 pAl.

• Analog signals are wel l iso lated f rom the
swi tch-co nt ro l signals.

With al l of these th ings in their favor , MOS ana·
log-swit ch ing IC's wi ll come int o much wider use,
especial ly in large, multichann el instr umentat ion
and data-tra nsmission systems.

N
Mecl\An.u1 8 ,PO"- ....""- PM OS

Sw .le:t't T . ......R O< "'olocell FET FE'

"On" A""," nct 10 -ln ,on , KQ JOll loon
··OW· l . ..... 10 0 A 100pA IOn'" 100pA 100gA

Off~lJoll. 0 10- 1v 0 0 0

Commu""o n A. 1t 1 KHz 100 KHI 100 HI 10 M!"" !lOMH'

Table 1

Comparison of Switches

MOS IC STRUCTURE

MOS IC's generally provide four or mor e channe ls
in a monol ithic chi p, but two are enough to illus­
t rate the basic con stru ct ion that governs switch
operat ion . The cutaw ay view of Figure 1 shows
two comp lete MOSFET 's, one of which may be on
whi le the ot her is off . Figure 2 is the schemat ic.

-SU IST II.An ~ D "

HI Ul K· t OllNECTlOfit

FIGURE 1. crcss-seeucn of Two MOS FET's in an Inte­
grated Circuit.

~
'UlK

I" ' UTI

GATE 1o-----=:r-
IIlIf'UT Z OUTPUT

GATEZ~

FIGURE 2. Sch emat ic Diagram of Two--Channel Analog
Switch.

Both MOSFET' s have a commo n substra te, the
" bulk" consisting of light ly doped N t ype silico n.
Thermall y grown silicon ox ide covers the enti re
ch ip surf ace, except where th e oxide was etch ed
away to allow ohmic conn ect ion s of input and
output electr odes to st r ipes diffused with P+
dopants. Th ese st r ipes are the MOSFET dra in and
source regions. Each gate is def ined by the gate
electr ode, wh ich lies over a chann el region and is
isolat ed f rom it by the oxide (hence, MOSFET's
are somet imes called insu lated-qat e FET 's or
IGFET's).

All electrod es are etched from a thin film of
deposited aluminum. Each MOSFET has separate
input and gate elect rodes, bu t t he output elec­
trodes may be paired as shown, connec ted to a
common output pin, or con nected to separate ou t­
put pins on th e package. Th e same basic MOSFET
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struc ture can be used, whether th e circuit IS a
diffe renti al sw itch , a mult iplexer, or independent
switches in a single package (see Figu re 31 .

l ULl( IUlK

"OTE '''.i U~" lD UM .ft4 ~"_ ...~ IIOTE , •• SC. . ...1M" U M."4l ... . .U ••t.
MM4~ . MM~!KI M,"SI. "''JISSI

"

NOTE: "lIS1 '114' co~... 10cas- ,1Ill' ...IU ' 111• .

"'M452.MMS51

FIGURE 3. Connection D iagram s of D ual D iff erent ial
Switch, Four-Channel Switch and Qu ad MOS
Transistor .

MOSFET 's are, for practi cal purposes, bi laterally
symmetr ical. The drain (or source) can be either
th e input or ou tput. By strict def inition, the drai n
is th e elect rode to which rnajor it v-carrie r current
flo ws. Th e major ity carr iers are " holes" in the
c hanne l o f P·channel MOSFET' s (N vchanne !
MOSFET's are not common ly used in MOS IC's).
In most analog switching applicati ons, th e signal
contains AC components, so the directi on o f cur­
rent f low fr equently alt ernates.

SWITCHING AND ISOLATION

A P·channel MOSFET turns on when negativ e vo lt ­
age is ap plied bet wee n gate and so urce . The gate is
biased negati ve with respect to the bul k . Electrons
accumulate on th e gate, creat ing posit ive charges
in the channel region . T his invert s the elect ric
charge thu s creat ing an " enhanced " P type channel
in the n-tv pe semiconducto r. When th e gate is
several volts more negati ve tha n threshold, a con ­
duct ing channel is formed , allowing major ity
carr ier current (ho les) to f low freely bet ween
source and drai n . The channel is said to be " en­
hanced ," so the se MOSFET' s are cal led P-channel
enhancement MOSFET's.

Operating vol tages in a typical swi tchi ng channel
are illustrated in Figure 4. In most schematic s, th e
bul k connection would not be shown .
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FIGURE 4. Biases on Single MOS Channel at MaJ(imum
Signal Range of ±1OV.

Th e appl ied biases are those that would be used at
an analog signal range of ± 1OV. At any signal
range, the foll owin g guideli nes apply :

1. Bulk bias V s a must equal or be mor e posit ive
than th e most positi ve excursion of the analog
signal. Thi s bias must be maintained at all
tim es, so is taken fro m a DC supply.

2. To- turn the switch ON and make Ro N low, th e
voltage appl ied to the gate shou ld be at least
5V mor e negati ve than the most negat ive excur ­
sion of the analog signal (10V is desirable). T he
actual gate vo ltage is VG G and the gate bias is
-VGa ·

3. To ensure that the switc h turns OF F full y,
V G G should be as posit ive as V s a mak ing
VGa = O.

The first ru Ie must be foll owed to get good per­
form ance from the swi tch. With V a a most posi­
t ive, th e p-n junc tions are kept reverse-b iased.
When the channel is OFF , th is condi t ion isolates
the drain from the source. When the swi tch is
turn ed ON and the P·channel is enhanced, the
drain-channel -source region is isolated by the p-n
junct ion f rom th e subst rate because the subst rate
is " reverse biased" from all of th ese regions at all
times.

Th e voltage across th e switch, f rom drain to
source, is caused by IR dro p whether the swi tch is
on or of f . Th e MOS analog swi tch does not have
any inherent o ffset vo ltage. To get V a u ! = Vo n in a
MOSFET swi tch merely requires tha t load resis­
tance RL be much larger th an the resistance in the
conduct ing channel, R O N ' Since R L is generall y
about 100 ki lohm s in most high -accur acy analog
commutato r appl icat ions, th e requirement is easily
met.

Figure 5 helps clar if y rules (21 and (31 . Thi s curve
shows how the gate-source thresho ld voltage
changes wi th bulk -source bias voltage. Channe l re­
sistance is high and current f lo w at the ou t put can
only be a few m icro amperes. A forward bias h igher
than thr eshold is needed to enhance t he channel.
Making gate bias much mor e negati ve tha n V T H at
turn-ON does th is. Then, at t urn -Of F, the gate
bias becom es more positi ve tha n V T H when
VG G = Va a . The channel must revert to N-t ype
sili con thus prevent ing major it y carrie r current
flo w .
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with Changes in Bulk-to -Sou rce Bias Voltage~

The ci rcuit designer must use biases that prevent
the drain from havin g a posit ive potent ial when
the switch is OF F. For example, V ;n = + 10V and
VBB = +9V should no t be allowed. Operat ing wi th
Vo s = + 1V won' t harm the MOSFET , but some of
the signal wi ll appear at the output. Eff ects of
imp roper biasing can be seen in Figure 6. With
the source and bul k grounded while V o s var ies,
out put currents at d ifferent gate biases are mea­
sured to prod uce th e " drain fam ily of curve s."
The norm al fam il y looks like Figure 6b (the drain

fa mi ly o f N a t i o n al S e m i c on du ct o r' s
MM450/MM 550 MOS switching IC's). The " bi ­
po lar" fam il y in Figure 6c shows what happens
when V 0 s is allowed to go posit ive.

Dur ing small excursions of V o s - the MOSFET acts
as a vol taqe-variabte resistor. But when Vo s r ises
to about +0.6V , there is an abru pt increase in
drain current. At this point , th e diod e drop is
exceeded and th e drain -butk junct ion becom es
forward biased. Mi nor ity carr iers are inj ected in to
the n-tv pe channel region, causing ground ed·base
pnp bipolar t ransistor act ion (note in Figure 1 that
a MOSFET resemb les a lateral pnp tr ansistor in the
OFF con dition ). Output current w ill be a t imes
the input current . In most MOS devices, the arnpli­
f icat ion factor w i ll be 0.5 to O.g.

It is absolut ely mandato ry th at th e V o s ~ +0 . 6V

be avoided. Oth erwi se the effe ct ive Ro F F wi ll be
poor and th e channel w i ll seem to have abno rma lly
h igh leakage curr ent.

On ly th e upper r ight co rner o f the graph in
Figure 6b, detail ed in the th ird Quadrant of
Figure 6c, is useful in pract ical ci rcui t designs. The
useful character ist ics are to the right o f - V o s = - 1
and above a load line at about 10 = 0.5 mAo

6.

ON AND OFF RESISTANCE

Both Ro Nand Ro F F normally vary wi th signal
voltage and operat ing temperatu re. A posit ive
signal vo lt age improves channel enhancement by
making th e gate more negative wi th respect to
drain and source.

RON is mi nim um at th e most positive signal level.
I t w ill increase slowly with temperatu re, since high
temperatu res reduce the mob il ity o f majority car­
riers. Nevert hless, RON wi ll have li tt le effect on
signal Quali ty if RL is much larger. RON do es vary
non linearl y, though, so we investi gat ed its effe ct
upo n signal Quali t y . Figure 7 proves that the effe ct
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FIGURE 1 . Sm all-S ignal Harmonic D ist ort io n (Measured
w i th O n ly Ab out 1 0 0 O h m s load
Res ista nce l .

is negligib le prov ided th at t he biasing rul es are
observed.
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FIG URE 6 . Drain-Current Measur ing Circuit. Normal
Drain Family of Curves, and "Bipolar" D rain
Fam ily of Curve s.

The curves of smal l·signal harmo nic dis to rt ion in
Figure 7 were measured wi th pract icall y no load
resistance. AC signals at various vo ltages were
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applied to the MOSFET input and the current
f low was measured at th e output w ith th e help of
a 100·ohm curr ent·sensin g resistor. Distortion
levels less than 0.1% could not be measured with
avai lable instru ments. The anom aly in the +10V
curve is due to diode di stortion of th e ty pe illus­
t rated in Figure 6c . The input signal 's AC plus DC
co m po ne nt s exceede d th e bul k vo l tage.
VBB : +1OV, by mor e tha n the +0.6V diode drop .

The harmoni c distortion is ampl y lo w for practi cal
applicatio ns. With a I -k ilo h rn load. th e smal l-siqnal
di stortion t ypi call y wou ld be less than 0.5%, wi th
v; » ±10V and Vo s almost ± l V. A load of
1 ki lohm is unu suall y smal l. Small signal d isto rt ion
wou ld be almost unm easurabl e with a 10-ki lohm
load. When signal accuracy mu st be very high.
100 k i lohms are used by some desiqners.

Wor st·case R O N can be expected at a - 10V inp ut.
F i gu r e 8 gives th e change in R O N of th e
MM 450/M M550 ser ies devices when the analog
input is at +10V , OV and -10V. If lowe r imp ed­
ance is essentia l, the gate can be biased mo re
negat ive. For instance, at VB B : +1OV, VGG can
be made - 25V or - 30V instead o f - 20V . in­
creasing -VGB to -35V or - 40V . Don' t go over
the specif iced max im um bias, wh ich is usuall y
-45V. because excessive bias could reduce the
device operat ing l i fe.

Conversely, all biases can be reduced if t he signal
voltage range is less than ± 1OV. The gate-dri ve
circuit w i l l not have to swing as far, the switc h can
be operated faster, and switch ing tran sient s w il l be
smal ler. Or, the bulk bias can be redu ced and the
gate bias maintained at the previous ON level. This
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Channel leakage is measured wi th the test ci rcuit
in Figure l l a. At V i n = +I OV, th e leakage at th e
ou tput is at its max imum posit ive valu e. As V i n

goes more negativ e th an +I OV. chann el leakage
decreases.goes through zero. and becomes negative,
as in Figu re I lb .

will give the ef fec t shown in Figure 9- an improve­
ment in channel enhancement and reductions in
Ro N at the var ious signal levels.

RON vs VGG

FIGURE 9. Bul k B ias Effec t on RON .
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When the gate is turned OFF, im pedance between
sour c e and dr a i n b eco mes ve r y h igh
(Ro F F ~ lO " oh ms). A MOSFET's only siqni fi­
cant DC conductio n is leakage current. Total
leakage in MM 450/MM 550 devices is typicall y less
th an 100 pA at 25°C . It rises mor e rapid ly than
Ro N with increasing temperatu re, approximately
doub ling with every 10°C ri se in temperature.
However , the MM 450 devices are low -leakaqe types
th at are specifi ed for use to 125° C. At the max i·
mum temperature, leakage wi ll usuall y be less than
100 nA . (A t very high signal fr equenci es, another
conduction mechanism may occur-analog signal
feedth rough in th e devi ce capaci tances, which can
be prevented by mak ing the gate~d ri ver impedance
low when the switch is OF F.I

The two signif icant forms of DC leakage are teak­
age f ro m source and drain to bu lk, and leakage
thro ugh the channel f rom input to output. When
all channe ls in the multipl exer are OFF, and th e
ou tputs of each MOSFET are connected to a corn­
mon package pin , total leakage will be the sum of
the bulk and channel leakages.

Wor st -case leakage is measured wi th the ci rcuit in
Figure 10 . The pi n at wh ich th e leakage current
is measured is biased to -25V and all other pin s
are grounded. This is equivalent to th e bu lk being
biased at +1OV, all gat es at + I OV, and all analoq­
signal inp ut s at + lO V, w it h th e output at - 15V .

-n v

FIGURE 10 . w e -st -case l eakage Test Circuit and Typi­
cal Worst·Case Tot al Leakage of MM451 at
25 °C.

FIGURE 11 . Chann el -Leak age Test Circuit and Variation
in Leakage with Signal Voltage.

The designer of switching systems that require
very high Ro F F values under all signal condit ions
should anti cipate the possibili ty of worst-case leak­
age. But average leakage will generally be con sider ­
ably less th an wor st case. Fir st, leakage currents in
each swi tch are voltaqe-sensit ive, and wi ll be less
than maximum at signal voltages less than + lO V.
Second ly . when the analog signals on some chan­
nels are positive and th ose on other channels are
negat ive. the negat ive currents wi ll subt ract fro m
the positive current s. further reduc ing th e tota l
leakage at the output. Also . when a swi tch is ON ,
it wou ld no t be contributing to the leakage.
Assuming signal vo ltages vary randomly between
+ 10 and - I OV , total leakage will run about half
that of worst case. Of course. leakage wi ll be st i ll
less if th e analog signal l imi ts are less than ± lO V.

CONCLUSION

Integrated MOSFET switc hing circui t s make ex­
cellent low-level analog commu tators. Power di s­
sipat ion is essenti all y zero , capacitance is reason­
ably low (t ypically 8 pF at th e analog input). th e
Ro F F IRa N rat io is high , and th e control signal is
isolated fro m th e input. MOS IC's wi th four or
mor e swi tchi ng channels are readi ly avai lable in
produc t ion quantities.

Conventiona l bipolar drive circ uitrv can con t ro l
channel sw itching at rates in the megahertz range.
Hybrid int egrat ed circuits containing mo nolithic
MOS multiplexers and bipolar dr ivers are being
m anu f actu red fo r medium -speed app lica tions
(LHOOI4 and LHOOI9). Level·changing cir cui ts in
these devices allo w externa l TT L or DTL IC's to
contro l th e commutator at analog signal levels to
± 10V. MOS commu tato r systems can be built w ith
bui ldinq-blo ck circuits such as the MM 454 F in
Figure 12. Thi s monol ith ic IC can commutate at
rat es to 1 MHz, dependi ng on the range o f signal
vo ltages. The cont ro l log ic on the chip includes a
clo ck-countdown chain th at facili tates submult i·
plexing .
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FIGURE 12. Log ic Diagram of MM454F Fou r·Ch annel
MOS Multipl exer. Switches and Cont rol
Circuit ry Are Fabricated in the Same Mono­
lithic Chip.

Electr icall y , the mechanical swit ch comes close 10

th is ideal. It has the highest Ro FFlR o N rati o and
totall y iso lates the analog signal fr om the switch­
ing-contro l fu nction. However, i t has mechanical
drawback s that make it no isy and unsuit able for

Each type of analog swi tch has advant ages and
lim i tat ions th at must be consi dered for pract ical
use. No swi tch is perf ect . I f a switch were perf ect,
i t would have zero resistance when ON , inf ini te
resistance when O FF, and be 100% eff ic ient - that
is, it wo u ld consume no power.

Phot ocells make fairl y good analog swi tc hes.
Because light is used as the con tr o l signal, the con­
tro l is completely isol ated f rom th e analog elec­
tri cal signal. However, Ro N is high and th e
Ro FFlR o N rati o is relati vely poor . Even at
moderate ROFF/R o N rat ios, photocell s canno t
comm utate much faster than 100 Hz. A ft er ex­
posure 10 intense light , a pho tocell made w ith a
semiconductor such as cadm ium su lf ide or cadmi­
um selenide exhibit s a long turn -off decay time.
Photocell turn -off ti me constan ts may str etc h ou t
for many seconds before Ro FF reaches an accept­
able level. Faster switches can be made with com ­
binat ions o f elect ro luminescent di odes and photo­
t ra nsis to rs, but the se devi ces are st i l l very
ex pensive .

Some N-channel junct ion FET 's come close to
being ideal swi tches. Offset vo ltage is zero , and th e
admitta nce-to-input capacitance rat io Y ts / C lss is
the highest of any contempo rary device. These
two paramet ers govern commutat io n rate, wh ich
can be very high if the impedances o f the signal
source and the load are made very low. T heoreti ­
cally, the high majo ri t y -carri er mobi li ty in an
N-chan nel J·FET enables it t o operate at a fre­
quency higher than any oth er typ e of FET . A
good example is the 2N439 1: ROFFlR o N is
about 100

, Rd , IonI is a max im um of 30 ohm s,
and max imum leakage at 25° C is 100 pA . The one
major d isadvantage of N·channel J·FET 's is that
they are ext remely d iff icult 10 make in the form
of mul t ichannel IC's. For hiqh -frequ ency com ­
mut at ion , th e P·channel t ype of J-FET is a poor
choice because it s majo rity carr ier mobi l i ty is
low er than N channel J·FET's.

Bip olar t ransistor s make excell ent d igita l sw itc hes,
the fastest ever developed, bu t th ey are usually a
poor choice fo r mult iplexin g low-level analog
signals. T heir main disadvantages are an inherent
offset voltage and the impossib il it y of isolating the
switch ing cont ro l signal fro m the analog signal
being sw itched. Furthermore, analog sw itching
rates are slow er than FET 's_ Their Ron is low,
th ough - typically 10 ohms in analog swi tc hes
(versus mi ll iohms in power tr ansistor s). Bipol ar
transistor s fare mu ch bett er in hi gh-level sw itching,
where DC offset is not a prob lem.

low-level commutation : contact bounce, contac t
pi tt ing, suscept ib ili t y to vibrat ion, and the neces­
sity to move a physical mass 10 tu rn the swi tch on
or of f. I t cannot commutate very fast and con­
sumes mor e pow er th an a sol id-state switch, as a
rule,

OUTPUT.1
COUNTDOWN

ANALOG
OUTPUT

A l t ho ug h t h e mo st outstandi ng feature o f
MOSFET 's is th e ease wi th which th ey can be tab­
r icated as multichannel monolithic IC's, th eir elec­
t r ical characterist ics compare quite favorably w ith
those of other swi tc hing compo nent s. An " order
of magnitude" compar ison of MOSFET 's and
ot her devices that could be used for low-level
analo g swi tching is given by Table 1. Better char­
acter istics might be obt ained in each case, but
these values are typical.

MOSFET switches are generall y used to corn­
mutate low-fr equency analog signals. Today, the
preferr ed device for RF·signal multip lex ing is the
N·channe l jun ct ion FET, wh ich can handle signal
freq uencies in the VHF range. MOS IC's have oper­
ated successfully, however , in some RF appl ica­
t ion. The h igh·frequency capabi li t ies o f MOS IC's
are being invest igated by the author and w i ll be
th e subjec t of a futu re report.

RESET'---~--------'

CLOCK
IN'UT
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BIAS SCHEMES

If the bu lk were ohmi cally connected to each gate,
all gates wo uld be common. The dual would turn
into a diffe rent ial swi tc h, like the one in Figure 2,

gate and subst rate gate broug ht out separately .
The Nat ional monolithic JFET du al could be
cal led a "s iamese tet rode" , This unique conf iqura­
t i on p r esents several alternat ives for prop er
biasing.
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Th e Nationa l Semiconductor monolithic JFET
du al is a uniqu e device. It s unusual intertwi ned
geometry result s in a very good matching charac­
terist ic and excep tiona l therm al tr ack ing character­
ist ic plu s the fact that it s drain currents may be
biased over a broad range wi thout serio usly affec t ­
i ng mat ching and t racking. FM 1100 through
FM 1111, FM 1200 th ro ugh FM 1211, and FM3954
through FM3958 (simi lar to 2N3954 th rou gh
2N3958) are th e device numbers fo r th e mono ­
li th ic JFET dua l.

A typical Nat ional monol ith ic JFET dual 's differ­
ent ial gate matching (':' VGs) is less th an 10 m V
an d t emperatu re dri ft is t yp icall y less than
10 /l Vf c. What drain curren t yo u use for biasing
is not cr it ical, so you needn't even bother biasing
th e unit to it s zero T .C. dr ain curren t , as far as
,:,V GS mat ching and track ing are concerned.
ROS(on), Y" , and l o ss t rack better than 1% over
the full specif ied temperature range (_5 5°C to
+ 125° C). The FM1 100, FM1105, FM1 200, and
FM1 205 are speci fi ed at 2 mV(max) C1VGS wi th a
dr ift o f 5 /l V f C(max ). There are specs available
whi ch are less strin gent th an the se, but many of
th e devices exceed th is tough spec.

HOW TO BIAS THE MONOLITHIC JFET DUA L

In order to obtain th is perf ormanc e advantage over
separate matched JFET die, th e two JF ETs mu st
be made such th at th ere is one diffused " top" gate
for each of th e devices and a " bu lk " gate which is
common to bo th of th e devices. (See Figur e 1.)
Normally , single triode JFETs have the diffused
top gates in ternally con nected to th e bulk and th is
bul k is used as the gate con nectior .. There are a
few tetr od e JF ETs available with both the diffused

FIGUR E 2. Dual Diff erent ial A nalog Sw itch .

and would not be a t rue dual. This swit ch, inciden­
tall y , is an excellent app licat ion of the FM11 00,
FM 1200 , and FM3954 ser ies. When the gates are
t ied exte rnally, the near-perf ect mat ch of the
JFETs assures precision in analog switch ing and
mu lt ip lexing .

SUBSTRATE

FIGURE 1. Simpl if ied Section of Monolith ic JF ET Dual
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AGC CON TROL

One of the most obvio us uses of the bu lk gate is
AGC con tr o l because it is almost comp lete ly iso­
lated f ro m the signal path , Th e hu lk bi as volt age
affec ts I D , V G S l o ff ), and V ' s, bu t i t does not
signi f icant ly af fect V G S mat chi ng and t racking.
The di ffu sed gates IG I and G, ) could be called th e
d ifferent ial mo de gat es and th e bulk cou ld be
cal led a commo n mode gate.

Figure 5. Com mon mode rejecti on is very poo r
since th e bulk gate is degenerative; it could be­
com e for ward biased on po sitive common mode
swi ngs and cut off both chann els on negat ive com ­
mon mod e swings.

' v

..----QD2 OUTPU T
.----1""----QDI

G2 0-- - - - - + - - - - - ......

51'-_ . _ ... 52

G l o--""":i~,

FIGURE 5. Substrate Bias, No Common -Mode Range.

INPUT

- ,
\
I

B
....................._-o AGC

INPUT

G2 Q-- - - - - - t-- - - - - - ......

G10---'+11-,

02• -+__-<) 01 OUTPUT

FI GURE 3. Automat ic Gain Control.

o

For co mparator applications, th e bul k terminal
may be connected to th e compar ison vol tage along
w ith gate 2. If th e input varie s over many volts (in
excess o f V G S ( Of fi l. a 1M ohm resistor in series
w ith gate 1 w i ll pr event excessive gate current in
th e positive gate source forward bias situat ion or
th e negat ive gate·bulk reach through br eakdown
mod e. Reachthrough breakdown will be covered
later.

01 v- 02

FIGURE 4. AGe Con nec tio ns fo r Fr equ enci es t o 30 MHz.

·v

.---~::l 02 OUTPUT

.---+----0 0 1

(

1M I
GIINPUT

G2

o

'---..--.---1-0 AGC

Gl

OPERATIO NAL AMPLIFIER BIASI NG FIGURE 6. Biasing for Comp arator Appl icat ion s.

In operat ional ampli fie r applica tions wh ich do no t
requir e any common mod e reject ion, biasing is
fairl y simple. The mo st st ra ight fo rward bi asing
method is to simp ly ground th e bu lk as shown in

For special appl ications where very low leakage is
desirable, drain -gate vo lt age shou ld be kept as low
as possib le but in excess of pinchoff and dra in
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current shou ld be at 100 JlA or less. Figur e 7 uses
th e bu lk to bias th e monolit hi c JF ET dua l so that
gate·source voltage is zero, thu s elim inat ing th at
leakage component. Th e gates must be operated at
or very clo se to ground potential ; th e LM l OlA is
used for feedback biasing to fo rce the source volt­
age to ground, using the bu lk gate to control
source vol tage.

. y

Gl O-- ...:..I*".,
INPUT

G2o----+:---4--...:.:.~-.....J

. y
OUTPUT

"'---002
.----+----001

G2<;>- + .J

OUTPUT

FIGURE 9. Large Common Mod e Range Biasing, Com­
mon Drain.

I f the commo n drain ampli f ier conf igurat ion is
preferred, Figure 9 shows how to bias th e bulk,
just use a resistor fro m each of the sources, th ey
should be the same value o f course.

If large diff erent ial voltages are to be encountered
(in excess of V a S lotf ) ) Figure 10 shows how to
increase gate·bulk reach th ro ugh vol tage.

FIGURE 7. Low-Leakage Substrate Biasing Method.

BIASING OP AMPS FOR LAR GE COMMON
MODE RAN GE

Th e simp lest bias method to accommodate large
common mode signals is shown in Figure 8, simply
conne ct the bulk to the sources for the common
source amplifier con fi guration.

The circuit in Figur e 10 has a stat ic bias of zero
vol ts f rom gate to bu lk, regardless o f drain current
bias. The ampli fie rs in Figur e 8 and 9 will have a
fi nit e stat ic bias voltage f rom gate to bul k thu s
reducing th e amount o f inpu t voltage requ ired to
cause reachthrough vo ltage fro m gate to bul k .
Figure 10 shows op t imum biasing for large dif­
ferent ial signals. Reachthrough breakdo wn is on ly
increased, not eliminated ; t he 10 Mn b ias resistor s
will prevent excessive gate to bu lk cu rrent in th e
reachthr ough breakdown mode.

.y

. y

G I o--"~*""

10M

OUTPUT
..----0 02

..---+---~:>O l

10M

G2 o-- ..----4----........J

INPUT

.---4-----0OUTPUT

G2o-- - - - - 4-- - - .....J
INPUT

FIGURE 8. Large Comm on Mode Range Biasing, Com­
mon Source. FIGURE 10. Best Bia. ing for Large Input Signals,
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Additional series gate resistance mu st be used if
gate source for wa rd bia s voltage is likely. These
resistors will prevent exc essive gat e sou rce forward
current.

REACHTHROUGH VOLTAGE

+10V

~ G
s

-VG'S~

Va SIOFFI fo, 10 " I nA VA EA CH THR O U GH It IG " l jJA

Figure 11 is a sim plified cross sect ion of Figure 1.
If Vb S = 0 and on e of th e gates is biased toward
cutoff, channel.current will decrease to th e pico ­
amp range. If the gate is d riven past cutoff. the
deplet ion region will rea ch the bulk and " reach­
t hrou gh" vo lta ge from gate to bu lk will be en­
c o u nt ered . Figure 12 shows reach throu gh is
greater than VGSlolf ) an d varies from one unit to
another just as VGS(olf ) does. Elec trically, reach ­
throu gh breakd own is simi lar to a zener d iod e
breakdo wn . i.e.• the gate impedance wi ll rap idly
change from a very high to a very low value . As
long as th e curren t is 0. 1 mA or less, the device
will no t be dam aged .

BULK

FIGURE 11. Simplif ied Cro ss Sec tion of Mono lith ic JFET
Dual.

AN34-4

GATE I V R E ACH TH ROU GH ~ IV G t S IO FF l 1 + V GS S lF ORWAA D I

VG S S IF ORWARO I ~ a.lv

FIGURE 12. Reacht hrough in One Half of Dual JFET .

The ci rcuit des igner mu st also bear in mind reach­
th rough voltage wh en using large signal AC volt·
ages. If instantaneous voltag es from gat e to bu lk
are too great . reachthrough breakdown wi ll oc cu r.

CONCLUSION

National Sem ico nductor's mon ol ithi c J FET du als
(FM1100 series" FM1200 series. an d FM3954
series ) can be used in a wide var iet y of applica­
tions. The bulk gat e can be pu t to adva ntageo us
use for reducing input gat e leakage, AGC op era­
t ion. RF balanced mixer app licatio ns. o r even dif ­
ferent ial analog sw itch usage. All in all, th e seven
te rminal monolithic JFET du al is mor e flexibl e.
useful. and eco no mical than a six term inal two
chip du al. The mo nolithic dual now allows per ­
for mance levels wh ich were he re to fo re impossible
to achi eve.



APPLICATIONS OF MOS
ANALOG SWITCHES

AB STRACT

Thi s discussion begins with some basic commuta­
tion circuits, th en describes some uses in li near
amp lif ier applica t ion s such as reset funct ions and
chopper applicat ions. The use of MOS switches as
a suppressed carrie r double-sideband modulator
and a double-sideband demodula tor is then cov­
ered ; fo llowed by a circ uit proposal for a phase­
locked loop AM -FM detector w ithou t tune d
circuit s.

THE MOS DI FFE RENTIAL SWITC H-DC TO RF

The dual di f ferential switch is a part icular swi tch
connect io n scheme which at f ir st glance prompts
one to say-so what? It is, howev er, one of tho se
simpl e circuit conf igurat ions wh ich can f ind a wi de
var iety of uses in elect ronic circu its. The dual d i f ­
ferent ial switch cou ld also be called a DPDT
switch or tw o SPDT switch es-depending on how
they are toqqled,

MOS swi tches have some un iqu e featur es which
make them very useful for data sw itching' ,2, J : no
offset vo lt age, high Ro F F IRo N ratio s, low leak­
age, fast operati on , and mat ched " on" resistance,
Within defin it e boun ds, MOS swi tches exhibi t
good iso lat ion between th e swit ch ing dr ive and
signal pat h.

tal MOS Config urati on

Ronald Stump

May 1970

MOS sw itches do have somewhat unique dr iving
requirements. In orde r to solve th is problem,
National manufactures a hybrid in tegrated circu it
which provides DTL·T T L drive compatibility with
the dual different ial sw itch. These devices use th e
DM7801 chip wi th an MM450 chip for th e
LH00 14 and th e DM7 800 chip with an MM 450
chip for the L H001 9. The LH 00 14 is basicall y a
DPDT swi tc h whi le th e LH00 19 is two SPDT
sw itches in th e same package. Each connec tion has
it s particular advantages and disadvanta ges.

COMM UT A TION CI RCU ITS

The LH00 14 may be used as a two chann el corn­
mutator on ly , because two of its fou r channe ls are
always on. The LH 001 9 may be used for systems
with any num ber of channels since it can shut all
channels off on command.

Figure 3 shows a six channel commutator whi ch
may be easily expanded. Data sampli ng may be
done on any format wh ich the user chooses. Sam­
pling format is easily cont rol led by DTL or TTL
logic design independent of the LH00 19. Since
each bu ff er-dr iver of the L H00 19 has a du al input
gate, all channel blanking is readi ly achieved. I f
desired, the form at shown in Figure 3 may be

=§=:
0--0 I

I
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I
I

(b) Sch ema t ic Con figu rati on
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FIGURE 1. MM 450/MM550 MOS Dual D iff erent ial Switch
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modified so as to use the LH001 9 logic inputs as
bin ary gates which can reduce th e command logic
co m plexity if the b lank ing fu nct ion is no t
required.

Since the mult ip lexed info rmat ion is in di ff erentia l
form, commo n mode noi se is great ly reduced.
Al so, th e MOS gate dri ve spik ing is dr ast icall y
reduc ed because of the different ial channel con -

figuration . Demult iplex ing may be accompl ished
by using a circu it ident ical to t he multiplexer
because the MOS device is a tru e bi lateral switch .
In hard-w ired systems where th e mul t ip lex "out­
put s" are elect rically connected as in Figure 4, the
signal may be tr ansmi tt ed in either directi on. For
non -hardw ired systems, the mo dulat ion -dernodul a­
ti on sequence is st i ll bil ateral, but provisions must
be made for t ransmi t /receive function contro l.

1 l/c: c: --~-""'------------------

S 10"00-- - - - - ...

L-_....-j-j_......_--<lo- J ' • .•• •

..... ...lO GD UTPUlI

...... lOG OU' ''' tl

DUTPUT ." ", tnl'UT I""'Y I,,""TO UTPU'
I II AI .u 11 1

~on : A. ....II ..H I GH~

tal LH 0014

• GilD v. ... DU" UTlIm,ll .JI' UT
I Al ' 1

DU'PUllli'U l lfil'UT
lice 0 V.. .~v . Z A2 11

'-_ -4_1-1-.... _ -<>-.,., '._ .

Ibl LH0019

FIGURE 2. LH0014 and LH0019 DT L-TTL Compati ble
MOS Analog Sw itches
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FIGUR E 4. Commutation-Mo dulation and Demodulation
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USAGE IN LINEAR AMPLIFI ER CIRCUITS

The LH 0014 and LH00 19 devices are useful for
sw itching funct ion s in linea r circu it appl icat ions
because of high offfon resistance ratio and easeof
sw itching contro l using logic element s. Sample and
hold circuits, integrator reset swi tchi ng, and reset
stab ilized amp l if iers are a few examples (Figu re 5).
More det ailed in for matio n on thi s typ e of ci rcui try
is available in Nat ional Semicondu ct or applicatio ns
not es AN ·4, A N·5 , AN-20, and AN ·294

-
7

An obvious use of the LH0 014 and LH0019 are in
chopper stabi l ized ampli fie rs (Figure 6) . One o f
the bette r forms of cho pper stabil ized amplif iers is
the series shunt chopper w i th sample and ho ld
type of outp ut. The L H0014 does a good job at
thi s because it contain s th e complete set of
sw itches plus pro per dr ive for the switches. The

(a) In t egrator

L H0014 can greatly reduce compone nt count for
chopper stabil ized ampl i f iers.

DOUBLE SIDEBAND MODULATOR

The LH 00 19 can be used as a doubl e sideband
m o d u la t or . I n m o du l ator app licat ions, th e
LH 0019 fu ncti ons as a DPDT sw itch which alt er­
nately reverses th e pol arity of the modulat ing
signal at th e cho pper fr equency. MOS switches
work quite well at th is application because of zero
offset vo ltage and large signal handl ing ability .

In ord er to build a double sideband balanced
rnoou tator'' :" . one of th e two mod ulat ing input s
mu st be appl ied as a balanced input . For the cir­
cu it shown in Figure 7, an LM102 and LM107
were used fo r an audio phase spli tte r.

(bl Reset Stabi lize d Ampl ifi er

FIGURE 5. Switching Appl ications Wit h Linear Circuits

INPUT

CHOPPER
DRI VE

r - - - - -- - -- - - l";oGi4l

I
I
I
I
I
I

L--l----.c OUTPUT
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FIGURE 7. D oubl e Sideband Modulator-D emodul ator

Both point A and point B in Figure 7 are DSB
modu lated outputs; so, techni cal ly , you could get
by with onl y one. The waveform at point A is
illustrat ed in Figure 8a for a carr ier fr equency of
100 kHz and an audio fr equency of 12.5 kH z.
Point B is equal and out of phase.

One type of spur ious response encountered w ith
MOS swi tching devices is output sp ikes caused by
a charge being dumped into the channel by th e
gate drive through gate·chann el capaci tance. By
add ing C1, part of the charge can be absorbed,

Ho ro~ . l D mlem
Veu .1V /cm

lal v «

th e swi tching tr ansient s are an " in phase" or
"common mod e" 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 mea­
sured as shown in Figure 9. The improvement
operati ng in th e different ial mode is oov ious.

The circu it drive requi rement s fo r Fi gure 7 may be
simpli fi ed by using th e LH0014 since it provides
an inverting fun cti on int ernally . Onl y one phase of
toggle dr ive to th e LH0014 is required.

FIGURE 8. Doubl e Sideba nd Signa l

thu s reducing the VOltage ampli tude of the sp ik es.
The R lCl combination has it s 3 dB po in t at about
80 kc, so output fr om the phase spl itter was not
attenuated in the aud io range.

The astute observer wi ll not ice sw itching tr ansient s
on th e wavefo rm in Figure 8a. By taking the out­
put in differenti al form at poin t s A and B, th ese
tr ansient s are great ly reduced because the desired
signals are equal but of opposite pol ari ty , wh ile

Th e modul at ion wil l be di storted mor e due to the
phase lag created by th e internal invert er of the
LH00 14. Figure lOa shows the sw itching perfo rm ­
ance of the L H00 19 while Figure lOb shows the
swi tching performance of the LH 00 14. In appl ica­
t ions wh ich do not requir e high carri er t re­
quenci es, th e LH 0014 is adequate, but fo r carr ier
fr equencies above 100 kH z, the LH0019 prov ides
imp roved perf orm ance because of i ts symmetr ical
sw itching behav ior .
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(a) Upp er Trace - Va
Lowe r Trace - Vb

FIGURE 9. MOS Swi tch ing Transients

+tonI. Sans/em
V.,t, D.1V/em

(a) LH001 9 50 nslem [b] LH0014 50 nslem

FIG URE 10. Channel Switehing-LH0019 YS LH0014

(a) S ingle Ended Outpu t lb) Diff erent ial Output

FIGURE 11 . Demodulator Recovered Output

DOUBLE SIDEBAND DEMODULATOR

The majo r requ irement of doubl e sideband signal
demodulation is proper carr ier reinsert ion . For
maxi mum output , th e car rier must be reinser ted
exact ly in phase or exactl y 180

0
out of phase with

respect to the signal. An y departure fr om thi s
optimum phase relat ionship wi ll reduce the reo
covered signal am pl i tude. By app ly ing th e doubl e
sideband signal to a second LH0 0 19, as shown in
Figure 7, th e ori ginal modulati ng wavefo rm may
be recovered, along w ith some switching tr ansient s
(Figure 11) .

These sw itch ing t ransient s may be f ilt ered ou t
quite easily . It is, howe ver, instru ctive to compare
the recovered audio signal with th e or iginal. The
modu lat ing signal had less than 0.1% disto rtion at
1 k Hz . Figu re 12 shows th e di stortion of the
recovered signal vs. signal amplitude .

Carr ier frequency was 100 Hz for th e upper curve
and 10 k Hz for the lower. Th ese curves indicate
that most of th e di stor tion is due to swi tch ing
tr ansient s, especiall y at low mod ulation levels.
Output fil terin g wi ll signific ant ly reduce th e reo
covered signal di stortion.
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Figur e 13 emphasizes the aff ect that swi tching
tr ansient s have on harm on ic di stort ion . At carrie r
fr equencies below 10 k Hz. th e RMS value of the
tran sient s is reduced to a po int where distort ion of
the MOS sw itches themselves can be seen.

Th e LH00 14 and LH 0019 data sheet suggest s a
V plus supp ly value o f 10 volts and a V minus
supply value of -20 volts . However, swit chi ng
tr ansients may be reduced by using different pow er
supply vol tages. Figure 14 and Figure 15 show wh at
happens to harmonic di stor t ion caused by spiking
versus pow er supp ly level. Figure 14 is plotted for
V mi nus with V plus at 10 volt s. Figure 15 shows
what happens as V plus is varied. A l l of th e pr e­
vio us dat a was taken at V plus at 14 volts and V
minus at - 12 volts.

AM ·FM DEMODULATOR

Although an AM ·FM demodul ator was not
phy sicall y constr uc ted, th e previo usly d iscussed
" d o u b l e sideband demodu lator " performance
impl ies th at a very interest ing phase detector can
be bu il t . The interes t ing features of thi s ty pe of a
detector are large dynamic range, recovery of both
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FIGURE 14. Harmo nic Distort ion vs Negative Power
Supply Vol tage

in-ph ase (ampl it ude modu lated) and qu adrature­
phase (fr equency mod ulated) signals plus the
feasibility of not using any inducto rs for tun ing.

Figure 16 shows the proposed circuit block di a­
gram which uses a phase-locked loo p for phase
reference signal. The vo lt age con t ro lled osci llator
(VCO ) is operated at 4 fo. Fl ip Fl op = 1 provides a
two phase output which is fed into FF =2 and
FF =3. The ou tput s of FF =2 and FF =3 are
exactly 90· ou t of phase regardless of the fr e­
quency of the VCO . Thi s ki nd of perfo rmance is
awfu ll y hard to achieve using tuned circu its. For a
455 kHz detector , th e VCO wo uld operate at
1820 kHz. TTL f lip fl ops w ill operate qu it e nicely
at that fr equency and shou ld ho ld phase sh ift
errors to pract icall y zero . The LM 107 provides DC
gain to close th e phase-locked loop. i t fo rces the
VCO to a frequency and phase angle wh ich causes
the " FM out" po rt to zero volts DC; thi s port is
then operati ng exactly in quadrature with the
app lied signal. Th is part of the detect or is th en
insensit ive to amplitude modu lat ion and sensit ive
to fr equency mod u lat ion . Since the AM detector
portion is operati ng exact ly 90· out of phase wi th
the FM por t ion. its output is insensitive to FM and
sensiti ve to AM .

"

II~ ' ,
...

~
...

:;
us

I I,·· u

~l
I

I.D

I
". ' 000 10,000 100,000

CARRIER f AEO (HI)

THEREWAS LITTLE SlliNIFICA,n DIFFERENCEIIlI OISTOIHlO"
ATStIi.....l.....,lITUOESOF ].I v. 1.0'1,1.3 '1, 0.1'1RMS

FIGURE 13. Recovered Signal Harmon ic D istor tion 'IS

Carrier Frequ enc v

r~URV EI ; "EG. SUPPL Y AT - l OY

· CUAV£l 'IIE G. $U"!'l Y AT· Il V

~ •• 1 I

· u
I

"""
I I

U
,I I

: ~
l .'
I.D

I

" ... 10,0 14.0 ".
POSlTlV£ $UPPlY VOLUG £ (VI

FIGURE 15. Harmo nic D istort ion vs Posit ive Supply
Vo ltage

AN 38- 7



,
L ---'

I,
IL _

FIGURE 16. AM·FM Demodulator

CONCLUSION

The most obv iou s use of th e LHOO14 and LH OO 19
is in commuta tor appl icat ions, and it indeed is a
very usefu l device for th at purpose. Th e use of
these switches in linear circui t appl icat ions is also
very at t ract ive because of DTL·TTL control corn­
patibilit y . There are many more uses of these
switches possib le than the few examples described
here.

The unusual application of th ese devices as sup­
pressed carr ier doub le-sideband modu lators and
demodu lator ssuggestsapplications in servo systems
and even communicat ions systems due to the ir
high speed operation . The f inal cir cuit suggesti on,
a phase-locked loop AM ·FM demodu lator w ithout
tu ned circuits should be very useful in communica­
tions syst ems. The LH0019 wi ll operat e quite well
at an IF frequency of 455 k Hz or less.

These basic capabil ities of th e MOS dua l differen­
ti al sw itch should encourage much greater usage
of th is typ e of device in new product designs.
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PRECISION IC COMPARATOR
RUNS FROM 5V LOGIC SUPPLY

INTRODU CTI ON

In dig ital systems, i t is somet imes necessary to
convert low level analog signals into di gital
inf or mat ion. An example of thi s might be a
detector for the illumination level of a phot o­
d iode. Another would bea zero crossing detector
for a magnet ic t ransducer such as a magneto meter
or a shaf t -position pickoff. These transducer s have
low-level out pu ts, wi th cu rr ent s in th e low
microamperes or voltages in t he lo w mill ivo lt s.
Therefore, low level ci rcuitry is requi red to
condition these signals befo re they can drive logic
circuits.

A volta ge comparator can perform many of these
precision functi ons. A comparator is essent ially a
hiqh -qain op amp designed for open loop op er a­
t ion . T he funct ion of a comparator is to produce a
logic " one" on the out put with a positive signal
between it s two inputs or a logic "z ero " w ith a
negative signal between th e inputs. Threshold
detect ion is accompl ished by putting a reference
voltage on one inpu t and the signal on th e ot her .
Clearly, an op amp can be used as a comparato r,
except that it s response ti me is in the tens of
micro seconds which is often to o slow fo r many
applicati ons.

A uniq ue com parator design w ill be descr ibed here
alo ng with some of i ts appli cat ions in digital
systems. Unl ike older tC comparators or op amps,
i t w i ll operate f rom the same 5V supply as DTL or
TTL logic circuit s. It w i l l also operat e wi th the
single negati ve supply used wi th MOS logic. Hence,
low level func ti ons can be performed wi t hout th e
ex tr a supply vol tages previou sly required.

The versat i l it y o f th e comparato r along with the
minim al circuit load ing and considerable precision
recomm end it for many uses, in dig it al systems,
othe r than the detect ion of low level signals. It can
be used as an oscill ator or multivibrator, in dig ital
int erf ace ci rcu it ry and even fo r low volt age analog
circui t ry . Some of these appl icat ions will also be
di scussed.

Octo ber 1970

CIRCUIT DESCRIPTION

In order to under stand how to use this cornpar­
ato r, it is necessary to look brief ly at th e circuit
conf iqurat ion. Fi gure 1 shows a simpl i f ied sche­
mat ic of the device. PNP tr ansistors buffer the

01
I

' ''OUND

I ,".......
l-...----4~-~.....----- v·

FIGURE 1. Simplified Sch em at ic of th e Comparato r

different ial inpu t stage to get low input curr ent s
wi thou t sacr if ici ng speed. Th e PNP's dr ive a
standard NPN differential stage, 0 3 and 0 • . The
output of th is stage is further amplified by the
0 5- 0 6 pair. Th is feeds 0 9 which provides
add itional gain and drives th e output stage.
Curr ent sources are used to deter mine the bias
currents, so that performance is not greatl y
af fected by supp ly voltages.
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The output tr ansistor is 01 1 , and it is protec ted
by 0 10 and R6 wh ich l im it th e peak output
current . The output lead, since it is not connected
to any other point in th e circuit , can either be
returned to th e positive supp ly through a pu ll -up
resistor or switch loads tha t are connected to a
voltage high er than the posit ive supply voltage.
The circuit w ill operat e fr om a single supply if the
negative supply lead is conn ected to ground.
However. i f a negat ive supply is availab le, it can be
used to increase the input com mon mod e range.

Tabl e 1 summari zes the perf or mance o f th e
comparator when operat ing from a 5V supply. The
circuit w i ll work with supply voltages up to ±15V

commo n mode range of th e IC . Th e output w ill
directl y dr ive DTL or TTL. Th e exact value of the
pu ll up resistor , Rs, is det erm ined by th e
speed required from the circu it since it must dri ve
any capaci tive loading for posit ive·going ou tpu t
signals. An optional offset-b alancing circuit using
R3 and R4 is inc luded in th e schemat ic.

Figure 3 shows a connect ion fo r operat ing with
MaS logic. This is a level detect or for a
photod iode that operates off a - lO V supp ly . The
output changes state when the dio de current
reaches 1 /lA . Even at th is low current, t he erro r
cont r ibuted by th e comparato r is less than 1%.

FIGURE 3. Level Detector for Photodiode

Th e circ uit in Figure 3 can. of course, be adapted
to work w ith a 5V supply . At any rate, the
accuracy of th e cir cui t w ill depend on the
supply-vo l tage regulat ion, since the reference is
der ived from th e supply . Figure4 shows a meth od

Higher threshold currents can be obta ined by
reducing R I , R2 and R3 proport iona lly. At the
swi tchi ng poin t , the voltage across the pho todiode
is near ly zero , so it s leakage curre nt does not cause
an error. Th e out put switches bet ween ground and
-lOV, driving th e data inputs o f MaS logic
d irectl y .

TOMOS
LOGIC

..
'"

L.......>-_..._ y- ..I.v

R1
U •

R1
UM

Parameter
limits

Units
Min l yp Max

Inpu t Offset Volt age 0 .1 3 rnV

Input Offset Cu rren t 4 10 nA

Input Bias Cu rre nt 60 100 nA

Vol tage Gai n 100 V/mV

Response Time 200 ns

Common Mode Range 0.3 3 8 V

Output Volt age Swing 50 V

Out put Curr ent 50 rnA

Fan Out (Dl L/TTlI 8

Supply Current 3 5 rnA

LOW LEVEL APPLICATIONS

A circuit that wi ll detect zero cro ssing in the
output of a magnet ic tran sducer w ithin a fr acti on
of a millivolt is shown in Figu re 2. Th e magnet ic

Table 1. Important Elect rical Character ist ics of the
LM111 Comp arator when Oper at ing fro m
Singl e. SV Supply (TA = 2SoC).

with a corre sponding increase in th e inpu t vo ltage
range. Othe r character ist ics are essent iall y un ­
changed at th e higher volt ages.

.--.....M.,--.----4I-- ·sv

.-----.-.--41.... V' · "

FIGURE 2. Zero Crossing D etecto r for Magnetic Trans­
duc er

TTl
OUTl'UT
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"

FIGURE 4 . Precision Level Detector for Photod iod e

D1
LMI 13

11V

of making perf orm ance independent of supp ly
voltage. 0 1 is a temperature-compensated refer­
ence diode with a 1.23 V br eakdown voltage. It
acts as a shunt regulat or and delivers a stable
volt age to th e comparato r . When the diode current
is large enough (about 10 /lA ) to make th e vol tage
drop across R3 equal to th e br eakdown voltage

TOYll
LOGIC

"'"
R1
H it

""

""'GNfYIC
,.c~u,

pic kup is conn ect ed betw een th e two inpu ts of th e
comparator . Th e resistive div ider, R 1 and R2 ,

biases th e inpu ts O.5V above ground, wi thin th e
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of 0 " th e output wi ll change stat e. R, has been
added to make the threshold erro r pro por ti onal to
the offset current of the com parato r, rather than
the bias current . It can be el imi nat ed if the bias
current error is not considered signi ficant.

make it insensitive to fast noi se spikes. Because of
the low error curr ents of the LM 111, it is possibl e
to get inpu t impedances even high er than the
300 kr2 obtained w ith the ind icated resisto r
values.

A zero cro ssing detec to r that dr ives the data input
of MOS logi c is shown in Figur e 5. Here, both a

TOMas
LOGIC

".,.

The comparator can be st ro bed, as shown in
Figure 6, by the addi t ion of 0 , and Rs. With a
logic one on th e base of 0" approx imately
2.5 mA is drawn out of the st robe termi nat of the
LM 111, mak in g the ou tput high independent of
th e input signal.

Somet im es it is necessary to tr ansmi t data betwee n
dig it al equipments, yet maintain a high degree of
elect rical iso lati on , Normall y, th is is done w ith a
tr ansfo rm er . However , transfo rmers have probl ems
w ith low-dut v-cvcle pul ses since th ey do not
preserve the dc level.

FIGURE 5. Zero Crossing Detector Dri ving MOS Logic Th e ci rcu i t in Figure 7 is a mor e sat isfactory
met hod of obtai ning isolati on . A t the tran smi tt ing

positive suppl y and the - 10 V supply for MOS
ci rcui ts are used. Both supplies are requi red for t he
circuit to wo rk w ith zero common-mod e voltage.
An alt ernat e balancin g scheme is also shown in th e
schemat ic. It d iffers fr om the circu i t in Figure 2 in
that i t raises the inpu t·stage cu rre nt by a factor of
th ree. Th is incr eases th e rat e at which th e input
voltage fo llo ws rapidlv-chanqinq signals f rom
7V Ius to 18V IllS. Thi s increased common-mo de
slew can be ob tain ed w it ho ut the balancing
potentiom eter by short ing bo th balance termi nals
to the posit ive-sup ptv term inal. Incr eased input
bias curre nt is the pri ce that must be paid for the
faster op erati on.

fROM
TH

GAH

V" 511

..
10.

.,.. 'i

"
1Tl
OUTPUT

FIGURE 7. Data Transm ission System with Near-Inf inite
Ground Isolat ion

D IGITAL INTERFACE CIR CUI TS

r---...----<.....- V· . !III

The max imum dat a rate of this ci rcuit is 1 MHz .
A t lower rat es ( -'200 k Hz) RJ and C, can be
el im inated.

end , a TTL gat e dr ives a gall ium ·arsenid e light ·
emitt ing diode. The light ou tput is opt ically
coupled to a silicon photod iod e, and the corn par­
ato r detects the phot od iode ou tput. The opt ical
coupl ing makes possible elect ri cal isol at ion in the
tho usands of megohm s at potentials in th e
thou sands of volts.

MULTIVIBRATORS AND OSCILLATORS

T he fr ee-running mul t ivib ra to r in Figure 8 is
another example of th e versatili ty o f the cornpar ­
ato r . The inputs are bia sed w ith in the common
mod e range by R I and R , . DC stabi lity. which
insures start ing, is prov ided by negativ e feedback
throu gh R 3 ' Th e negati ve feedb ack is reduced at
hig h fr equenci es by C , . At some freque ncy. th e
positive feedback th rough R.. w i ll be greater than
the negati ve feedback; and the cir cu it will oscit ­
late. For the compone nt valu es shown , the circui t
del ivers a 100 k Hz square wave out put. The

TOTll
l OGIC

TH
STROll

"C1 4JK

..
"..'..' UT.....W ........- ...- + --'i

".,.

Figure 6 show s an int erf ace between hi gh·l evel
log ic and DTL or TTL. The input signal, with OV
and 30V logi c states is attenuated to OV and 5V
by R I and R ~ . RJ and R.. set up a 2.5V thr eshol d

FIGU RE 6 . Circui t for Transmi tting Data Between High­
Leve l logic and TTL

level for the co mpa rato r so that i t swi tches when
th e inpu t goes thr ough 15V. The response t im e of
the circui t can be cont ro lled wi th C " i f desir ed, to
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mult ivibrator , except that the positive feedback is
obt ained through a quart z crystal. The circuit
oscill ates when t ransmi ssion th rou gh the cry stal is
at a max imum, so the crystal operates in i ts
series-resonant mo de. Th e high input impedance
o f th e comparator and the iso lati ng capacito r, C2,

FIGURE 9 . Crystal·Controlled Oscillato r

fr equency can be changed by vary ing C I or by
adjusting R I through R4 , whi le keeping th eir
ratios cons tant.

Because of the low input current of the cornpar­
ator, large cir cuit impedances can be used.
Therefore, low fr equencies can be obtained with
relat ively-small capacitor values: it is no problem
to get down to 1 Hz using a 1 p F capacitor . Th e
speed of the comparator also permits operat ion at
frequ enc ies above 100 kHz.

RI v· - !IV R5
zu. IK

RJ
'OK

SQUARE
WAvE
OUT' uTo

'YTl 01 OTl F. lllNll 01noro

..
' 00'

.,
100'

V· ·5V ••
"

l oo KH,

,:>-'--"- OUTPUT

' J
>0.

FIGURE 8. Free-Running Mult ivibrator

The fr equency of oscill ation depends almost
ent irely on the resistance and capaci to r values
because of the precision o f t he com parato r. Fur­
ther, the fr equency changes by on ly 1% for a 10%
change in supp ly voltage. Wavefo rm symmetry is
also good, but the sym met ry can be varied by
changing th e rat io of R I to R, .

A crvstal -con t ro l led oscilla tor that can be used to
generate th e clock in slow er digital systems is
shown in Figur e 9. It is simi lar to th e fr ee runni ng

.,
'OK

."'U1 - - --1- - ';

v' · 5V

mi nimi ze loading of the crys ta l and cont r ibute to
fr equency stabi li t y . A s shown, the oscil lato r
del ivers a 100 k Hz square-wave ou tpu t.

FREQUENCY DOUBLER

In a digit al system, it is a relat ively simple matter
to d iv ide by any integer. However, mu lt ip lying by
an in teger is qu ite anot her sto ry especially i f
operat ion over a wide f requency range and
wavefor m symmetry are requir ed.

A frequency doubler that sat isf ies the above
requ irement s is shown in Figure 10. A compar-

OUTPUT

'REQU( IICYIlUGE
''''UT-S.M, •• ''.H,
OUTPUT-I I .HI" ''''H,

FI GU RE 10 . Frequency D oubl er
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ator is used to shape th e input signal and feed it to
an int egrator. The shaping is required because the
input to the in tegrator must sw ing between the
supply voltage and ground to preserve symmet ry
in the out put waveform. An LM 108 op amp, that
works from the 5V logic suppl y, serves as the
integrator . This feeds a tr iangu lar wavefo rm to a
second comparato r tha t detect s when the wave­
for m goes through a voltage equal to it s average
value. Hence, as show n in Figure 11, th e output

FIASTCO...... R...TOR ~ rI
eurrur ----J L..J L

'..TfGRATDADUTPUT~

SlC O..OCOWARATOA-, rI r-
OUTPUT L...J L...J

CIACUITDUTPUTLnnm

FIGU RE 11. Waveforms for th e Frequency Doubler

of the second com parato r is delayed by half the
durati on of the input pu lse. The two comparator
outpu ts can then be co mbined throug h an exclu ­
sive-O R gate to produce the double-frequency
output.

With the component values shown, th e ci rcuit
operates at frequencies from 5 kHz to 50 kHz.
Lower fr equency operation can be secured by
increasing bot h C 1 and C2 •

APPLICATION HINTS

One of t he pro blems encountered in using earlier
IC comparato rs like the LM7 10 or LM106 was
that the y were prone to erratic operation caused
by oscillations. Thi s was a direct result of the high
speed of the devices, wh ich made it mandator y to
provide good inpu t -outp ut isolati on and low­
inductance bypassing on the suppl ies. These oscil ­
lations could be part icu larly puzzl ing when th ey
occurr ed internall y, showi ng up at t he ext erna l
terminal s onl y as errat ic dc character ist ics.

In general, t he LM 111 is less susceptible to spur i­
ous oscil lat ions bo th because of it s lower speed
(200 ns response t ime vs 40 ns) and because of it s
bett er pow er supply reject ion. Feedback bet ween
t he out put and the input is a lesser problem with a
given source resistance. However , the LM 111 can
opera te wi th source resistances that are orders of
magnit ud e higher tha n the earl ier devices, so stray
coupling between the input and ou tput should be
min imi zed. With source resistances between 1 kn
and 10 kn, the impedance (bot h capacit ive and
resistive) on both inputs shou ld be made equal , as
th is tends to reject the signal fed back . Even so, it
is diff icult t o complete ly eliminate oscillations in
the linear region with source resistances abo ve

10 kn , because the 1 MHz open loop gain of th e
comparator is about 80 dB . However , thi s does not
aff ect th e dc characte rist ics and is not a prob lem
un less the input signal dwe ll s w ithi n 200 JJ.V of t he
tran sit ion level. But i f the osci ll at ion does cause
difficul ti es, i t can be el imi nated with a small
amount o f positi ve feedback around the compara­
tor to give a 1 mV hy steresis.

Stray coupl ing bet ween the ou tp ut and the bal­
ance term inals can also cause osci llat ions, so an
attempt shou ld be made to keep these leads apart .
It is usually advi sable to t ie the balance pins
together to min im ize the effect of this feedback . If
balancing is used, the same result can be acco rn­
plished by connecti ng a 0.1 JJ. F capacitor between
th ese pins.

Nor mall y , ind ividual supply byp asses on every
device are unne cessary , although long leads be­
tween the comparator and the bypass capacit ors
are defin itely not recommended. If large curr ent
spikes are injec ted int o the supp lies in switch ing
the ou tpu t, bypass capacitors shou ld be inc luded
at these points .

When dri ving t he inputs from a low imp edance
source, a limiting resistor shou ld be placed in ser ies
with th e input lead to lim it the peak curren t to
something less than 100 rnA . This is especi ally
important when the inpu ts go outside a piece of
equipment where the y cou ld acciden tall y be
connected to high vol tage sources. Low impe dance
sources do not cause a problem unless their out put
voltage exceeds the negat ive supply voltage.
However , th e suppl ies go to zero when they are
turned off, so th e isolati on is usuall y needed.

Large capacitors on the input (greate r tha n 0.1 J.lF )
shoul d be tr eated as a low source imp edance and
isolated with a resistor . A charged capacitor can
hol d the inpu t s out side th e supply voltage if the
suppl ies are abrupt ly shut off .

Precaut ions should be taken to insure that th e
power suppli es for this or any othe r IC never
become reversed-even und er tran sient conditions.
With reverse voltage s greater than 1V , the IC can
conduct excessive cu rrent , fuz ing int ernal alu rni ­
num interconnects. This usuall y takes more th an
0.5A. If the re is a possibil it y of reversal, clamp
diodes wi th an adequat e peak curr ent rati ng
should be installed across the supply bus.

No atte mpt shou ld be made to operate the circu it
w ith th e ground termi nal at a vo lt age exceeding
either supply voltage. Further, the 50V output­
voltage rating applies to the pot enti al between the
output and the V- term inal. Th erefore , i f th e
comparator is operat ed from a negative supply , th e
maximu m output volta ge must be reduced by an
amo unt equal to the vol tage on th e V- termi nal.

The output ci rcui try is protected fo r shor t s across
th e load . It wi ll not , for example, w it hstand a
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short to a vo ltage mor e negati ve than the ground
term inal. Add itionally. with a sustained shor t .
power dissipati on can becom e excessive if th e
voltage across th e output t ransistor exceeds
about 10V .

Th e inpu t ter minals can exceed the posit ive supply
voltage wi thout causing damage. However. the
30V maximum rat ing between the inp uts and the
V- term inal must be observed. As mentioned
ear lier. the inputs should not be dr iven more
negati ve th an the V- terminal.

CONCLUSIONS

A versat ile voltage comparato r that can perf orm
many o f the precision funct ion s requ ir ed in digital
systems has been prod uced. Unl ike o lder co rnpar­
ators, the IC can operate from the same supply
voltage as the digital ci rcu its . The comparator is
particu larly usefu l in ci rcu it s requir ing consider­
able sensitivity and accuracy , such as thr eshol d
detectors fo r lo w level sensors, data tr ansmission
circuits or stable oscill ators and mu lt ivi brators.
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Th e comparator can also be used in many analog
systems. It operates fro m standard ±15V op amp
suppl ies, and its dc accuracy equals some of the
best op amps. It is also an orde r of magnitude
faster than op amps used as comparators.

The new comparator is considerably more fl exibl e
than ol der devices. Not onl y wi ll i t driv e RTL,
DT L and TTL logic; but also it can interface with
MOS logic or deliver ±15V to FET analog
swi tches. The outp ut can swit ch 50V , 50 mA
loads. maki ng it usefu l as a dr iver for relays, lam ps
or li ght ·emi tt ing diodes. Furt her . a unique out put
stage enables it to dr ive loads referr ed to either
supply or to ground and provide ground isol at ion
between th e comparator inputs and the load.

The LM 111 is a ptuq-in replacement for cornpar­
ators like the LM710 and LM106 in applica tions

where speed is not of pr ime concern . Compared to
it s predecessors in ot her respects, i t has many
improved electrical speci fica t ions, more design
fl ex ib il it y and fewer appl icat ion problems.



IC PROVIDES ON-CARD REGULATION
FOR LOGIC CIRCUITS

INTRODUCTION

Because of the relatively high curr ent requ irement s
of d igital system s, there are a number of probl ems
associated with using one centra lly-locat ed regu­
lator . Heavy powe r busses must be used to
d istr ibu te the regulated vol ta ge. With low voltages
and curr ent s of man y amp eres, volt age dro ps in
connector s and conductors can cause an app re­
ciable percen tage cha nge in the voltage delivered
to the load . This is aggravat ed further with TTL
logic, as it draws transient currents many tim es the
steady-stat e current when it switches.

The se probl ems have created a con siderable inte r­
est in on -card regulation , that is, to provide local
regulati on for th e subsyste ms of the computer.
Rough preregulation can be used , and the power
distri but ed withou t excess ive concern for line
drops. The local regulator s th en smoo th out the
voltage variation s due to line drop s and absorb
tra nsien ts.

A mo nolit hic regulat or is now available to perform
thi s function . It is quite simple to use in that it
requires no ext ernal com ponents. The ir.teqrated
circuit has th ree act ive leads-inpu t, ou tput and
ground - and can be supplied in sta ndard transistor
power packa ges. Output curren ts in excess of 1A
can be o btai ned . Further, no adjust ments are
required to set up th e ou tput voltage, and overload
prot ect ion is pro vided th at makes it virt ua lly
impossible to dest roy th e regulator . The simplic ity
of the regulator. coupled with low-cost fabr ication
and improved reliabi lity of monolithic ci rcu its,
now make s on -card regulat ion quite att rac tive.

DESIGN CONCEPTS

A useful on -card regulator should includ e every­
th ing within one package- including th e power­
con tro l element . or pass transistor. The au thor has
previou sly advanc ed arguments against including
the pass transistor in an inte gra ted circui t regu­
lato r. 1 First , th ere are no stan da rd mult i-lead
power packages. Second, inte grated circuits neces­
sari ly have a lower maximum operating temp era­
tur e. becau se they contai n low-level circuitr v , Th is
means that an IC regulator needs a mor e massive
heat sink . Third . the gross variat ions in chip
tem perature du e to dissipati on in th e pass transis ­
to rs wo rsen load and line regulat ion . However. for
a logic-card regulator . the se arguments can be
answered effecti vely.

Feb ruary 1971

For on e. if th e series pass transistor is put on the
chip, the int egrated circuit need only have thr ee
term inals. Hence, an ordi nary transistor power
package can be used. The pract icality of thi s
approach depend s on eliminating the adjust ments
usually required to set up the out pu t volt age and
limiting cu rrent for the partic ular applicat ion , as
ex ternal ad just ments require ext ra pins. A new
solid-state referen ce, to be describ ed later , has
sufficient ly-t ight manufacturing tol erances that
o utput volt ages do not always have t o be
ind ividuall y trimmed . Further. th erm al overload
protect ion can prot ect an IC regulato r for virtu ally
any set of operat ing con d itions, making current ­
limit adju stm ents unnecessary .

Thermal protect ion limi ts the maximu m junct ion
temp erature and prot ect s the regulato r regard less
of input voltage , type of overload or degree of
heat sinking. With an exte rnal pass transistor , th ere
is no co nvenient way to sense junction tempera­
ture so it is much mor e di fficult to provid e
th ermal limit ing. Therm al protect ion is, in itsel f, a
very good reason for putting the pass transistor on
the ch ip.

When a regulator is protect ed by cu rrent limit ing
alon e. it is necessary to limit the output current to
a value substantially lower than is d ictat ed by
dissipation under norm al op erati ng co nd it ions to
prevent excessive heati ng when a fault occur s.
Therma l limit ing provides virtu ally abso lute pro ­
tect ion for any overload condit ion. Hence, the
maxim um output current under normal operat ing
condition s can be increased . This tend s to make up
for th e fact that an IC has a lower maximum
junct ion temp erature tha n discret e tr ansistor s.

Addit ionally , the 5V regulator work s with rela­
tively low voltage across th e integrated circuit .
Because of the low voltage. the inte rna l c ircuitry
can be operated at com paratively high current s
without causing excessive d issipat ion. Bot h the
low vol tage and the larger int ernal cu rren ts permit
higher junct ion temp eratu res. Th is can also reduce
the heat sinking requ ired - especially for co m­
mercial-temp erature-range part s.

Lastly, th e variat ions in chip temp erature caused
by dissipat ion in the pass transistor do not cause
serious pro blems for a logic-card regulat or . The
tol eranc e in output volta ge is loose eno ugh that it
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is re lativel y easy to design an interna l reference
that is much more sta ble than requ ired , even fo r
temperature varia t ions as large as 150°C .

Conditions fo r temperature compensat ion can be
derived starting with the eq uat io n fo r the emitter­
base voltage of a t ransistor which is2

11)

nkT To kT Ic
+ -- log - + - log -

q • T q • leo '

The em it ter-base voltage d iffer enti al between two
tran sistors o pera ted at d iffe ren t current den sit ies is
given by 3

(21
kT J ,

tlV BE = - log. - ,
q J 2

Where Vso is the extrapolat ed enerqv-band-qap
vol ta ge for the sem iconductor materia l at abso lu te
zero , q is the charge of an elec tro n, n is a con stant
which depends on ho w th e tr ans istor is made
(appro ximate ly 1.5 for double-diffused, NPN
tr an sistors). k is Boltzmann 's co ns tant, T is
ab solute te mperat ure , Ie is co llec tor curren t and
VBEO is the em itter-base vol ta ge at To and le o .

The ref erence in th e LM109 do es not use a zene r
d iode. Instead , it is developed fro m the highly·
pred ictable emi t te r-base vo lta ge of th e trans istors.
In its sim plest fo rm, th e reference developed is
equa l to the enerqv-band-qap voltage of the
semiconducto r material. For silicon, thi s is
1.205V , so th e ref eren ce need no t im pose mini­
mum inp ut vo lta ge limitat io ns on th e regu lato r .
An add ed advantage of th is reference is tha t th e
ou tput vo lta ge is well determ ined in a product ion
environment so that ind ivid ua l ad just me n t of th e
regu lat ors is freq uently unn ec essa ry.

Th e inte rna l vo l tage re ference for th is loqic-card
regul at or is proba bly the most signi f icant depar ­
tu re from standa rd design techn ique s. Tem pera­
tur e-co rnpensated zener dio des are normall y used
for the refere nce . However, t he se have br eakdown
vo ltag es between 7V and 9 V which put s a low er
limi t on the inpu t vo lta ge to the regu lator . For low
voltage o pe rat ion, a d iff er ent kind of ref erence is
needed .

CIRCUIT DESCRIPTION

where J is cu rrent de nsity.
A sim plified ver sion of thi s refer ence is shown in
Figure 1. In th is c ircu it , Q , is operat ed at a

v·

.,
".,...

~J~", .~
I" ~ ~ [. 1

Referr ing to Equat io n (1). the last two terms are
qu ite small and are made even sma ller by mak ing
l c vary as abso lute temp er atu re . At an y rat e, they
can be igno red for no w beca use they ar e of the
same o rder as err o rs cause d by non theoret ical
behav ior of th e transistors tha t mu st be deter­
mined em pi rica lly .

If t he ref er ence is com posed of VBE plus a vo ltage
proport ional to tlV BE, the output vo ltage is
ob tained by add ing ( 1) in its simplified form to
(2) ;

v.; = VgO(1 -~) + VBEO('!' ) + ~ lOge'!..!. . (3)
To T 0 q J2

Figure 1. Th e Low Voltage Ref erence in One of It sSimp ler
Forms.

Different iat ing with respect to te mp erature yields

relativ ely high cu rrent density . The curren t dens ity
o f Q 2 is abo ut ten ti mes lower , and the
emit ter -base vo ltage di fferent ia l (Il VBE) between
th e two devices appears across R3 . If th e
transist or s have high curre nt gains , t he vo ltage
ac ro ss R2 will a lso be proport iona l to Il VBE. Q 3 is
a gain sta ge tha t will regu lat e the output at a
VOltage equa l to its emi t te r base vol tage plu s th e
drop across R2 . The emi tter base vo ltage of Q3 has
a nega tive temperature coeff icien t whi le the tlV BE
componen t across R2 has a positive temperatur e
coe fficie nt . It will be show n tha t the output
voltage wi ll be temperature compen sated whe n th e
su m of th e two vo ltages is equa l to th e enerqv­
band-qap vol tage.

a V,ef VgO VBEO k J ,
- - = - - +-- +- Iog - (41

a T To To q e J2 .

For zero temperature dr ift , thi s qua nti t y sho u ld
eq ua l zero , giving

kTo J ,
VgO = VBEO+-- log. - . (5 1

q J2

The first term on th e right is the in iti a l emitter-base
voltage whi le th e sec ond is th e co m po nen t
proport ion a l to em itter-base vo ltage differ ent ial.
Hence, if t he sum of the two are equal to the
enerqv -band-qap vo ltage of the sem icon d ucto r, the
ref erence wi II be temperatu re-com pensated.
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Figure 2. Schemat ic Showing Essent ial Details of The 5V
Regulator .

O.
ilV

i}-----~---.-.--+---~OUTPUT

r--~------",--~---~-~ INPU T

L~~~>--~---"-+--~-"""'-~GROU N O

The out put current of the regu lat or is limited
whe n th e voltage across R , 4 becomes large enou gh
to turn on 0 , 4 , Th is insures th at the out put
current cannot get high enough to cause th e pass
tr ansistor to go into seco nda ry breakdown or
damage the aluminum con du ctors on th e chip.
Further , when th e vo lta ge across th e pass tr ansis­
tor exceeds 7V , curre nt through R 1 5 and D3
redu ces th e limi ting curre nt , again to minimize the

The active coll ect or load fo r the erro r amplifier is
0, 7 ' It is a mult iple-coll ect or lat eral PNP4. Th e
outp ut curre nt is essent ially equa l to th e co llec tor
current of O2 , with current being sup plied to the
zener diode cont rolling th e therm al shu tdown, D2 ,

by an auxi liary collector. 0 , is a collector FET4
tha t, a long with R" insures start ing of the
regulator unde r worst-case conditio ns .

The voltage (jain for the regulating loop is provided
by 0 , Q , with Og buffe ring its input and 0 1 , its
ou tp ut . Th e emitter base voltage of Og and 0, 0 is
added to th at of 0' 2 and 0 1 3 and the dro p acro ss
Ra to give a te mp eratu re-comp ensated , 5V out put.
An emitte r-base-junc tion capaci tor, C" frequ ency
compensates the circui t so tha t it is stable even
wit ho ut a bypa ss capacitor on the outp ut.

the output volta ge is develop ed across Ra by the
co llector current of 0 7 , Th e em itter-base volta ge
d ifferent ial is pro duc ed by ope rat ing 0 4 and 0 5 at
high curr ent densi ties wh ile operat ing 0 6 and 0 7

at much lower current levels. The ex t ra tr ansistor s
improve tolerances by making the emitte r-base
voltage di ffe rent ial larger. R3 serves to co mpensate
the transcon duc tance" of 0 5 , so tha t the t>V B E

compon ent is not affec ted by ch anges in the
regula to r ou t put voltage or th e absolut e value of
components.

' ''_'''WIfo1~~~OUTI'tlT

,---.----.----IWUT

In this circuit , Oa is the gain stage pro viding
regul ati on. Its effec t ive gain is incr eased by using a
vert ica l PNP, Og , as a buffer dri ving th e active
collector load rep resent ed by the cu rrent source.
Og dr ives a mo di fied Darlington output stage (0,
and O2 ) which act s as the series pass element. With
this circuit , th e minimum input voltage is not
limited by the VOltage needed to supply the
refer ence. Instead , it is det ermi ned by the out put
voltage and the sat ura t ion voltage of th e Oar tinq­
ton out put sta ge.

'.

A simpl if ied sche mat ic for a 5V regul at or is given
in Figure 2. Th e circuitry produces an output
voltage that is approx imate ly four t imes the basic
refer enc e volta ge. The emitter-base voltage of 0 3,
0 4, 0 5 and 0 a prov ide th e neqativ e-temoeratu re­
coeff icient component of th e ou tp u t vo ltage . The
voltage dropped across R3 provides th e positive­
temp erature·coeff icient componen t . 0 6 is op er­
ated at a conside rab ly higher curre nt density th an
0 7 , produc ing a vo ltage dro p across R4 that is
pro por t ion al to the ernit ter -base voltage differ­
en tia l of the two t ransisto rs. Assum ing large
cu rrent gain in the t ransistor s, the voltage dro p
acro ss R3 will be pro po rti onal to thi s different ial,
so a te mperatur e-cornpensat ed -output volta ge can
be obtained .

Figure 3 sho ws a complete schematic of the
LM109, 5V regulat or . The t,vSE compo nent of Figure 3 . Deta iled Schem atic of The Regu lator .
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chanc e of secon dary breakdown. The perf orma nce
of th is pro tection circuitry is illustr ated in
Figur e 4.
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Figure 4. Current-l imiting Characterist ics.

Even though the current is limited , excessive
dissipation can cau se th e chip to overh eat . In fact ,
th e dominant fail ure mec han ism of solid sta te
regulators is excessive heating of th e sernicon­
ductors, part icularly the pass t rans isto r. Therm al
protection attacks the pro blem direct ly by putt ing
a temperatu re regul at or on the IC ch ip. Norma lly,
this regulat or is biased below its ac tiva tion
thr esho ld ; so it does not affect circuit op erat ion .
However , if th e chip approa ches its maximum
op erating temperature, for any reaso n, the te mpe r­
ature regulator turns on and redu ces interna l
dissipation to preven t any further inc rease in ch ip
temperature.

The th er mal pro tec tion c ircuit ry dev elops it s
reference voltage with a conv entiona l zene r diod e,
O2 , 0 ' 6 is a buffer th at feeds a vo ltage d ivider ,
deliver ing a bo ut 300 mV to th e base of 0' 5 at
175°C . The emit ter -base volta ge, 0, 5, is th e actua l
temperature sens or because, with a co nstant
voltage applied across th e junct ion, the collector
current rises rap idly with increasi ng tem perat ur e.

Alt ho ugh so me form of thermal prot ection can be
incorporated in a discret e regulator, IC's have a
dist inct advant age : th e temperature sensi ng device
detects increases in junct ion temperature wi th in
mil liseconds. Schemes th at sense case or heat -sin k
temp erature take several seco nds, or longer . With
th e long er response tim es, the pass tr an sistor
usually blows out before th erm al limit ing come s
into effect .

Anoth er protect ive feature of th e regul at or is the
cro wbar cla mp o n the outpu t. If the output
voltage tr ies to rise for some reason , 0 4 wi ll break
down and limit the voltage to a safe value . If th is
rise is ca used by failur e of th e pass tran sistor such
that the cu rrent is not limited, the aluminum
co nduc to rs on th e chi p will fuse, disconn ect ing th e
load . Alt hough th is destroys th e regu lat or , it does
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protect the load fro m da mage. The regula tor is
also de signed so th at it is not da maged in the event
the unr egulated inp ut is shorte d to groun d when
there is a large capacitor on the output. Furt her, if
th e inpu t vol tage t ries to reverse, 0 , will clamp
thi s for cu rrents up to 1A.

The int ern al frequ enc y co mpensation of th e
regu lator permits it to op erat e with or without a
byp ass ca pacitor on th e output. However , an
output capaci tor does improve th e tran sient
response and reduce th e high frequ ency outpu t
impedance. A plot of th e output impe dance in
Figure 5 shows th at it remains low ou t to 10 kHz
even without a capacitor. The rippl e rejection also
rema ins high ou t to 10 kHz, as shown in Figure 6.
The irregular it ies in this curve around 100 Hz are
cau sed by thermal feedback from th e pass tr ansis­
tor to the referenc e circuitry. Alt houg h an output
capaci to r is not required , it is nece ssary to bypass
the input of the regulator with at least a 0.22 j./F
capacitor to prevent osc illations un der al l co n­
dit ion s.

11 100 n lOll 10011. 1M

FAE OUUCYIHII

F igure 5 . Plot of Output Impedance As A Functi on of
F requ ency.
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F igure 6 . R ipple Reject ion of T he R egulato r.

Figure 7 is a photomicrogra ph of the regulator
ch ip. It can be seen tha t th e pass tran sistors, wh ich
must han dle mor e than 1A, occupy most of th e
ch ip area . The outpu t transisto r is act ually broken
into segments. Unifor m current distribution is
insu red by also brea king the current limit resistor
into segments and using them to equa lize the



cu rrent s. The overall electrical performance of this
IC is summarized in Table 1.

Figure 7 . Photom icrograph of The Regulator Shows That
H igh Curr ent PassT ransisto r (Right) Takes More
Area Than Control Circuitry (Left!.

Alth ough the LM109 is designed as a fixed 5V
regulator , it is also possible to use it as an
adju stab le regulator for higher output voltages .
One circuit for doing this is shown in Figure 9.

OUT'UT

Figure 9 . Using The LM109 As An Adjustable-Output
Regulator .

The regulated outp ut volta ge is impr essed across
R" developing a reference current . The quiescen t
cur rent of the reg.Jlator , co ming ou t of the ground
terminal , is added to th is. These co mbined
curr ents produce a volta ge drop across Rz which
raises th e out put voltage. Hence, any voltage above
5V can be obtained as long as the vo lta ge acro ss
the integrated circu it is kept with in rat ings.

10 n 2. 21

IN'UT VOLTAca IVI

F igure 10 . Var iat ion of Qu iescent Current W ith Input
Voltage At Various Temperatures.

The LM109 was designed so that its quiescent
current is not great ly affec ted by var iat ions in
input voltage, load or temperature . However, it is
not co mple tely insensit ive, as shown in Figures 10
and I I , so the changes do affect regulation
somewha t . This tendency is minimized by making
the reference current through R 1 larger than th e
quiescent cur rent. Even so, it is di ffic ult to get the
regulat ion tight er than a couple percen t.

Figure 1, . Variat ion of Ou iescent Current With Temp era­
ture For Various Load Currents.

••- 15 · H -21 0 U WI 15 100 U S 1M

JUNCTION TEM' ERATURE (C I

PARAMETER CONDITIONS TVP

Output Vol tage S.OV

Ou tpu t Curr ent l. SA

Ou t PUt Hesista rc e 0030

Line Regulat ion J .OV ~ V IN '5 35V O.OO5%/V

Temperature Dr ift _55°C $ r , ~ 125°C o.oz....rc
Minim um Input V oltage lOUT '" lA 6 SV

OutPUt NOise V Olfage 10 Hz :$ f '5100 kHz 40 /ol V

Thermal Hesistaoce LM109H lTO ·51 lS oCIW

Juncti on to Case LM I09K ITO·31 3°CIW

Table 1. Typ ical Charact erist ics of The Log ic-Card Regu ­
lato r: TA = 2S oC.

APPLICATIONS

Because it was designed for virtuall y foolproof
operation and becau se it has a singular pur pose,
the LM109 doe s not requir e a lot of applicat ion
inform at ion, as do most oth er linear circuits. Only
on e precaut ion must be observed : it is necessary to
bypa ss the unr egulat ed supply with a 0.221l F
capacitor, as shown in Figure 8, to prevent

OUT' UT

Figure 8 . F ixed 5V Regulator

oscillation s that can cause errat ic operat ion. This,
of course, is on ly necessary if the regulator is
locat ed an appreciable d istance from the filter
capacito rs on the ou t put of the dc supply.
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Th e LM 109 can also be used as a current regulator
as is show n in Fi gure 12. Th e regulated output
vol tage is imp ressed across R1, wh ich determi nes
th e outpu t cur rent . Th e qui escent current is added
to the current through R 1 , and th is put s a lower
lim i t of abou t 10 mA on the available ou tpu t
current.

INI'UT

L-_-....__- OUy' UT

Figu re 12. Cu rrent Regu lator.

Th e incr eased failure resistance brought about by
thermal overload protection make the LM 1Og
attractive as the pass t ransistor in oth er regulator
circu its. A preci sion regulator that employs the IC
th usly is show n in Figure 13. An operat iona l
amp l if ier compares the output vo ltage with the
output vol tage of a reference zener . The op amp
cont ro ls the LM 109 by dri ving th e ground
termi nal through an FET.

Figure 13 . H igh Stabil ity Regulato r.

The load and line regulation of thi s ci rcuit is bet ter
th an 0.00 1%. No ise, dri ft and long term stabi l i ty
are determined by the reference zener, D 1. No ise
can be reduced by inserting 100 kl1 , 1% resistor s
in series with bot h inputs o f th e op amp and
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byp assing the non -invert ing input to groun d. A
100 pF capacitor shou ld also be inc luded bet ween
the ou tput and the invertin g input to prevent
fr equency instab i lity . Temperatur e drift can be
reduced by adjust ing R4 , which determines the
zener current , for mi nim um dri ft . For best
performance, remote sensing di rectly to the load
termi nals, as shown in th e diagram, shou ld be
used.

CONCLUSIONS

The LM 109 perf orms a complete regulati on
functi on on a single silicon ch ip, requiring no
external components. It makes use of some uni que
advantages of monol i thic con struct ion to achieve
perfo rmanc e advant ages that cannot be obtained
in discrete-compo nent ci rcuits. Furt her, th e low
cost of th e devic e suggests i ts use in appl ications
whe re single-po int regulat ion cou ld not be justified
previo usly .

Thermal over load prot ection signi fi cant ly im­
prov es th e reliabi l ity of an IC regulato r. It even
prot ects th e regul ator for un forseen fault condi ­
ti ons that may occur in fi eld operat ion. A lthough
th is can be accompl ished easily in a mon ol ith ic
regulator , i t is usuall y not completely effect ive in a
discrete or hybri d devi ce.

The in ternal reference develop ed for th e LM109
also advances the sta te of the art for regulato rs.
Not onl y does it provide a lo w vol tage, tempera­
tur e-com pensated reference fo r the f ir st t ime, but
also it can be expected to have better lo ng term
stabil i ty than conven tional zeners. No ise is in­
herentl y much lower, and it can be manuf actu red
to tig ht er tolerances.
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THE PHASE LOCKED LOOP I C AS A

COMMUNICAT ION SYSTEM BUILDING BLOCK

BASI C PHASE LOCK LOOP OPERATION
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(5 )

(4 )

The outpu t of th e veo is related to its input
cont rol vo ltage by

Similarly, i f e, changes f requency, an instantaneous
change wi ll resu lt in a phase change between ei and
eo and hence a dc level change in eo' Th is level
shif t wi ll change the freq uency of the veo to
mainta in lock .

Th e amo unt of phase error resulting f rom a given
fr equency sh ift can be found by knowing the
..de " loop gain of the system. Considering the
phase detector to have a t ransfer fu notion :

It can be seen th at the action of the veo is that
of an integrator in the feedback loop when the
phase locked loop is con sider ed in servo theo ry .

A bett er understanding of th e operat ion of the
loop may be obta ined by con side ring that initi all y ,
the loop is not in lock, bu t that the fr equency o f
the input signal e, and veo eo are very close in
fr equency . Under these condit ion s eo wi ll be a
beat note, the frequency o f wh ich is equal to the
f requency dif ference of eo and e,. Th is signal is
also app l ied to the veo input, since it is low
enough to pass through the filter. The instan tan ­
eous f requency of th e veo is therefore changing
and at some point in time, if the veo frequ ency
equals th e input freq uency , lock wi l i resul t. At
this instant , ef will assume a level suf fi c ient to
hold th e veo frequency in lock with the in put
fr equency. If the tuni ng of the veo is changed
(such as by varyi ng the value of the tuning capa­
cit or ) th e f requency outpu t of th e veo wi ll
atte mpt to change; however, this wi ll result in an
instantaneous change in phase angle between e, and
eo, result ing in a change in th e de level of eo which
will act to maintain f requency loc k : no average
f requency change wi ll resul t.

for ef = 0, let 82 = w8 , the n

(1)

(2)

e, =Vi E, [sin W ot + 8 , (tl ]

eo =Vi Eo [sinwot+ 82(t ) ]

Figur e 1 shows th e basic blocks of a phase locked
loop , The inp ut signal e, is a sinusoid of arb itra ry
frequency, while the veo output signal, eo, is a
sinsuoid of the same f requency as the in put but o f
arbi tra ry phase. I f

eo = e, . eo = 2E,Eo sin l w ot + 8 ,1t) ]

cos (wo t + 82(t l l

= E,Eo sin [O,lt) - 82(t ) ]

+ sin [ 2 wo t + O,lt ) + 02(t l] (3)

th e ou tput o f th e mu lt ipl ier (phase detector ) is

Th e phase locked loo p has been found to be a
useful element in many types of communicat ion
systems. It is used in two fundamentally different
ways: ( 1) as a demo dulator, where it is used to
follow phase or f requency mo dulation and (21 to
tr ack a carr ier or sync hronizing signal which may
vary in f requency with ti me.

When operat ing as a demodu lator, the phase locked
loop may be th ou ght of as a matched fi lter oper­
at ing as a coherent detector. When used to t rack a
carr ier, i t may be thought of as a narrow-band
f ilt er for removing noise f ro m a signal.

Recent ly , a phase locked loop has been bu il t on a
monol i thic in tegrated circu it , incorporat ing the
basic elements necessary for operat ion: a double
balanced phase detector and a highly linear vo ltage
contro ll ed oscill ator, the frequency of which can
be varied wi th either a resisto r or capacitor.

the lo w pass f ilter of the lo op removes the ac
components of the mult ip li er ou tput ; the dc term
is seen to be a func tion of th e phase angle between
the veo and th e in put signal.

"~HASE ~ FIlTER"
' ''UT ,,~m.. Fl$l

VOLTAGE CONTROLLED
OSCIU ATOR

and th e voltage cont ro lled oscillator to have
t ransfer fu nct ion :

FIGURE 1. Basic Phase Locked Loop (6)
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or taki ng the Laplace transfor m

(7)

the phase o f th e VCO out put will be pr oper­
tiona l to the integral of the control voltage.

Co mbining these equations :

scribed above, bu t the " ac" or transien t perform­
ance which is governed by the co mpo nents of the
loo p filter placed between the phase det ect o r and
th e voltage contro lled osc illator. In fact , it is t his
loop filter that mak es the phase locked loop so
powerfu l: on ly a resistor and ca pacitor are all that
is needed to pro duce an arbitrarily narrow band­
width at an y selected center frequency.

Appl icat ion of the final value theorem of Laplace
tran sforms y ields

The sim plest filter is a single capacitor, Figur e 2,
and is used for wide bandwidth applicat ions, such
as .where wideband da ta modulation must be
fo llowed. The tra nsfe r funct ion of the filter is
simply:0 , (sl - 02 (S)

0 , (sl

KoKd F(s)
s + KoKo F(s)

(8)

(gl

1
1 + s R, C,

substitution into (8) resul ts in

( 131

( 10) (14)

Wn
[ KoKo ] 1/ 2 (15)

R,C ,

1 1 r2

I = "2 (R , C, KoKo l (161

In ter ms of servo theory, th e dam ping facto r and
natural frequencies are

o.( sl = O,(s) - 0 2(S)

560 ,
s + KoKo F(s) = 0 ( 11)lim .

etI s)

With a ste p change in phase of the in pu t 60 " the
Lapl ace tr ansfo rm of th e input is

60,
-s- which gives

the loop will even tua lly trac k out any ch ange o f
input ph ase, and there will be no phase err or in
the steady state so lutio n.

If th e input is a 'step in freq ue ncy, of magn itude
Iss», the cha nge in inpu t phase will be a ramp :

su bstitution of th is value 0 , into ( 10) resu lts in

6w
lim 0e (t) = lim s + KoKo F(s)
t .... CXl 5 .... 0

6w

this resu lt shows the result ing ph ase erro r is
de pen dent on the magnitu de of the fre quency
ste p and the " de" loo p gain KoKo , which is a lso
called the velocity' error coefficient Kv • I t should
be no ted that th e d imensions of KoKo ar e lI sec.
This can also be seen by con sidering Ko = volts /
rad ian, wh ile Ko = rad ians/sec/vol t . Th e product is

volts
rad ian

radians/sec
volt sec

this can be th ought of as the " de" loo p gain. (Note
that add it ional dc gain between th e phase detect or
and th e vo lta ge cont ro lled osc illator will increase
the loop gain and hence reduce the steady state
phase error resu lt ing fro m a chan ge in fre quency
o f the in put.)

THE LOOP FILTER

In working with phase locked loo ps, it is necessar y
to consider not only the " de" perf ormance de-

FIGURE 2. Phase Locked loop with Simple Filte r

From this it can be see n th at large t ime co nstan ts
for R, C, or high loop gain will red uce the damping
factor and hence decr ease stab ility . Therefore, if a
narr ow ba ndwidth is desired , th e damping factor
will becom e very small and insta bility will resu lt .
It is not possible to ad just band wid th , loo p gain,
and da mping inde pendently with this sim ple filte r.
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With th e addi t ion of a damp ing resistor R2 as
shown in Figur e 3, i t is possible to choose band ­
width, dam ping factor and loo p gain independently ;
the transfer fun ct ion of th is fi lte r is

the loop t ransfer functi on beco mes:

FIGURE 4. Filter Time Co nstant vs Natural Frequ ency

(18 )

the lo op natural frequ ency is

[
K K ] ' /2

W n = r l o+~2

whi le the damping fact or becom es

(19 )

(20 )

(2 1)

FIGURE 5 . Damping Time Constant vs
Natural Frequency

DESIGN CONSIDERATIONS

Considering th e above discussion, there are real ly
two pr imary considerat ion s in design ing a phase
locked loop. The use to whic h th e loop is to be put
w ill affe ct the design criterion of the loop corn­
ponents. The two primary factors to consi der are:

f , · R1C1 . , . Ill t l

IOOlPlot

1. Loop gain. As poi nt ed out previously, this
aff ects the phase error between th e input signal
and the voltage con tro lled oscillator for a given
frequency shift of th e input signal. It also det er­
m ines the " hold in range" o f th e loop prov id ing
no components of th e loop go in to limiting or
saturation. Th is is because the loop will remain
in lock as long as th e phase difference between
the input and the VCO is less th an ±90°. Th e
higher the loo p gain, th e furth er th e input can
change in frequency befo re the 9 00

phase error
is reached. The ho ld in range is

FI GUR E 3 . Phase Locked Loop with Damp ing
Resistor Added

(22)

(prov id ing saturatio n or li mit ing does not
occur] .

In pract ice, for a f ixed loop gain KoKo , th e natu ral
freq uency of the loop may be chosen and w ill be
dependent mainly on T " since T2 « T , in most
cases. Th en, accordi ng to (2 1) , dampi ng may be
determined by T2 and for all practical purposes,
will be an independent adjustment. Th ese equa­
t ions are plotted in Figure s 4 and 5 and may be
used for design purposes.

2. Natural Frequency . The bandwidth o f the loop
is determ ined by th e fi l te r components R" R,
and C, and the loop gain . Since th e loop gain
is norm ally selected by the cr it er ion in 1. above,
the filter com pon ent s are used to select the
bandwidth . Th e selection of loop band width
may be governed by several things: no ise band ­
width, modul ation rat es if th e loop is to be
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FIGURE 7. Transient Phase Error 0 e(t ) Due to a Step
in fre que ncy 6.w. (Steady -State Veloc ity
Erro r, t::.W/Ky , Neglected.l

used as an FM demodulator, pul l-in t ime and
hold -in range. Th ere are two con fl ic ting requ ire­
ments th at w ill have an aff ect on loop band­
w idth:

(a) Loop bandw id th must be as narrow as
possib le to minim ize output phase ji tter
due to external no ise.

(b l The loop bandwid th shou ld be made as
large as possibl e to mi nim ize tr ansient err or
due to signal modulation, outpu t j i tte r due
to in tern al oscillator (Ve O) noise, and to
obtain best tra ck ing and acqui sit ion pro­
pert ies.
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FIGU R E 8 . Tran sient Phase Error 8e h ) Due to a Ramp
in Frequency ~W. (S te ady-Stat e Accele ra­
t ion Err or , 6 wt wn 2, inc lu ded . Velocity
Erro r, 6 Wtl Ky• Neglec te d

There is some fr equency-step l imit below wh ich
the loop does not skip cycle s, but remains in
lock , call ed the " pull -ou t fr equency " w oo' V it erbi
has analyzed this and h is resul ts are show n in
Figure 8, which plots normalized pu ll out fr e­
quency for various damping fact ors for high gain
second order loops. Peak phase erro rs for other
typ es of input signals are shown in Fi gures 8 and 9.
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For the case o f sinusoi dal frequency mo du lation,
th e peak phase error as a funct ion of fr equency
deviat ion and damp ing facto r is shown in Figure 6.

Th ese two pr inciples are in di rect opposit io n and,
depend ing on what it is that the loop is to accom­
pl ish, an opt imum solution will l ie somewhere
between the two extremes.

,
0.1 0.2 0.30.50.71.0 1 J S 1 10

--'-.

I f the phase locked loop is to be used to demo du ­
late f requency mod ulati on, the design should pro­
ceed w ith th e cri t erio n of b above. It is necessary
to provide suff icien t lo op bandw idth to accom­
modate th e expected modu lati on. I t must be
remembered tha t at all t imes, the lo op must remain
in lock , (peak phase error less than 90° 1. even
under ex t remes of modulation, such as peaks or
step changes in f requency .

FIGURE 9. Phase Error Oe lt l Due to . St ep in Phase !:JJ
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FIGURE 6 . Steady-State Peak Phase Error Due t o
Sinusoidal fM (High-Gain, Second­
Ord er Loop.I

It can be seen that th e max imu m phase erro r occu rs
when th e modulat ing f requency wm equals the
loop natu ral frequency W n : i f th e loop has been
designed w ith a damping fact or o f .707, th e peak
phase error (in radiansl wi ll be .71 t::.wl w n (t::.w =

fr equency deviat ion ). From thi s plo t , it is possibl e
to choose W n for a given deviat ion and modulat ion
fr equency.

If th e loop is to demo dulat e fr equency shi ft key ing
(FSKI. it must fo ll ow step changes in fr equency.
The f il ter components mu st then be chosen in
acco rdance wi th the transient phase err or show n
in Figure 7. I t must be remembered th at th e loop
f ilter must be w ide enough so the loop w ill not
lose lock when a step change in f requency occurs:
the greater the f requency step, the w ider th e loop
fil ter must be to mainta in loc k.

In design ing loops to tr ack a carr ier or synchron iz­
ing signal, i t is desirable to mak e the loop band­
w id th narro w so that phase erro r du e to external
noise wi ll be small. However, it is necessary to
make the loo p bandwidth w ide enough so that
any f requency j itter on the input signal w ill be
fo llowed.
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FIGURE 11. Unlock Beh avior of High-Gain , Second­
Order Loop, ~ z 0.707
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The phase locked loop, as mentioned earlier, may
be thought of as a f ilter with a f ixed, adj ustable
band width. We have seen how to calcula te the loop
natural freq uency W n (151. (19) , and th e damp ing
fact or ~ (161. (20) . Wi thout going th rou gh a deriva ­
ti on, th e lo op no ise bandwidth BL may be show n
to be

NOISE PERFOR MANCE

Since one o f the main uses of phase locked loops
is to demod ula te or track signals in noise, i t is
helpful to look at how noise affec ts the operat ion
o f the phase locked loo p.

o D.§ 1.0 1520 B 3.0 3.5

DAMPINGFACTOR - i

FIGUR E 10. Loop-No ise Bandwidth (For High-Gain,
Seco nd -Order Loop)

for a high gain, second order loop. This equat ion is
plotted in Figure 10. It should be noted th at the
di mensions of noise bandwidth are cyc les per
second while th e dimensions of W n are radians
per second.

In it iall y , a loo p is unlocked and th e vce is runnin g
at some fr equency. If a signal is app l ied to the
in put, lock ing may or may not occur dependi ng on
several th ings.

If the signal is w ith in the bandwidth of the lo op
filter, locking w ill occur without a beat no te being
generated or any cycles being skipped . This fr e­
quency is given by

When designing the loo p f ilt er components, enough
bandwid th in the loop must be allowed fo r instan­
tan eous phase change due to input noise. In th e
previous section, the f ilter was selec ted on th e
basis that the peak erro r due to modu lat ion would
be less tha n 90° (so th e loop wo uld no t loose rock ).
However, if no ise is present , the peak phase error
wi ll increase due to the no ise. So i f the loo p is not
to lose lock on th ese noise peaks, th e peak allow­
able error due to modulation must be reduced to
someth ing less, on th e order of 40° to 50° .

LOCKING

I i I I
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~ · Yt(t·1J..n

I
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y
\. ......
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~ 1.0

"z 0.5

A MONOLITHIC PHASE LOCKED LOOP

which wo rks well for mod erate and high gain loops
(wn /KoKo < .4).

(24)

If the fr equency of th e input signal is further
away from the vee frequency, loc king may st ill
occu r, with a beat no te being generated . The great­
est f requency that can be pulled in is called the
" pull in frequency" and is found from the appro xi ­
mat ion

An approximate expression fo r pull in t ime (the
t im e requ ired to achieve lock from some frequ ency
offset l'.w ) is given by :

A complete phase loc ked loo p has been bu il t on a
monol it hic integrated circuit. It features a very

Noise th reshold is a difficult th ing to analy ze in a
phase locked loop , since we are talk ing about a
stat istica l quant i t y . Noise wil l show up in th e in put
signal as bo th amp li tude and phase modulat ion . It
can be shown th at near opti mum perf or mance of a
phase locked loo p can be obta ined if a li mi ter is
used ahead of the phase detector, or i f th e phase
detector is allowed to operate in l imiting. With the
use o f a limiter , ampl it ude mod u lat ion of the in put
signal by noi se is removed , and the noise appears
as phase modulat ion . As the input signal to noi se
rat io decreases, the phase jitter of th e input signal
due to noise increases, and th e pro babi li ty of lo sing
lock due to instantaneous phase excersion s wi l l
increase. In pract ice it is nearly im possible to
acqu ire lock if th e signal to noise rat io in th e loop
(SNRk = a dB. In general, (SN R)L of +6 dB is
needed for acquisition. If modu lat ion or t ransient
phase error is present , a higher signal to noise rat io
is needed to acqu ire and hol d lock .

A computer simulat ion perfor med by Sanneman
and Rowbot ham has shown the pr obabili t y of
ski pping cyc les fo r var ious loop signal to noise
rat ios fo r high gain, second orde r loops. Their
data is shown in Figure 11.
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linear vol tage co ntrolled osci llato r and a doubl e
balanced phase detector.

A simp lified schematic of this vol tage contro lled
osc illat or is show n in Figu re 12. 0 2 is a vol tage
controll ed curren t sou rce whose collecto r cu rrent
is a linear func tio n of th e con tro l vol tage ef. In it ial­
ly 0 5 is OFF and th e coll ector current of 0 2 passes
throug h D2 and ch anges C in a linea r fash ion. Th e
vol tage across C is th er efor e a ram p. an d co n­
t inues to increase until 0 7 is tu rned O N; this turns
OFF 0 8. caus ing 0 9 and °11 to tu rn ON. Th is in
turn turns O N 0 5. With 0 5 ON. the ano de o f D,
is cla mped close to -vcc and D2 stops con duct ing,
since its cathode is mo re posit ive than its ano de .

All of th e current supplied by O 2 is divert ed
thr ou gh D, and 0 3. which set s u p an equa l cur­
rent in 0 4' Th is curren t is su pplied by the ch arged
ca paci to r C Iwhic h now d ischarges linearl y). ca us­
ing th e voltage across it to dec rease . Th is continues
unt il a lower t rip poi nt is reach ed and 0 7 turns
OFF and th e cycle repeat s. Due to th e mat ch ing of
0 3 and 0 4. the cha rge cur ren t of C is equal to th e
disc ha rge current and therefore the duty cycle is
very nearl y 50%. Figure 13 shows the wave for ms
at ( 1) and (21.

Figure 14 shows th e doubl e balanced phase det ec­
tor and amplifier used in the micr ocir cu it . Transis­
to rs 0 , thr ough 0 4 are switched with the output

FIGURE 12 . S impl ified Voltage Controlled Oscillator

FIGURE 13 . veo Waveforms

FIGURE 14 . Phase Detector and Ampl ifier
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of the veo, while th e input signal is applied to
the bases of 0 5 and 0 6. The output current in
resistors RJ and R4 is then pro port ional to the
d ifferenc e in phase bet ween the veo ou tput and
th e input ; the ac component of thi s curren t will
be at twice the frequen cy of th e veo due to the
full wave switch ing action transistor s °1 through
04' The waveforms of Figure 15 illustr at e how
th e phase det ector wor ks. Diodes D, and D2 serve
to limit the peak to peak amplitude of the collector
voltage . The outpu t o f the phase det ect or is further
amplified by °10 and 0 " , and is tak en as a vo lt­
age at pin 7.

Rs serves as the resistive port ion of the loop filt er,
and addit ional resistanc e and capacitance may be
add ed here to fix the loop bandwidth . For use as
an FM demodulator , the voltage' at pin 7 will be
the demodulat ed output ; since th e de level here
is fairly high, a reference voltage has been pro ­
vided so that an operat ional am plifier with differ­
ent ial input can be used for addit ional gain and
level shift ing.

The complete microc ircu it , called th e LM565, is
sho wn in Figure 16.

'..
h Y --++ -I t ---f--hf--t- ~:::l\ VOl ' A' 1

FIGU RE 15. Phase Detector Waveforms. Showing Limit Cases fo r Phase Shift Between Input and veo Signals

FIGURE 16. LM565 Phose Locked Loop
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USING THE LM565

Some of th e im portant operat ing characteri st ics of
the LM565 are shown in th e table below. (Vcc
±6V , TA = 25°C).

ti on regardless of cente r frequency . I RIG channel
13 has been select ed as an example of demon'
strat e th e usefulness of th e L M565 as an FM
demodulato r.

Closed l oop Perf orm ance

Loop Gain KQKo 2.8 to/sec
Oemod . Ou tPUt, :!:10% Deviat ion 300 mV
IA .00 1 J.lF capacitor is needed bet ween pins 7 and 8 to SlOP
parlS itic oscillat ionsl .

To best illustrate how the LM565 is used, several
applicati ons are covered in detail , and should pro­
vide insight into th e selection of external com­
ponents fo r use wit h th e LM565.

Since wit h a deviation of ±10%, the LM565 will
produc e appro xim ately 300 mV peak to peak
outpu t , wi th a deviation of 7.5%, we can expect
an ou tput of 225 mV . It is desirable to ampl if y
and level shi ft this signal to grou nd so that plu s
and minus output vo ltages can be ob tained for
freq uency shi f ts above and below center fr equency.

An LM 107 can be used to provide the necessary
additio nal gain and th e level shift . In Figur e 17,
R4 is used to set the output at zero vo lts with no
input signal. Th e f requency of th e VCO can be
adjusted w ith R3 to prov ide zero outpu t vo ltage
wh en an input signal is present .

Phu e Detector
In put Impedance
Inpu t LNel tor limiting
Output Al!'Sistanc:e
Ou tPUt Com mon Mode Vo ltage
Offset VOltage (Bet ween pins 6 arld 71
Sensitivity K o

Volta9t Controlled Oscill ator

Stability
Tem pef iltur e
~pply Voltage

SQUare Wave Output Pin 4
Tr iangle Wave Out put Pin 9
Muimum Opeulting Freque ncy
Sen sit ivity Ko

s en
10mV
as en

4.SV
l OOmV

.68V/, itd

200ppmfC
200 ppm '"

5.4 V pp

2.4 V pp

500k Hz
4 ,1 fo ' ad/weN

(fo: esc . Ireq In Hzl

I RIG Channel
Cent er Frequency
Max Deviat ion
Frequency Response
Deviat ion Rat io

13
14.5 k Hz

±7.5%
220 Hz

5

IRIG CHANNEL DEMODULATOR

In the fie ld of missile te lemetry, it is necessary to
send many channels of relative ly narrow band data
via a radi o link . It has been fou nd con venient to
freq uency modu late this informati on on a set of
subcarr iers w ith center frequencies in the range of
400 Hz to 200 kHz. Standardizat ion of these fre­
quencies was undertaken by the Inter-Ran ge Instru ­
menta tion Group (IRIG ) and has result ed in several
sets of subcarr ier channels, some based on devia­
t io ns that are a fixed percentage of center f re­
quency and other sets th at have a constant devia-

The design of th e fi lt er network proceeds as
follows:

It is necessary to choose w n such that th e peak
phase error in the loop is less t han 90° fo r all
con di tions of mod ulation. Allowin g for no ise mod­
ulat ion at low levels of signal to noise, a desirable
peak phase erro r might be 1 radian or 57 degrees,
leaving a 33 degree margin for no ise. Assumi ng
sinusoidal modulation, Figure 6 can be used to
estimate the peak nor mali zed phase erro r. It
will be necessary to make several sample cal­
cul at ions, since th e normal ized phase error is a
functi on of W n.

.....---......------.....~--...-_O " V

1 '~"f-"'+---171H-;m'J

L....----------------+-__-+-_-o -iV

..
n DII

FIGURE 17. IRIG Channal 13 Demodulator
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Select ing a worst case of wn/wm = 1, W n = 21T X
220 Hz; selectin g a dam ping fact or o f .707,

o
6 w/w

n
= .702

of approx imately +6 dB because of t he bandwidths
inv olved. Th e above numb er of -B.4 dB signal to
no ise fo r threshold was obtai ned wi t h a no ise
spectr um 100 kHz wide. The noise power in the
loop will be reduced by th e rati o of loop noise
bandwid th to in pu t no ise bandwid th

or

this is unacceptab le, since it wo ul d throw the loop
out of lock, so it is necessary to tr y a higher value
of Wn . Let W n = 21TX 500 Hz, th en wm/w n = .44 ,
s .id

.702

= 3.45 radians

21TX 1088 Hz
21T X 220 Hz

1890 Hz
= 100 kHz = .02 or - 17 dB

the equiva lent signal to noise in the loop is - 8.4 dB
+ 17 dB = +B.6 dB which is close to the above­
mentioned li mit of +6 dB . It should also be no ted
th at loss of lock was not ed wit h full mod ulation
of the signal whic h will degrade threshold some­
what (althou gh the measurement is more realist ic).

2.8 x 14.5 x 103 = 33 x 103 sec

the valu e of the loop filter capacitor, C" can be
found from Figure 4:

t his should be a good cho ice, since it is close to
radian. Operat ing at 14.5 k Hz, the L M565 has a
loop gain KoK o o f

'OK

1K

~

' 00~" "J . 2~ I
. -+, ,

" ' 00 1K ' OK "OK

'00' r-- - - - ---,.95 radians
2 1T X 1088

= .44 X 2 1T X 500 =

7 , + 72 = 3.5 x 10' 3 sec
FIGURE 18, Bode Plo t for Circu it of Figur e 17

f rom Figure 5, th e value of 72 can be fo und (for
a damping factor o f .707) FSK DEMODULATOR

7 2 = 4.4 X 10-4 sec

7 , = (35 - 4.4) X 10-4 sec = 3 1.4 X 10-4 sec

7t 31.4 x 10-4 sec
C, = R" = == 1 /l F

3.6 kn

4.4 X 10-4 sec
R2 = = 440 n

1 X 1O-6 /l F

Look ing at Figure 10, the no ise band w idt h BL can
be esti mated to be

BL = .6 w n = .6 X 3 150 rad/sec

= 1890 Hz

the comp lete circui t is shown in Figure 17. Mea­
sured perf or mance of the ci rcu it is summarized
below w ith a fu lly mod u lated signal as descr ibed
above and an inpu t level of 40 mV rm s:

Frequency shift key ing (FSK) is widely used for
the t ransmission of Telety pe inf ormati on , both in
th e computer periph eral and communicat ions f ield .
Standards have evo lved over th e years, and the
com monly used f requencies are as fo llows:

a) mark 2125 Hz
space 2975 Hz

b) -rnark 1070 Hz
space 1270 Hz

c) mark 2025 Hz
space 222 5 Hz

a) is commonl y used as subcarrier tones fo r radio
Teletype, whi le b) and c) are used as carrie rs for
data t ransmission over telephon e and land l ines.

As a design example, a demodul ator fo r the 202 5
Hz and 2225 Hz mark the space f requenc ies w ill
be discussed.

It w ill be noted that the loop is capable of de­
modulating signals lower in level than the no ise;
this is not in disagreemen t with earlie r statements
th at loss of lock occu rs at signal to noise rat ios

f 3 dB

I
Output Level
Distor t ion
Signal to No ise at verge of loss of lock

(bandwid th of noise = 100 k Hz)

200
0.8

770 mV rms
0.4 %

- 8.4 dB

Since th is is an FM system employing square wave
mod ul at ion, the natur al f requency of th e loop
must be chosen again so th at peak phase erro rs
do not exceed 900

under all cond it io ns. Figure 7
shows peak phase error for a step in fr equency;
if a dampin g factor of .707 is selected, t he peak
phase erro r is

.45

A N46-9



FIGURE 19. FSK Demodulator (2025· 2225 cpsl

FIGURE 20. FSK Demodul ator wit h DC Restoration

6w
wn = .45 0;;

or

e, .45

values calculated above caused too muc h ro ll off
o f a square wave modul ati on signal of 150 Hz. The
two 10k resisto rs and .02 !i F capacitors at the
input to the LM 111 comparato r provide furth er
filtering of the car rier, and hence smoo ther op era­
t ion of the circ u it .

in our case. 6 w 2 nx 200 Hz = 1250. if ee = 1
radian,

The fina l circui t is shown in Figur e 19. The values
of the loop f il ter component s (C, = 2.2 !i F and
R, = 700 n ) were changed to accom mo date a
keying rat e of 300 bauds ( 150 Hz), since the

1250 rad/sec
.45 1 radi an

fn = 80 Hz

500 rad/sec

A probl em encounte red with thi s sim ple derno du­
lator is th at of dc dr i ft . Th e f requency must be
adju sted to provide zero volts to the inpu t of the
com parator so th at w ith modu lat ion, switching
occurs. Since the deviation of th e signal is small
(app rox im ately 10%), th e peak to peak demodu ­
lated output is onl y 150 mY. It shou ld be apparen t
that any dr ift in f requency o f the VCO wi l l cause
a dc change and hence may lock th e com parator
in on e state or the other. A circu it to overcome
th is probl em is shown in Figure 20. While using
th e same basic demo dulat or configu rat ion , an
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FIGURE 21. Block Diagram of Weather Satell ite Demodulato r

-cP!.
".'."''' C

FIGURE 22. Weather Sate llite Pictu re Demodulator

LM111 is used as an accura te peak detector to
prov ide a de bias for one in put to the comparato r.
When a " space" f requ ency is tra nsmitted. and th e
output at pin 7 of the LM 565 goes negative
and swit ch ing occurs. the det ected and f il tered
voltage of pin 3 to the comp arator wi ll not follow
t he change. Th is is a fo rm of "de restorer" ci rcu it :
it w il l tr ack changes in dr ift. mak ing the cornpara ­
tor self compensat ing for changes in fr equency, etc.

WEATHER SATELLITE PICTURE
DEMODULATOR

As a last example of ho w a phase loc ked loop can
be used in communi cati ons systems, a weather
satelli te pict ure demo dulator is shown. Weath er
satellites of th e Nimbus, ESSA. and ITOS ser ies
continually photograph the earth f rom orbits of
100 to 800 m iles. The pictures are stored imme­
diate ly aft er exposure in an electrostat ic storage
v idicon, and read out during a succeeding 200
second period . The video inf orm at ion is AM mod u-

lated on a 2.4 k Hz subcarr ier which is fr equency
mo dulated on a 137.5 MHz RF carr ier. Upon
reception, th e output from th e receiver FM detec­
tor w ill be the 2.4 kHz ton e cont ain ing A M video
informat ion. It is co mmon practice to record th e
to ne on an audio quality tap e recorder for subse­
quent demo du lat ion and display . Th e 2.4 k Hz
subcarr ier f requency may be divided by 600 to
obtain th e horizonta l sync frequency o f 4 Hz.

Due to flutter in th e tape recorder. noi se du ring
recept ion. etc.• i t is desirable to repr odu ce th e
2.4 kHz subcarrier w ith a phase locked loop. which
will t rack any f lutter and instabil ity in the recorder,
and effec ti vely fil ter out noise, in addit ion to pro­
viding a signal large enough for t he di gital fr e­
quency divid er. In addition, an in phase com ponent
of th e VCO signal may be used to dr ive a sy nchro­
nous demodulator to detect th e vid eo inf or mati on.
A block di agram of the system is shown in Fig­
ur e 21 , and a comp lete schemat ic in Figure 22.
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Th e design o f the loop paramet ers was based on
th e fo llow ing objectives

fn 10H z, W n = 75 rad/sec

BL 40 Hz (fr om Figure 10)

the complete loop fi lter, calcu lated from Figures
4 and 5, is sho wn in Figure 22. When th e loop is
in lock and th e free running f requency of the VCO
is 2.4 k Hz, the VCO square wave at pin 4 o f th e
565 wi ll be in quadrature (90°) from th e input
signal ; ho wever, th e zero crossings of th e triangle
wave across the t im ing capaci tor w ill be in phase,
and if th eir signal is applied to a doubl e balanced
demodulator, such as an LM 1596 , swi tching wil l
occur in th e demodulator in phase wi th th e 2.4
kHz subcarrier. The double balanced demodul ator
wi l l produce an output proport ional to the ampl i·
tud e of the subcarrie r appl ied to it s signal input .
An emitter fo llower, Q ,. is used to buffer the
triangle wave across th e tim ing capaci tor so exces­
sive loadi ng does not occur .

Th e demodulat ed video signal from the LM 1596
is taken across a 25k pot entiometer and filtered to
a bandwidth of 1.4 kHz, th e bandwidth o f th e
t ransmitted video. Depending on the type of di s­
play to be used (oscill oscope, slow scan TV rnoni­
to r, of facsim ile reproducer) , it may be necessary
to furth er buffer or amplify th e signal obta ined.
I f desired, another load resisto r may be used
between pin 6 and VCO to obta in a differential
output ; an operat ional amp could then be used to
provid e mor e gain , level shi ft , etc.

AN46-12

A vert ical sweep circu it is shown using an LM3 08
low input curren t op amp as a Miller rundown
ci rcui t. The values are chosen to produce an output
vol tage ramp of - 4.5V/220 sec, although this may
be adjusted by means of the 22 meg. charging
resistor . If an oscilloscop e is used as a readou t,
the hor izontal sync can be supp lied to the tr igger
input w ith the sweep set to pr ovide a total sweep
t im e of someth ing less th an 250 ms. A camera is
used to photograph th e 200 second p ictu re.

SUMMARY AND CONCLUSIONS

A br ief review of phase lock techniques has been
present ed and several useful design tool s have been
presented th at may be usefu l in predicting the
performance of phase locked lo ops.

A phase locked loo p in tegrated circuit has been
describ ed and several appl ications have been given
to illustrate the use of the circu it and th e design
techn iqu es presented .
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APPLI CATIONS FOR A NEW ULTRA-HIG H SPEED BUFFER

INTRODUCTION

Voltage foll owers have gaine d in popularity in
applications such as sample and ho ld circu its,
gene ral purpose buffe rs, and ac tive filters since
the introduction o f IC opera tional amplifiers. Since
they were not specifically desi gned as followers,
these early IC's had limited usage due to low band­
wid th, low slew rate and high input cu rrent. Usage
of vol tage followers was ex panded in 1967 with
the introd uction of the LM102 , the first IC de­
signed speci fically as a volta ge follower. With the
LM102, eng ineers were able to obtain an order of
magnitude improvement in performance and ex­
ten d usage int o med ium speed ap plications. The
LM110, an improved LM102, was introduced in
late 1969. However, even higher speeds and lower
input currents were needed fo r very fast sample
and holds, A to D and D to A converters, coax
ca ble drive rs, and other video applicatio ns.

T he solution to thi s applicat ion problem was
attained by co mbining technologi es into a single
package. The result, th e LH0033 high speed buffer,
ut ilizes JFET and bipo lar tec hno logy to produce
a ultra -fast voltage foll ower and buffer whos e
propagation delay closel y approaches speed-o f­
light del ay acro ss its package, while not com ­
prom ising input impedance or dr ive cha racteristics.
Tabl e I compares vario us voltage fo llowers and
illust rates the su perio rity of the LH0033 in both
low input current or high speed video applicatio ns,

CIRC UIT CONSID ERATIO NS

The junction FET mak es a nearly idea l input dev ice
for a voltage follow er, redu cing input bias cu rrent
to the picoamp range. However, FET's exhibit
mode rate voltage offsets and off set drifts which
tend to be diffic u lt to compen sat e. Th e simple
voltage follo wer of Figure 1 eliminates init ial
offset and offset drift if 0 , and O2 are ident ically
matched tra nsistors. Since the gate to source
voltage of O2 equals zero volts, then 0, 's gate to
sou rce vo ltage equals zero volts. Furthermore as
Vp , ch anges with tem perature (approximat ely
2.2 mVt"Cl, Vp 2 wi ll ch ange by a correspo nd­
ing am ou nt . However, as load current is drawn

Barry Siegel and Leonard Van Der Gaag
August 1971

from the output, 0 , and O2 wil l drift at different
rat es. A circuit wh ich overcomes offset voltage
drift is used in a new high spee d buffer ampli fier,
th e LH0033. In it ial offse t is typ ically 5 mV and
offset drift is 20 uvr«: Resistor R2 is used to
establish the dra in current of current source tran ­
sistor, O2 at 10 mAo

FIGU R E 1. Simple Voltage Follower Schemat ic

Th e same drain current flows through 0 , ca using
a vo ltage at the source of approximately 1.1V.
The 10 rnA flowing through R, plu s 0 3'S VBE of
0 .6V causes the out put to sit at zero vo lts fo r
zero vo lts in. 0 3 and 0 4 eliminate load ing the
input stage (exce pt for base cur ren t) and CR, and
CR2 establish the output stage collector current.

r - - - ,, ,

on u ' J '
.~ I.

FIGURE 2. L H0033 Schema t ic

If 0, and O2 are mat ched, the resu lt ing dri ft is
red uced to a few /lV/ ·C.
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TA BL E I COMPA RISON OF VO LTAGE FOLLOW ERS

CONVENTION AL f IRST GEN ERATI ON SECOND GENERATI ON SPECI A LLY DESIGN ED
PARAMETER MONOLITHIC Of AMP VOLTAG E FOLLOW ER VO LT AG E FO L LOW ER VO LT AG E fO LLOW ER

LM 141 lM1 0 2 LM11 0 lHOO33

INPUT BIA S CURRENT 200 nA l O nA 1 0 n A O~ nA

SLEW RATE O,V ~~ 10V ·~ ~ JOV/...~ 1SOOV i ...\

8 ANDWID TH 1 0M l-ll IOM Hl 70 MHI l 00 MHI

PRep ORA Y TIM E 3"'~ ,, ~ 18 ~ ,, ~

OUTPUT CURRENT CAPABILITY ~ !l rn A ~ '1 mA ! '1 m A ! l 00 mA
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PERFORMANCE OF THE LH0033
FAST VOLTAGE FOLLOWER/BUFFER

The majo r electr ical characteri st ics of the LH0033
are summarized in Tabl e II. All the virtues of a
u tt ra-hiqh speed buffer have been incorporated.
Figure 3 is a plo t of inpu t bias curren t vs te mpe ra­
ture and shows the typical FET input character-

IStICS. Oth er typi cal performance curves are illus­
tr ated in Figur es 4 th rough 10. Of particular
interest is Figure 8, whi ch demonstr ates the per­
forman ce of the LH0033 in video applica tions
to over 100 MHz.

TABLE II

PARAMETE R CONDITIO NS VAL.UE PA R AM ET ER CONDITIONS VALUE

Ou tpu t OH~l Vol(~ 'mY

Inpu t 8' iI~ Curr ent so" I500V/~,

Inpu t Imped¥lCt' V,,., · 1 OVrms
"l L "' l k, t . 1 k Hz

10" 11
, 1m

V,.. - 1 0 V. ms 098

At . l k , l · 1 k Hz . Rs '" 100..
• V,,. · l Oy.....,
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APPLICAn ONS FOR ULT RA·
FAST FOLLOWERS

The LH0033 's high in put impedance (10 11 n ,
shunt ed by 2 p F) and hi gh slew rate assu re minimal
load ing and high fi deli ty in followi ng high speed
pulses and signals. As shown belo w, th e LH0033
is used as a bu ffe r between MaS logic and a high
speed dual limit compa rator. The device's high
input impedance prevents loading of the MaS
logic signal (even a conventi onal scope probe will
distort high out put impedance Ma S). Th e LH 0033
adds abou t a 1.5 ns to the total delay of the com­
parator. Adjustment of voltage di vid er R"R2
allows interface to TTL, DT L and other h igh
speed logi c forms.

FIGURE 11 . High Spe ed Du al limit Comparator for

MOO Logic

Th e LH0033 was designed to dr ive long cables,
shielded cables, coaxia l cables and oth er generally
str ingent l ine dr iving requir ements. It w ill t y pically
drive 200 p F w ith no degradat ion in slew rate and
several th ousand pF at a reduced rat e. In order to
prevent oscill at ions wi t h large capacit ive loads,
provision has been made to insert damping resisto rs
between V· and pin 1, and V- and pin 9. Values
betwe en 47 and lOOn wor k well for CL > 1000 P F.
For non -react ive loads, p in 12 should be shorted to
pin 1 and pin 10 short ed to pin 9. A coax ial dri ver
is show n in Figur e 13. Pin 6 is shorted to pi n 7,
obtain ing an in it ial offset of 5.0 mV, and th e 43n
coupled with the LH0033 's ou tput im pedance
(about 6n ) match the coax ial cabl e's characteris­
t ic imp edance. C, is adjusted as a function of
cable length to optim ize rise and fall t ime. Rise
t im e for t he circu it as shown in Figure 12, is
10 ns.

FIGUR E 12. LHOO33 Pulse Respo nse int o 10 Foot
Open Ended Coax ial Cable

FIGUR E 13.

Another application that ut ilizes the low input
current , high speed and hi gh capacitanc e dri ve
capabil ities of th e LH0033 is a shield or l ine
dr iver for high speed automat ic test equipment.
In thi s example, the LH00 33 is mounted close to
the device unde r test and drives the cable shield
thu s all owing higher speed opera t ion since the
device under test does not have to charge th e cable.

W
·"

" ,'.. "_, l~

, " .•.
FIGURE 14 . Instrumentatio n Shield /line Driver

The LH0033's high input impedance and low
input bias cur rent may be ut i lized in mediu m
speed circu it s such as Sample and Hold, and D to
A converters. Figur e 15 shows an L H003 3 used
as a buffer in medium speed D to A converte r.

Offset null is accomplished by conn ect ing a lOOn
pot betwe en pin 7 and V- . I t is generall y a good
idea to insert 20n in ser ies with the pot to prevent
excessive power dissipation in the LH0033 when
th e pot is shorted out . In non-c r itical or AC
coup led app licat ions, pin 6 should be shorted
to pin 7. The result ing output offset is typ icall y
5 mV at 25°C .

FIGURE 15.

The hi gh out put current capabil it y and slew rate
of th e L H0033 are uti lized in the sample and hold
ci rcui t of Figur e 16. Ampl if ier, A 1 is used to
buffer high speed analog signals. Witl. the config­
ura t ion shown, acquisit ion time is limited by the
t ime constant of the switch " ON" resistance and
sampling capacitor, and is typicall y 200 or 300 ns.

A 2's low input bias cu rrent, resul ts in dr ift s in

hold mode of 50 mV at 25°C and ~ at 125°C.
sec s~

The LH 0033 may be ut ili zed in AC appl icat io ns
such as video amplif iers and acti ve f ilters. The
circuit of Figur e 17 util izes boot strapping to
achieve input im pedances in excessof 10 Mn.
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FIGURE 16. High Speed Sample & Hold

~ .,

,~ o-j

FIGURE 17 . High Input Impedance AC Coupled
Ampl ifier

A single sup ply, AC coupled amplifier is shown
in Figure 18. Input im pedance is approxi mate ly
500k and outpu t swing is in excess of 8V peak­
to -peak with a 12V supply .

FIGURE 18 . Single SupplV AC Amplifier

Th e LH0033 may be readil y used in applications
wh ere symmet rical supplies are unavailable or may
not be desi rable. A ty pica l appli cation might be
an interface to an MOS shift register where V+ =
5.0V and V- = -25V. In this case, an apparent
output of fset occurs. In real ity, th e output vol tage
is due to th e LH0033 's voltage gain of less than
un ity. Th e ou tpu t voltage shi ft due to asymmetri­
cal sup plies may be predict ed by:

AN48-4

where : Av = No load voltage gain, typicall y 0.99.

V+ = Posi t ive Supply Voltage.

V- = Negative Supply Voltage.

For the foregoing application, !:N 0 would be
- 100 mV . Th is apparent "o f fset " may be adjusted
to zero as out li ned above.

Figure 19 shows a high Q , notch filter whic h takes
advantage of the LH0033's wide bandwidth. For
the values shown, th e center fr equency is 4.5 MHz.

... · J• • ,e'.,. ,.,
" . j

FIGURE 19. 4 .5 MHz Notch Filt er

The LH0033 can also be used in conjunction w ith
an op erational ampl i fie r as current boost er as
shown in Figure 20. Outpu t currents in excess of
100 mA may be obta ined. Inclusion of lS0n
resisto rs between pins 1 and 12, and 9 and 10
prov ide short ci rcuit protection, whi le decoupl ing
pins 1 and 9 w it h 1000 pF capacit or s allow near
full output swing .

Th e valu e for th e short ci rcuit cur rent is given by:

where: Isc ::;: 100 mAo

......, .."...
1o< .~ . , 0I • •

FIGURE 20 . Using lHOO33 as an Output Buller

SUMMARY

Th e advantages of a FET input buffer have been
demonst rated. Th e LH0033 combines very high
input impedance, wide bandwidth, very high slew
rate, h igh outp ut capabili ty. and design fl exibil ity,
making it an ideal buffer for applica tions ranging
from DC to in excess of 100 MH z.



Barry Siegel
August 19 7 1

PIN DIODE DRIVERS

""C

Z

C
o
C
m
C
:::IJ

<:
m
:::IJ
en

INTROD UCTION

The DH0035 /DH 0035C is a TT L/D T L compatible,
DC coupled, h igh speed PIN diode driver. It is
capable of del ivering peak currents in excess of
one ampere at speeds up to 10 MHz. Th is article
demonstrates how the DH0035 may be applied to
d riving PIN d iode s and compar able loads which
requ ire h igh peak currents at high repet it ion rates.
The salient char acteristics o f the device are sum ­
mar ized in Tabl e I.

There are essentiall y two co nside rat ions of interest
in the "ON" condition. First , the amount o f
" ON" control current must be sufficient such that
RF signa l cu rrent will not signif icantly modulate
th e " ON" impedance of the diode. Secondly , the
ti me requi red to achieve th e " ON" con dition must
be minimized.

1\
~ "::"

CONT ROLNOOf

t1

R FI·C----.l~)RfOUT

RFe ~
~/

FIGURE 1. Simplified PIN Diode Switch

Th e charge con tro l model of a dio de t ;2 leads to
the charge continu ity equation given in equa­
t ion ( 1) .

VALUE

10 ns

1000 rnA

1.5W

10 ns

15 ns

30V Max.

CONDITIONS

PRF = 5.0 MHz

V' - V' = 20V
10% to 90%

V' - V' = 20V
90% to 10%

Differential Supply
Voltage IV' - V' I

Out pu t Current

Maximu m Power

PARAMETER

(fall

Table I DH0035 Characteristics (1)

whe re: 0 = charge due excess minority carri ers
T = mean life time of the minority carriers

PIN DIODE SWITCHING REQ UIR EMENTS

Figure 1 shows a simplified sche ma tic of a PIN
diode switch. Ty pically, the PIN d iod e is used in
R F through micr owave frequency mod ulato rs and
switches. Since th e dio de is in shunt wi th the RF
path, th e RF signal is attenuated whe n the diode
is fo rward biased (" ON" ), and is passed unattenu ­
ated when the diode is reversed b iased ("OFF" ).

Equ at io n (11 implies a c ircu it model show n in Fig­
dO

ure 2. Under stea dy cond itio ns dt = 0, hence :

o
IDC = 7" or 0 = IDC T

whe re: I = steady sta te " O N" current.
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The ti me response of the charge, hence the t ime
for th e diode to achieve the " ON" state cou ld be
short ened by appl y ing a curr ent spike, Ip k, to th e
diode and th en dropp ing the current to the steady
state value, ID C, as shown in Fi gure 3b . The
opt imum response wou ld be di ctated by :

ANOOE

{~~l
'-Ioe · ""

I . TOTAL CURRENT
tee · SS CONTROl CURRE NT
illF- Rf SIGNALCURRf NT

(Ipk) [t ] = T' l oc (5)

FIGURE 2. Circuit Mod el for PIN Switch

Th e tim e response of th e excesscharge, 0 , may be
evaluated by taking th e Laplace tra nsform of
equat ion (1) and solving fo r 0 :

The conductance is proportional to the current, I ;
hence, in order to minimize modulation due to th e
RF signal, loc » iR F. Typical values for loc
range from 50 mA to 200 mA depend ing on PIN
diode type, and th e amount of modulati on that
can be tolerated.

TI (s)
O(sl = - ­

1 + ST

Solving equati on (3) for Ott ] yields:

(3 )

(4 )

''' --n
loe - - L- _

I
I
I

'--y
FIGURE 3b .

The t ime response of a is shown in Figure 3a. As
can be seen, several carr ier li fetimes are required
to achieve th e steady state " ON" condit ion (0 =

loc ·T).
The turn off requirements for th e PIN diode are
quit e simi lar to the turn on, except that in th e
" OFF" condition, the steady current drops to the
diode's reverse leakage current.

A charge, lo c ' T, was stored in th e diode in the
" ON " cond ition and in order to achieve th e "OFF"
state th is charge must be removed. A gain, in order
to remove thecharge rapid ly , a large peak current
(in the opposit e direct io n) must be app lied to th e
PIN diode:

I~ 1--·..-- - - - - - - a
-Ipk > T (6 )

FIGURE 3a,

AN49- 2

It is interesting to note an impl icati on of equat ion
(5). I f the peak tu rn on current were maintained
for a period of t ime, say equal to T , th en the di ode
wo uld acquir e an excess charge equal to Ipk·T .
This same charge must be removed at turn off,
instead of a char ge loc'T, result ing in a con sider­
ably slow er tu rn off. Accordingly, cont rol of th e
wi dth of turn on current peak is cri t ical in achiev­
ing rapid turn off.

APPLICATION OF THE DH0035 AS A

PIN DIODE DRIVER

The DH 0035 is specif icall y designed to provide
both the current levels and t iming intervals re­
qu ired to optimally dr ive PIN diode sw itches. I ts
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FIGURE 5 . Anode Grounded Design

schematic is shown in Figure 4. The device ut il izes
a com plementary TTL input buffe r such as th e
DM7830/D M8830 or DM 5440/DM7440 for it s
input signals.

Two configuratio ns of PIN diode switch are pos­
sible : cath ode grou nded and anode grounded. The
design procedures for th e tw o conf igurat ions wi ll
be considered separately .

ANODE GROUND DESIGN

Select ion of po wer supply voltages is th e f irst con­
siderati on. Table I reveals th at th e DH0 035 can
w it hstand a total of 30V different ially . The supply
voltage may be div ided symmetr icall y at ±15V. for
exam ple. Or asymmet ric ally at +20V and - lOV.
The PIN diode dr iver shown in Figure 5. uses ±10V
suppl ies.
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When the a output o f th e DM8830 goes high a
tran sient current of approx imately 50 rnA is applied
to th e emitter of 0, and in tu rn to th e base of a s.

a s has an hIe = 20, and the collec to r current is
hIe X 50 or 1000 rnA . This peak cur ren t, for the
most part , is delivered to th e PIN diode tu rnin g it
" ON" (RF is " OFF").

wh ere: D.C. = Duty Cycle =

(" ON " t ime)
(" ON" t ime + " OFF" t ime)

Pmax = 1.5W

In terms of ' DC:

Ipk fl ows until C2 is nearly charged. Th is t ime is
given by:

Once C2 is charged, th e current w ill drop to th e
steady state value, l oc , which is given by :

V V· Vcc
loc = R

M
- R

3
-~ (9)

(13)

where :

[
(Pmax ) _ (V · - V- )2]
(D.C.) 500

IDC ~ Iv - I- 6 V (12a)

Turn-off of the PIN diode begins when the a out­
put of the DMBB30 retu rns to logic " 0" and the
Q output goes to logic " 1" . O2 tu rns " ON". and
in tu rn , causes 0 3 to satu rate . Simultaneously , a ,
is turned " OFF" stoppin g th e base drive to a s.
0 3 absorbs the stored base charge of a s facil itat­
ing its rapid turn-off . As Os's collecto r begins to
r ise, 0 4 tu rns " ON" . A t th is instant , the PIN
di ode is st ill in conduction and the emitte r of 0 4
is held at approx imat ely - 0.7V. T he instantaneous
curr ent available to clear stored charge out of the
PIN di ode is:

For the circu it o f Figure 5 and a 50% du ty cyc le,
P diss = 0.5W.

(7)
C2 6V

t = !Pi<

where: Vcc = 5.0V
R, = 250n
R3 = 50on

. R (R3) (6 V) (R,) (9al
. . M = R, V. + IDCR3R , + VccR 3

V = IV- I - V f(PI N Diode) - V fCR, - Vsato s (8)

for V- = - 10V, 6 V = 8V .

where: 6 V = t he change in vol tage acrossC2.

Pr ior to Os's turn on, C2 was charged to th e minus
supply vol tage of - 10V . C2's voltage w ill rise to
within two diode dr ops plus a Vsat of ground :

For the driver of Fi gure 5, and IDC = 100 rnA, RM

is 56 ohm s (nearest standard value).

Returning to equation (7) and combin ing it wi t h
equati on (5) we obta in :

h'e + 1 =current gain of 0 4 =20

V SE 0 4 = base-emitter dr op of 0 4 = 0.7V

VtlPINI = forward drop of th e PIN
di ode = 0.7V

Solving equati on (10) for C2 gives:

(10)

(11)

For ty pical values given, Ipk = 400 rnA . Increasing
V· above 10V will imp rove turn-o ff tim e of th e
dio de, but at the expense of power dissipati on in
the DH0035. Once tu rn-off of the diode has been
achieved, the DH 0035 out put curre nt dro ps to the
reverse leakage of the PIN diode. The atten dant
powe r dissipat ion is reduced t o about 35 mW.

CATHODE GROUND DESIGN

For T = 10 ns, C2 = 120 pF .

One last considerat ion sho uld be made wi th the
diode in the " ON" state. The pow er d issipated by
the DH0035 is l imited to 1.5W (see T able I). The
DH0035 d issipates the maxi mum pow er with a s
" ON" . With a s " OFF", neglible pow er is dissi­
pated by the device. Power dissipat io n is given by :

Figure 6 shows the DH0 035 drivi ng a cathode
grounded PIN diode swi tch. Th e peak turn-on
current is given by :

= BOO rnA fo r th e values shown .

x (D.C.) ~ Pm a x (12)

The steady state current, IDC, is set by Rp and is
given by :

(15)
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FIGURE 6. Cathode Grounded Driver

where: 2V BE = forward d rop of 0 4 base emitter
junct ion plu s VI o f th e PIN diode = l.4V.

In terms of Rp, equati on ( 15) becomes:

Again, the power d issipat ed by th e DH0035 must
be considered. In th e " OFF" state, th e power
di ssipat ion is given by :

(20)

where: D.C. = duty cycle =

The " ON " po wer dissipat ion is given by :

" OFF" time

" OFF" t ime + " ON" time

l o c X IVC)ON ] (1 - D.C.)

(21)

[

(VC)ON2
PON = - R-

3
- - +

( 16)

It now remains to select the value of C,. To do
this, the change in voltage across C, must be
evaluated. In the " ON " state, th e vol tage across
C" Vc, is given by :

For th e circ ui t o f Figu re 6, and l oc = 100 mA,
Rp is 62 ohms (nearest standard value).

For the values indicated above, (VC)ON 3.8V .

In the " O FF" state, Vc is given by :

( 17)

where: (VC)ON is def ined by equati on (16).

Tot al power di ssipated by the DH0035 is simply
PON + POFF' For a 50% duty cyc le and the ci r­
cuit of Figure 6, P diss = 616 mW.

= 8.0V for the circ ui t of Figure 6.

Hence, th e change in voltage across C, is:

V (VC)OFF - (VC)ON

8 0 - 3.8

4.2V

(18)

Th e peak turn -off cu rrent is, as ind icated earlie r,
equal to 50 mA x h'e which is about 1000 mA o
Once th e excess stored char ge is removed, the
curren t through 0 5 dr op s to the diodes leakage
curre nt . Reverse bias across th e diod e = V- - V sat ""

- 1OV for the circuit o f Figure 6.

REPET ITION RATE CONSIDE RATIONS

The value of C, is given, as before, by equati on
(11) :

C, ( 19)

A l though ignored unt il now, the PRF, in part icular,
th e " O FF" t im e of the PIN diod e is im port ant in
select ion o f C2, RM , and C" Rp. Th e capacit or s
must recharge completely during the di ode " OF F"
tim e. In sho rt :

For a diode with 1

C, = 250 pF.
10 ns and IDe 100 mA,

4 RpC, ~ t OFF

(22a)

(22 b)
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FIGUR E 7. RF Turn-On 110 nsfe m )

CONCLUSIO N

The circu it o f Figure 6 was breadboarded and
tested in con junct ion wi th a Hew lett-Packard
336 22A PIN di ode.

IDe was set at 100 mA, V · = 10.0V, V- = 10V .
Input signal to th e DM8830 was a 5V peak,
100 k Hz, 5 /1S wide pu lse train. RF turn-on was
accomp l ished in 10- 12 ns while tu rn - o ff t ook
approx imately 5 ns, as shown in Figures 7 and 8.

In practi ce, adju stm ent C2 (C1 ) may be requ ired
to acco mmodate the part icul ar PIN diode mi norit y
carr ier life ti me.

SUMMARY

A un ique circuit uti li zed in th e drivi ng of PIN
di odes has been present ed. Further a techni que

AN49- 6

FIG URE 8. RF Turn-Off ( 10 nsfem l

has been demonstrated which enable the designer
to tai lor the DH0035 driver to the PIN di ode
appl ication.
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A UNIQUE MONOLITHIC
AGC/SQUELCH AMPLIFIER
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INTRODUCTION

As complex ity and usage of communication
systems increases, there is a growing use of a
specia l class of circui try, designed to make t he
system mor e conven ient to t he user, as we ll as
allowing it to adapt to changes in t he t ransmission
channel. T he most co mmo n function is voltage­
variab le gain, used in vo lume compression and
expansion , a nd a specia lized case , squ elch , in
which gain remains eit her in it s maximum or
minimu m state.

T he ma in pro b lem in such c ircuit ry is find ing a
suitable nonlinear elemen t to do t he job. Conven­
tional elem ents, appearing in Table 1, sha re
commo n prob lem s of distort ion , cost , limited
signal handling capa bili t y, sometimes limited ga in
reduct ion range , and usually insert unwant ed

tr ansients o nto the signa l dur ing period s of ra pid
ga in ch anging. Two mechanisms may be defined
for th ese elements; either effect ive resistance or
effec tive t ransco nd uctance is varie d by the DC
con trol vo ltage. Becau se t he variat ion is acco m­
plished by changi ng quiescent operating po ints,
DC decoupling is required at the output, and only
AC signa ls may be ha ndled . DC decou pling,
however, still a llow s rapi d cha nges in DC operating
poin t to be tr ansm itted as switching tr ansient s.
While linearity is claimed for F ET and the lamp­
pho tocell schemes, such linearity is still o nly part
of a large-signal non linear characteristic . With any
o f t he e leme nts, quasi·linearity is obta ined by
traversing a small segment of t he overall element
range; hence, variable gain ele ments must precede
an y system vol tage ga in.
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TABL E 1. Co nvent ional Gain Con trol Elements

CONTR OLI LARGE
ELEMEN T MECHANISM CONTROL OUTPUT SIGNAL COMMEN TS

RA NGE ISOLAT ION HA ND LI NG

P·N J unct ion For w ard Resistance Good Poor Poor Simpl e, pred ictab le

Bipolar Tra nsisto r Sat ura t ion Resist ance Fair Poor Fair Bet a Depe ndent

FET Channel Resistance Good Poor Fair Unp redictable gat e
co nt ro l vo lta ge
requ ir ement s; for
d riving fair ly h igh
im ped ance loads

Phot ocell -Lamp Pho to cell Resistance Good Good Good Requ ir es po wer to
d rive lamp; cell mus t
be shie lded fro m
ambien t light

FET Tran sco nd uctance Fair Poor Poor Unpr edi ct abl e gat e
con tro l vo ltage
requirem ents; for
d r iving fair ly h igh
impedance loads

Bipo lar Tr ansistor Tran sco ndu cta nce Fair Poor Poor Cornmontv used in
AM·IF app licat io ns

Tetr ode Vacuu m Tube Transco nd uctance Fa ir Poor Go od Filament Power
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A MONOLITHIC APPROACH

Because o f the inexpensive complex it y possible
w ith monoli thic construction, techniques may be
used wh ich ci rcumvent many of th e shortcomings
of di screte gain control circu its. T he balanced
di ode attenuator of Figure 1 allo ws variable series-

."..."... ,~,VU T CO~~':O(

..'
I I

~::~ :: .
-= -e-

FIG UR E 1. Balanced D iode Attenu ato r

shunt attenuation, and if used in a differentia l cir­
cu it , with mon olithic matching, can cancel all
spuri ous con t ro l-signal effects at th e output. F ig­
ure 2 gives a subsystem block diagram , for etfec ­
t ively con t ro lling the balanced arrang ement of
Figure 1. A n input differentia l amplifier pro vides
differentia l d iode dr ive even if on ly single ended
in puts are available, and keeps the common-mode
OC level to 0 3 and 0 6 at a constant level. Not ice
th at emi tter followers have been substituted for
sim ple diodes, giving higher input im pedance, and
superior gain reducti on range. The input d iff.-amp .
also prevent s gain changes f rom affec t ing th e input
impedance. Since th e cont rol elements are quasi­
lin ear on ly fo r small signal vo ltages, th e in put diff.·
amp. has un ity gain, w ith all ci rcu it gain being
performed afte r the var iabl e elements.

A feedback cir cuit senses commo n-mode output
f rom the emitte r fo ll owers, and compares it with
the DC contro l voltage, to reliably set attenuation
characterist ics. For max imum gain, 0 3 and 0 6
behave as ordi nary em itter foll owers. A s th e con­
tr o l vol tage ri ses, 0 4 and Os begin to conduct,
ef fect ively "robbing" 0 3 and 0 6 of avai lable DC
emi tter current . Consequentl y , dynamic emi tte r
resistances of 0 3 and 0 6 , in ser ies wi th the signal,
increase, while th ose of 0 4 and Os decrease,
shunt ing across the signal. In th e lim it , 0 3 and 0 6
are completely cut off, and the shunt pair full y
conduct ing.

FIGURE 2. System Bloc k Diagram

Emitter fo l lower output is fed in to a different ial
input, single-ended ou tp ut amp l if ier, wh ere com­
mon-mod e changes resulting from th e gain con trol
voltage are rejected, and the signal is ampli f ied to
usable levels. Th us, the system is a variable gain
OC amplifier.

r---~>---""--""-""---<~""""---<~--""--<~--<ll-""~>---<~-o - vee

L--....--.....---4~--...-4~---<~....- - -+-............_.......f-...._ ......._.O,,. ,GU

FIG URE 3. LM170 Schemat ic

A N51-2



MONOLI THIC REA LI ZA T ION

A pract ical version of Figur e 2' s b lock diagram,
National's LM170 appears as a schemat ic in Fig­
ure 3. Despit e it s apparent comp lex ity, and it s use
of 34 ju nct ion devices and 20 resistor s, th e ent ire
ci rcu it has been compressed onto a 39 x 42 mil
mono lith ic chi p, Figure 4, smaller than most
operat ional amplifie rs.

FIG URE 4. L M 170 Ch ip

Examining f ir st th e inpu t ci rcu it, F igure 5, one
may not ice that the conf igu rat ion is essentia ll y
th at o f th e high ly successful LM 101 operat ional
ampl if ier. Emitter fo ll owers, Q , and Q 2' combine
with an unusual lateral PNP conf igurat ion, Q' 2

and Q' 3 , to allow large common -mode inpu t range
(up to and inc luding the posit ive supp ly vol tage).
low input offset vo ltage, and the ability to w ith­
stand large different ial inpu t overvo ltages without
damage. Com mon-mode feedback to a dif ferent ial
current source, Q '4 and Q , s , along with a stable,
d iod e determ ined reference, auto matically biases
th e differenti al input configuration to give consta nt
and predictabl e DC common-mo de outpu t voltage,
desp it e varia tions in th e relat ively un predictable
lat eral PNP " beta" . Th e inpu t circu it draws con­
stant power supp ly current regardl ess of power
supply vo ltage, and consequently exh ibits pr edict­
able input impedance and bi as current s.

."'101::

FIGU RE 5 . LM170 Input D iff erent ial Ampl ifi er

Th e gain con tro l ci rcu it , Fi gure 6, operates as ou t­
lined in Figure 2; Q 2S, 0 26 and 0 2 7 form th e

con t ro l feedback amplifi er ; Q22 and Q23 are
matc hed constant current sources, whose opera­
tion is stabi l ized by the same circui t th at regulates
the input stage. Rather than obtain a common­
mod e feedback voltage with resistor s as in Figur e
2, Q10 and Q" are used, savin g chip space reducing
emitte r foll ow er loading, and giv ing a fi xed vo ltage
drop at th e summ ing po int . Two em itter fol lowers,
Q 24 and Q 32 are availab le as gain control inputs,
allowing considerabl e control versatility , and may
be used as peak detectors, as we ll. Cont rol input
overvo lt age prot ect ion is prov ided by zener diodes
(reverse base-emi t ter junct io ns). Q 3 3 and Q 34 ,

whi le feedback amp lifier excu rsio n is limited by
another zener, Q 3S' Bias levels are set so th at AG C
act ion begins when th e appl ied cont ro l vo ltage
equals three forward diode dr ops, abou t +2.1V . As
cont ro l vol tage is fur th er increased, gain is reduced
by progressively shun t ing current .fr orn Q 3 and Q 6
in to Q 4 and Q s ; the "transi t ion w id th" o f the
system is abou t 400 mV, so that above approx i­
mately +2.5V, min imum gain is obtained. These
cont ro l levels were chosen to be com pat ible wi th
tun ed gain cont ro l ampl if iers, such as th e LM 171
RF /IF ampli f ier, elsewhere in the sys tem, and to
allow the circ u it to be dri ven, in swit ched-gain
appl icat ions, by stan dard monoli th ic 5V logic,
such as TTL, DT L, or RT L.

u;;~, ,-----------'

FI GU RE 6. LM170 A GC Sect ion

To incr ease usable dyn am ic input range, and de­
crease distort ion, R2 , R3 , R4 and Rs are added
to th e d ifferent ial gain contro l sect ion . These
resistors have litt le effect on other ci rcu it pararn­
eters, but help to "lineari ze" the tr ansfer charac­
teristic through out th e gain contro l region.

The ou tput stage, Figure 7, pr ovides large common­
mode rejecti on, and a single-ended ou tput, wh ich
has a quiescent value halfway betw een grou nd and
th e positive supply. Output stage voltage gain is a
functi on o f supply volt age, being approx imat ely
100 (40 dB) at Vee = 12V. Thus, except for i ts
lower gain, th e LM 170 has the same configu rat ion
and essent ial charact eri stics as an operational am­
p lif ier.

Output impedance is int entionally h igh (5000
ohm s), and short -circuit resistant. Th us, any num -
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FIGU RE 7. LM170 Output Stage

ber of LM 170' s may be d irec t ly ti ed togeth er at
thei r out puts, for mul t i-channel mi x ing or swit ch­
ing appl icat ions.

For AGC systems, ou tpu t signal vol tage is usually
peak-detected, and fed back to the gain cont ro l
input, main tain ing essen tia ll y const ant output vo lt ­
age with w idely vary ing input siqnals. In th e case
of squelch , however, th e output is normally corn­
ple tely o ff , in th e absence of input signals; thus,
contro l vo ltage for squelch operat ion cannot be
derived f rom th e outpu t , but must be sampled
before th e gain-reduction stage. Figure 8 shows th e
built-in squelch ampli f ier and detect or. Lateral
PNP tran sistor s 0 ' 2 and 0 ' 3 are cons tructed w it h
tw o collec tors each, so th at different ial signals
dr ive the gain con trol stage, across R ' 3 and R , 4 ,

and separately , fr om the second pair of collectors,
drive 0 2 0 , 0 3 6 , and 0 2 1. Th e qui escent current
from the ext ra coll ector s is regulat ed by the same
feedback ci rcu it that cont ro ls operat ion of th e
input stage. I f an ext erna l resistor (or potenti ­
ometer ) is connected fr om Pin 7 to gro und, it w i ll
serve as coll ector load for 0 12 , and can be user
adjusted so that 0 20 , normall y saturated, turns o ff
fo r peak signal voltages exceeding any desired
valu e. When thi s happens, 0 3 6 and 0 2 1 tu rn on,
disch arging an external capacitor, and br inging the
vo ltage at Pin 6 below th e thre shold requ ired to
turn the ampli f ier full y on . Since th e co llec tor
load for 0 2 0 is a current source, in parall el with a
high imp edance Darl ington pair, 0 3 6 and 0 2 1, th e
voltage gain of the squelch detecto r is very high,
and abrupt action occurs with even small incom ing
signals.

FIGURE 8. LM170 Squ elch Detector

Th e ex ternal capacito r and large charg ing resistor
can be chosen for time constants up to several sec­
onds, for releasing th e squelch ; th e geometr y of
0 2 1, however, is large, allowing a very fast d is-

AN51-4

charge of the time con stant capacitor, so that
ef fect ive fast-at tac k , slow-release squelch occurs .
Since 0 2 1 is part of a Darl ington, and has a base
current limiting resistor, R20 , i t w ill nei t her satu ­
rate nor damage itself when large elect ro lytic
capaci tors are used; however, i t wi ll draw suff ici­
ent ly large currents to bring th e capacitor below
th e 2.1V gain control threshold , and then taper
off in d ischarge rate .

GENERAL APPLICATION CONSIDERATIONS

As w ith any device capable of produ cing gain,
when using the LM 170, consideration must be
given to proper layout of th e device and its ex ter­
nal circ u it ry to prevent any undesirable feedback
that may cause oscillation. Since the in puts may
be biased either d irect ly from V ee or ind irect ly
through a div ider network, ef fecti ve power suppl y
bypassing is essenti al. To guarante e effective by­
passing at all frequ encies, multiple bypassing should
be used. A large capacitor, 10 J.i.F or greater, shou ld
be used to absorb all low frequency power supp ly
var iat ions and a smalle r capacitor, approximately
.01 J.i. F, t o prevent any high fr equency feedback
through Ve e. Th ese shou ld be located as ph ysicall y
close to the devic e as possib le.

"J$r' ~. ,t· It 10 I I t
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FIGURE 9. Input Biasing FIGURE 10. Input Biasing

and Oecoup ling N etwo rk and D ecoupl ing Ne tw ork

Add it ional DC input stab il ity may be necessary .
Th is is most easily accompl ished by a series RC
roll -off fr om V ee to the inpu ts to ground. If the
inputs are to be biased di rectly f rom Vee, the
network shou ld be connect ed as in Figure 9.
Values of 1k ohm s and 10 J.i. F give a ro ll -off that
is 3 dB down, at appro x imately 17 Hz. Since the
in put b ias current is typically around 8.0 J.i.A, th e
vo ltage drop across th e 1k ohm resistor will be
negl igible. If th e inputs are biased at some common
mod e voltage less than Vee, th en th e additi on of a
single capaci to r from the com mon mode input
point to ground accompli shes th e same thing (see
Figure 10). Again, a value of appro x imately 10 J.i. F
wi ll give ef fect ive roll -off.

The input stage exh ibi ts th e same high to lerance to
abuse as does th e LM 101 ; large current sforced into
either input (when input voltage exceeds the posi­
t ive supply by more than 0.7V, fo r example)
should be avoided. If such tra nsients normall y
occur in the system, as f requently is th e case
during turn on or turn off, pr o tect the inputs w ith
series inp ut resistance .

A n inspect ion of the self· balancing act ion wi thin
the LM 170 explains how large gain changes can be
achieved , without appreciable DC output shift.
Obviously , if all components in th e circuit are



exact ly matched , this will work perfect ly. There
are two possible sou rces of DC outpu t shift in the
LM170 . Th e first is an unavoidable sma ll Ve E mis­
match between cr it ical components, causing small
d ifferential sh ifts to appea r ahead of the ou tput
gain stage, alon g with the usual large com mon ­
mod e shift s. Units are selec ted , to various specifi­
cat ions, at the facto ry, for low output shift . The
second source of DC shift is externally induced in­
put of fset vo ltage. As wit h any op erat ional -type
amplifie r, a certa in bias current must flow into each
input, in t he micro amp ere range, to o perate th e
input tra nsistors. While inpu t offset current (t he
d iffere nce between th e two input currents) is very
low, use of unequ al source resistan ces will cause
different vo ltage dr op s across each input resistor
or a net inpu t offset voltag e. For criti cal applica­
tions, then , especiall y if large input resistance is
used, it is recommend ed that equal inpu t resistor s
be used. Conversely, if the least ex pensive graded
un its are used , and min imu m output shift is still of
importance, input offset vo ltage may be individu al·
Iy trimmed for each uni t, to give near ly ideal
characterist ics, as observed on an osci llosco pe.

Ano ther serious source of offset can occur when a
large capacitor is used to couple to th e inp ut o f th e
LM170. This may cause br ief period s of posit ive
feed back during a portion of the inpu t wavefo rm
cycl e, during which th e device may oscillat e. Th is
may be easily prevent ed , however, by con nect ing a
capacitor of approximately the same value as the
input capacitor from th e unu sed input term inal
to grou nd .

Gain contro l input s, Pins 3 and 4, are shun ted by
6.5V zener diode s. If control voltage is antic ipate d
to go abov e +6.5V, and if the dr iving source is
capable of provid ing mor e than about 10 mA
under th ese con di t ions, it is advisable to prot ect
the zeners with a series resistan ce a t each gain
control input .

While th e large geom etr y squelch ou t put tr ansistor ,
O2 , , is capable of sinking large instan taneous
discharge currents from electrolyt ic capa citors, it
is not advisab le to attempt sinking large (mo re
than 50 or 100 mAl co nt inuo us curr ent s fro m
"st iff" vo ltage sources, wh ich may cau se large
d issipat ion on the chi p.

Th e LM170's abil ity to acce pt co mmon-mode
input voltage equal to the positive supply can be a
great convenience to the circui t designer, and saves
severa l components, in such app lications as dir ect
dy namic microphone dri ve. It should be real ized ,
however, that this system works onl y with the
small (under 100 mV) input signa ls for which th e
circu it was intended . While input tr ansistors 0,
and O2 st ill are effective as emitt er followers with
zero, and even less th an zero volts co rrecto r-to ­
base, large positive base voltages (mo re than abo ut
400 mV above th e posit ive supply, will allow 0,
and O2 to satu rate , degrading amplifier gain, input
imped ance , bandwidth, and input bias current.
Normal o peration sho uld never see mo re th an
abo ut 50 mV of input signal , so that th is is not a
prob lem.

AGC APPLICA nONS

AGC Using Built in Detectors

In most syste ms, the LM170 will be fo llowed by
further vo lta ge amp lificat ion. This may be advan ­
tageous , as it can provide increased for ward gain in
th e AGC loop, result ing in tighter ou tput regula­
tion. In syste ms having widely vary ing load imped­
ances, AGC der ived from th e system ou tput can
automat ically comp ensate for additiona l ou tp ut
load ing. Connected as in Figure 11, th e em itter
follower at Pin 4 is used as a high impedance
detector, wit h det ector smoo thing performed by a
capacito r at Pin 2. DC thr eshold for th e detector is
set at any desired level by a potentiometer, deter­
mining th e posit ive peak output voltage which
initiat es gain regula tion .
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FIGURE t 1. LM170 AGe Using Int ernal Peak Detecto r
and Add itio nal System Gain

A word of cau t ion is necessary here. When oper­
ati ng th e LM170 with an ex ternal gain stage to
provide very high AGC loo p gains (on the order of
several hundred ). prop er layout is essent ial. As
with an y hiqh gain circu itry, good power supply
regula tion is a necess ity. Multip le bypass capacitors
are used (Figure 11) to give effect ive wide band
filtering. Th is shou ld prevent any undesirable rip­
pies or trans ient spike s from be ing transferred from
one device to another th rough Ve e .

Depe nd ing on th e amo unt of external loop gain
desired, several other steps may be nec essary. As
with many other AGC circui ts, there is a DC shift
in output voltage assoc iated with the chan ge in
appli ed AGC contr ol voltag e. If this shift is fast
enough and of suff icient magn itude, it may be
coupled from th e output of the LM170 to the
follo wing gain stage. Th is may cause severe spik ing
in the output o f the LM170 wh ich may swing th e
gain stage into limit ing causing extreme distort ion.
Thi s can be prevented by pro viding a given amo unt
of offse t in a given d irecti on to th e input of the
LM170 . If an increase in AGC voltage at th e AGC
th reshold causes a posit ive sh ift in out put voltage,
it may be fed back thr ou gh the syst em to cause
a fur the r increase in AGC contro l vo ltage. If.
however, an increase in AGC voltage causes a
negative shift in output voltage, when th is shift
is fed back it will te nd to decrease AGC volt age
which shou ld help to prevent th e sp ike from
occurring. In normal applicat ion, th e LM170 inputs
are biased with approxi mate ly 2 k!1 resistors. If a
resistor on th e ord er of 5 M!1 is t ied from the
invert ing input (Pin 1) to ground , it will provide
enough offset to con trol both th e direc tion and
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FIG UR E 13 . Int ernal Full Wave AGe Detect ion

AGC CIRCUIT WITH TRANSISTOR DET ECTOR

FIGU RE 14. Typ ical Voltage Gain vs AGe Contro l
Voltage (Pin 3 or Pin 4 1
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output of the LM170 or of following gain stages if
they are used . If driven dir ectly from the out put of
the LM170. a primar y impedance great er than
50 kQ is acceptable. Figure 14 shows that AGC
voltage inputs greater th an approxi mate ly 2.5V will
provide maximum available gain reducti on. Th ere-
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V AOC CONTROL(VI

for e if th e tran sform er output provid es a volt age
swing of approximate ly 3V peak, it will be more
than adeq uat e to operat e th e LM170 over its
entire AGC range.

Care shou ld be taken to avoid exposing the circuit
to an y RF rad iat ion or 60 Hz power line fields as
they may get into the high gain loo p and cause
errat ic AGC action. Coupl ing capacitor s should
be selected to give proper ope ration over th e
desir ed range of frequencies. In Figure 11, the low
frequency limiting factor is th e .0 1 AGC feedback
capacitor which gives a ro ll off nea r 160 Hz.
Increasing its size wou ld propo rtionally lower the
low frequency cu toff .

The other prob lem th at may occ ur can resu lt from
too large an AC swing at the AGC co ntro l point.
Pins 3 and 4 are protect ed from posit ive over
vo ltages by a 6.3V zene r. If the AC swing is so
large that it swings negat ive below .7V, the zener
will be for ward biased . If th is occu rs, a parasit ic
NPN transistor can be form ed caus ing an undesired
tra nsisto r act ion . To prevent this. two solu t ions are
available. In the first a german ium dio de can be
used to shun t all negat ive swings fro m th e AGC
pin to ground. It is tied d irectly from t he AGC pin
(Pin 3 or Pin 4) to ground. be ing fo rward biased if
the AC signal trie s to swing negative. Th e alte rna te
method. as sho wn in Figure 11 is a silicon d iode in
series with th e AGC pin. It is forward biased for all
positiv e voltag es so DC bias is provided and all posi­
t ive going AC swings prov ide prop er AGC action .
All negati ve swing are pro mptly cut off at +0.7V.

magnitude of the output shift. A potentiomete r
may be subst ituted to trim the offset to any
des ired value.

Figure 12 shows the ou tp ut regulat ion result inq
from thi s syst em with an added 46 dB of voltage
gain follow ing the LM170.

FIGU R E 12. AGe Transfer Charact erist ics, Internal
Detector. For Vary ing Inputs

In Figure 15, an ex terna l PNP trans isto r ac ts as a
negativ e peak detector, with threshold set by a
pot ent iometer . In its qu iescent state, th e PNP tran­
sisto r is off ; negat ive go ing signal peaks , AC
cou pled to the det ector, cause momentary co nduc­
tion, which turns o n th e high impe dance gain
control input. Pin 4. Pin 2 is bypassed by a rela­
t ively large capa cit or wh ich will charge. and
mainta in a suffic ient DC vo ltage to operate the
amplifier's gain at th e correct level. Th is level, set
by the thr eshold pot entiomet er. is th e point at
which negativ e peaks marginally turn on th e PNP
transistor. Th us, as input signal level increases, the
circuit automat ically lowers gain. to maintain a
co nstant peak-to -peak output level. Since the cap a­
c ito r at Pin 2 cannot fo llow instantaneous audi o

Vert. = output . 10 mV/cm
Har iz . .. input , 10 mV /cm

Both available AGC inputs may be used. as in
Figure 13. to prov ide fu ll-wave ou tput detect ion .
which responds to both positive and negative
ou tput peak voltages.

If a transformer is used to provide full wave AGC
det ect ion as shown in Figure 13, it must be cho sen
to meet two criteria . First , it must have a high
enough input impedance to avoid load ing down th e FIGUR E 15. AG e Circuit with External Peak Detec to r
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variat ions, aud io frequen cy linearity is not d is­
turb ed , a ltho ugh charging from the low impedance
of Pin 2 and discha rging through a much higher
resistan ce , ca uses fast att ack, slow release AGC
action .

In th is example, co m mon -mode input bias is o b­
tain ed d irectly from Vcc. through equal resistor s,
to minimize o ffse ts resulting from input bias
curren t.

The fam ily of transfer cha racterist ics, Figur e 16,
show s th at some ou tput increase occurs as th e
input incr eases, but by only a sma ll percentage.

FI GURE 16. AG e Transfer Charact erist ics Transist or
D etector, For V ary ing Inputs

Vert . = output . 10mV/c m
Har iz. = in put . 10mV/cm

When using an external peak det ect or, prop er
layout and biasin g are essen t ial to prevent th e
tran sistor from osci llatin g. As always multiple
byp assing of th e power su pply should be used . In
add it ion, a capacitor of approx imat ely .0 1 /-IF
should be connected fro m th e base of th e PNP to
th e collector and from th e base to Vee. Th ese
prevent any posit ive feedb ack from ca us ing th e
exte rnal peak det ect or to osci llate .

SQUELCH APPLICATIONS

Squelch Preampl ifier with Hysteresis

Aud io squelch is useful in noisy acoustic environ­
me nts, to suppress backg round micro ph one noises,
and in receiving systems, whe re the con stant clatt er

FIGURE 17 . Squelched Preamplifier with H ysteresis

of an unu sed transm rssion channel mus t be re­
moved , until useful information is recei ved . Th e
sque lch circu it of Figur e 17 includes a nu mb er of
refinements, which make it smooth-acting, and
easy on th e ear of th e listener .

Th e thr eshold pot entiom et er at Pin 7 is manually
set to cut in at any desired input level. The large
capac itor at Pin 6, and its associated cha rging
resistor , may be cho sen to give squelch release
t imes of as much as several seconds, while the
large current sinking capability into Pin 6 assures
fast attack , so that first speech sy llab les are not
lost .

A portion of th e voltage at Pin 6 is fed back to
the threshold potentiometer; since th ere are two
stable vol tage states at Pin 6, th is crea tes a co n­
tr olled amount of hy ste resis in the squ elch circui t .
Th us, there ex ists a "dead ba nd " of sque lch
sensitivity , which greatly enhances the circuit's
immunity to rapid transmissio n channel fad ing, or
erratic speech patt ern s. Combined wi th th e slow­
release characteristic, hyst eresis gives a very well­
beha ved sque lch system. A typica l thr esh old con­
tro l setting might be one at which amplifica tion
begins above a 20 mV Pop input. With the feedb ack
valu es shown, the input level must consiste nt ly
stay below 12 mV Pop befo re gain is cut off. Th e
small feedback resisto r may be eliminated if hys­
teresis is no t required .

While squelch a ttack is ab ru pt , re lease follows the
slow charging contour of the t ime constant capaci­
tor , thr ou gh th e logarithmic gain control region.
Thus, gain " fades out" following cessation of
speech , ra the r th an the less ear-p leasinq eff ect of
co nventional squelch circuits, in which a rush of
bac kgrou nd no ise may be heard. followed by an
abrupt and often percussive cutoff.

Th e t ime constant capacitor is charged by a volt­
age div ider, rather than a single resist or, so that its
quiescent charged voltage is about +3 V, with the
values shown. from a +12V supply . There is no
need to charge th e capacitor much above this
point, beca use gain has already been co mpletel y
cut off , and furth er charging only mak es mor e
wo rk for the large geo metry transistor at Pin 6, in
performing its rap id discharge func tion . In any
event , if a sing le cha rging resist or is used, the
timi ng capacitor cannot charge above abou t +6.5V,
because both Pins 3 and 4 are shun te d int ernally
by pro tect ive zen er dio de s.

In Figure 17, the LM170 ap pears in another o f its
many pos sib le input con figurations. It is direct ly
dr iven by a low resistance dynam ic o r con tro lled­
magneti c microphon e. with no other input biasing
componen ts requ ired . The amplifier is compact
enough to fit inside even the sma llest co mmercial
micro phone cases; its low curre nt dra in from sup ­
plies between +4.5 and +6 .0V would perm it inc tu­
sion of batteries wit h in th e same case .

Figure 18 illust rates ho w a large number of such
mic rophones could be dir ect ly connected to a
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FIGURE 18. Random Access Microphone System

common bus, at their out puts, to give a rando m
access, aut om ati c break- in public address or paging
system, which m ight be useful, fo r example, at a
large con ference table, or in a courtroom . While
backg round noises at each m icrophone locat ion
would be suppressed, close talk ing wou ld immed i­
ately allow one or more speakers to be heard. Be­
cause squelch switching levels are com pati ble w ith
TTL logic, a pr iority logic system cou ld be devised,
wh ich would not on ly give cert ain speakers " break­
in " pr ior it y, bu t allow th em to automati cally cut
off certa in other speakers at th e same t im e.

TRANSMITTER OR TAPE RECORDER VOX

In addition to squelching its own gain, th e LM 170
can becom e a vo ice-operated-relay contro l, or
VO X, to sw itch high powered elect ron ic or electro ­
mechanical devi ces. Au tom at ic t ransm it -receive
op erati on is possible in tw o way comm un icat ion
systems, or tap e recorder motors may be sw itched
on at th e fi rst sy llab le of infrequent speech, such
as in dictation, conserv ing tape.

To handle large amounts of power, all th at is
needed is a small PNP power tr ansistor, dr iv ing a
relay, which can have mult ipl e poles. A ct ion is
essent ially the same as in squelch operation , except
that the capacitor d ischarged by Pin 6 is charged
by th e relay dr iv ing ci rcu itry . Th e am pli f ier may
sim ultaneously be used as a continuous-ru nn ing
preamplif ier, may be squelched along with th e
relay , or may even operate w ith an independent
AGC signal, in to Pin 3 or 4.
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FIGU RE 19 . VOX Preamp

A reed relay is shown in the schematic of Fig­
ur e 19, but any fast actinq relay may be used. Th e
relay coi l is shunted by a diode, to protect the
PNP transistor . If power supply impedance is h igh
th e circui t may tend to oscillate; bypa ssing th e
supply w it h a fairl y large capacitor wi ll eli m inate
the problem.
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OSCIL LATORS

Wien- Bri dge Oscillator Using the LM170

Th e classic Wien-Bridge Oscillator is sti ll a pop ul ar
cho ice fo r many designs.

A br ief review of th e princ ipl e of this form of
osci ll ato r will show ho w ideally suited is th e
LM 170 to this config uration .

Figur e 20 show s the general configurati on of the
Wien-Bri dge oscill ator.

FIGURE 20. General Wien-Bridge Oscillato r Conf iguration

Th e com ponents RIC, and RzCz fo rm a positive
feedback network whose tran sfer, it can be show n,
is a maxi mum when the lead produced by R,C ,
and the lag afforded by RzCz have th e same value.
At thi s condit ion th e "ga in " of the network's is

1
A v = ( 1 + R1/R z + Cz/C, )

and the f requ ency is given by th e expression:

f =
21TVR, RzC, Cz

R3 and R4 fo rm a negativ e feedback loop and
cont ro l the gain of th e ampli fie r. For sustained
oscillati on, th e loop gain of th e system must equal
unit y (in pract ice sli ghtly greater), th erefor e the
condi tion fo r osci lla ti on is

R3 + R4 = 1 + ~ + Cz
~ Rz c;-

or

R3 ~ + Cz
R; Rz C,

Amp l itude control of an oscil lato r assist s in stabi ­
l izing its frequency as well as am plitude since it
prevents the po les fr om wandering about on their
root locu s plot with gain changes and ensures
start ing.

Pract ically, one of th e negat ive feedback resisto rs
is of ten made vol tage sensit ive to ensure reliable
start ing and to cont ro l th e output ampl itude. If R3
is chosen to be voltage sensit ive, it s character istic
has to be negative (such as a th ermistor) or more
usuall y R4 is th e con trol element , using, very
often, a ligh t bulb which has a positive vol tage­
resistance characterist ic.

The simple elements such as th e thermistor and
light bulb rely for th eir act ion on th eir th ermal
characterist ics. The response ti me fo r th ese devices
l imits their usefulness.

Alternatively th e gain of th e amplifier it self may
be var ied to afford ampli tude stabili ty .



It can now be seen how th e L M 170 dovet ails
nicely wi th th e Wien-Bridge Oscill ator conf igura­
t io n. It has gain, plu s and minu s inpu ts and an
auxi liar y contro l of gain via its " AGC Cont rol
input s" .

Figure 21 shows a suitab le low-f requency osci llator
design embodying th e pr incipl es just discussed .
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FIGURE 2 1. Wien-B, idge Osc illato r

Th e positive feedback loop fr om Pin 8, th e output ,
to Pin 10 uses R = 200 k and C = .1 for 8 Hz. The
R of the lag arm is formed from two resistors
whi ch provide bias for Pin 10, t hey are of course
in parall el with regard to signal. T he bias for Pin 1
is provided in th e same manner. Th e 820k resistor
together with the bias resistor s prov ides a max i­
mum loop gain of about 4, th e system needs a gain
of th ree for oscilla tion since th e atte nuation of
th e posit ive feedback loop at resonance is 3.

Th e resulting output is peak det ected at constant
Pin 4 of th e device wh ich is th e base of an emi tte r
fol lower biased by the externa l adjustable pot ent i­
ometer chain, th e amplit ude adjustment . Detector
smoothing is prov ided by the 1000 IlF capaci to r
connected to Pin 2, the emitte r of the detect or
emitte r follower. The large value is dictated in
this parti cul ar design by the desire to achieve
regulati on at about 10 Hz.

The fr equ ency may be changed by changing on ly
th e capacitors up to a few kHz, beyond th at it is
desirab le to reduce the br idge resistor values so
th at the inpu t curre nt offse t character istics of
the LM 170 do not limit th e perf or mance. Oscil ­
lator s up to a few MHz rnav then be fabricated.
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FIGURE 22 . O scillator D istort ion vs Outpu t Level

F igure 22 show s the di stortion versus ou tput
amp l itu de of th e circu it shown in Figur e 3 for
8 Hz and 80 Hz version s of the osci llator.

Decade Tunable Oscill ator

By using a modified tw in-tee feedback network ,
th e LM 170 w ill produce a sine wave oscillat ion,
tun able over one decade in fr equency . The tech­
niqu e used is shown in Figure 23 where wideband
posit ive feedback is applied to th e no n-invert ing
input by th e capaci t ive d ivider C, & C2 . Capacitor
C, also decouples th e input fr om supply noi se.

•': 'ON:...--.~ -,
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FIGURE 23 . Dec ade Tunabl e Osc illator

Negat ive feedback occurs through th e twin T at all
fr equencies except th e null frequency of the T
network, all owi ng the circu it to osci l late th ere.
T he nom inal low fr equency of oscil lat ion fo r th e
cir cuit is approximate ly 320 Hz w ith the assvrn­
metr ic paral lel T shown. A t th is fr equency and 1V
rms out , th e tot al harmon ic di stortion is under
0.25%. At th e upp er frequency lim it, 3300 Hz the
output has drop ped less than 1.5 dB and th e
distortion is 0.45%.

A Modulated 455 kHz Signal Generato r

A n inexp ensive, high " Q " , 455 kHz ceramic f il ter
may be subst ituted for th e tw in-tee feedback net-
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FIGURE 24. 455 kHz Modulat ed Con stant Ou tpu t
Osci llator

FIGURE 25 . 455 kH z Modulated by 100 Hz
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work of the previous example, to creat e a requ­
lated-output AM IF alignment generato r, Figure
24 . If the AGC th reshold voltage, which det ermines
sta bilized outpu t , is varied at a low (aud io) rate,
the output amplitude will be forced to track th e
audio mod ulat ion, as in Figure 25 .

circuitry, shown in Figure 27 connects one of the
AGC control pins, Pin 4, to the co llector of a
saturat ing switch, 0 2 1, at Pin 6. With no signal,
0 20 is saturate d and 0 2 1 is off, and Pin 6 sits at
th e voltage determined by the supply and resistive
dividing network , or by the internal zener.

The input conf igurati on shown in Figure 19 may
be used when two power suppli es are available
elsewhere in th e system, as it allows the inputs and
output of th e LM170 to be referred to ground. Of
cour se, any ot her suita ble input biasing sche me
may be used instead , for th e 455 kHz signal
generator.

Simultaneous Squelch & AGC Using the LM170

An inte rest ing application of th e LM170 involves
simu ltaneo usly obtaining AGC and a fast attack ,
slow release sque lch. It has been contribu ted by
B. Chandler Shaw of Bend ix Elect rodynamics,
North Hollywood , Californ ia.

..
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FIGURE 26 . Int ernal AGe Cont rol Circuitr y

FIGURE 27. Normal Squ elch Circui t

Note that no capacitor is connected to Pin 2. When
th e combination of peak decreasi ng signal currents
and low enou gh shun t-values of Squ elch Thr eshold
control are such th at th e base drive for 0 2 0 no
longer causes saturati on, 0 36 and 0 2 1 immed iately
turn on, rap idly discharging th e capaci to r at Pin 6,
lower ing the vol tage at Pins 4 and 2, and bringing
th e amplifier qu ickly up to full gain. Upon cessa­
t ion of the signal, 0 2 0 satura tes again turn ing
0 36 and 0 2 t off, and th e volt age at Pin 4 rises
acco rding to th e RC t ime constant of the network,
giving som e delay, and finally a smoo th turn -off
of the amp lifier.

In norma l AGC operat ion, a filter capaci to r is
requ ired on Pin 2 to sto re the peak AGC con tro l
signal. The circui try involved, shown in Figure 26,
uses the emitt er fo llower 0 24 as a buff er and peak
detecto r. Obviou sly, the volt age on th e filter capa ­
citor can be rap idly increased (lowering the gain)
by the curren t available throu gh the emitter fo l­
lower bu t decreases slow ly by d ischarging th rough
th e 50k resistor (increasing the gain)_This is exact­
ly oppos ite of what we require. The no rmal squelch

If a filte r capacitor were connected from Pin 2 to
ground, it would not be possible to lower qu ickly
th e voltage at Pin 2 to obtain a fast attack squelch.
However, if the capacitor C1 is connect ed to Pin 6,
as show n in Figure 28 , Pin 2 is drawn down
rapid ly when unsqu elch ing and the low imped­
ance path through 0 2 t provides th e grou nd for t he
filtering act ion requi red for AGC with signal and
th reshold level applied at Pin 3. With no signal ,
0 2 1 turns off and th e voltage at Pin 4 rises nor-
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IN9 14

'-__~W ",_ DC THAESHOl D

I
... I

___ l!!!,O .J
SQUEl CH

THRESHOLD

".

FIGUR E 28 . Simultaneous Squ elch and AGC
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FIGURE 30. Temperature Compen sat ing Circu itry

tr ol voltage goin g to Pin 3 or Pin 4 of th e LM170
to give the desired gain . To ad just th is circuit, th e
amount of th erm al compensat ion needed is deter­
m ined from the curves as before. The tempera ture
shift over the desired o perat ing ra nge and the
amount of gain needed are a lso known. Th erefore,
th e amount o f DC shift in AGC co nt ro l vo ltage is
also known by tak ing it str aight from the Av vs
Con trol Vol tage curv es. T his gives the number o f
mV per deg ree C requ ired . Potent iome ters R, and
R2 are then set to give proper operation. An ex ­
amp le is shown below :

mally , slow ly sque lch ing th e ampl ifier . Note th at
Ct becomes reverse b iased with no signal. S ince
the vo ltage be tween Pin 4 and 2 is only one diode
drop, th is is insufficient to forward bia s th e capa­
ci tor and no deform ing occu rs. Hysteresis is pro­
vided by th e pos it ive feed back to th e bottom end
of th e threshold control through the 33 k resistor.

Temperature Compensating Techniques

The LM170 AGC co nt ro l c ircu it is desi gned fo r a
" t ransi tio n wid th" of approx imat ely 400 mV, to
go from full ga in to practically zero output swing.
Due to th is narrow cont ro l vo ltage width and to
the AGC cont ro l stage be ing biased essent ially
fro m a three diode chain, the gain of the LM170 is
sub ject to large variat io n with temperature . (See
data sheet for curves of Av vs Cont rol Vol tage at
d ifferent t em peratu res.) With appro x imat ely a 2
m V per deg ree C shift per d iod e the th ree d iode
cha in bias voltage can vary by 600 m V over a t.T
of 100°C . As a wo rst case, at a given co ntrol vol t ­
age of 2.4 V at room tempera ture, th e gain may
vary from +40 dB at _55°C to -30 d B at +125° C.
Th is necessitat es th e use of an · ex te rnal vol tage
co mpen sation circuit that can sta bilize gain varia­
t ions ov er any te mperatu re range from _55°C to
+125° C.

Two circui ts we re found to be quite effec tive in
red uci ng vo ltage gain drift. Th e first has less corn ­
ponent s but is less flexible, wh ile the second is
sligh tly more difficul t to adj ust bu t gives a wide
degree of com pensation over the gua ranteed tern­
perature operat ing range.

Gain Required
Operating Temp erature
Range :

Cha nge in AGC Cont ro l
Voltage (from Av vs
Cont ro l Voltage Curves
in da ta sheet )

Th is mea ns

30 d B

- 55° C to +125° C

1.9 V to 2 .7V = BOO m V

BOOmV
1B00C or 4 .4 mVfC

't,<" 0'<"I ' " , ~ .

( 111/1 ~ l I LflIlJl ~I I
• u . • U I. ,, ,

':' . . ":' ..

Th e first circu it is shown in Figures 29A and 29B .
Figure 29A has on ly two d iod es and is used only
whe re a maximum shift of 4 mVf C in AGC con ­
t rol vo ltage is requ ired . Th is wi ll be effect ive at
gain levels only slight ly below maximum. Fr om th e
curv es it can be see n that at lower gain levels, mor e
th a n 4 mVfC of compensation is requ ired so th e
three d iode cha in show n in Figu re 29B is used .
Adjust ment is sim ple. Once the amount of co rn­
pensat ion neede d is found from th e curves and
th e correct circu it is chose n, potentiom et er Rt is
adjus ted to give th e desired gain.

FIGURE 29A . Temperature
Compensating Ci rcu itr y

FIGURE 29B. Temperatur e
Compensating Circu itry

Potent iom eter Rt shunts T t th ereby reduci ng th e
co mpensation fro m a max imum of 6 mVf C. The
valu e of R, wa s chosen to be appro x imate ly 10 k
ohms to prevent an unnecessary wast e of current
from Ve e .

Let R, = 10 kQ

To set fo r a T.C. of 4 .4 rnv , set R, to 4.4/6 .0 or
74 % of its tota l va lue or 74 00 ohms.

Now pot enti om et er R2 is used to set th e AGC
co nt ro l vo ltage to give a gain of 30 dB .

The relat ive displacement of the three te mperature
cu rves on th e Av vs Cont ro l voltage plot clea rly
sho ws th at th e relat io n bet ween contro l voltage
and temperature is not linear . Th er efor e. since
both of the compensating techn iqu es described
above are approximately linear. so me gain ch ange
with tem pera tu re is to be ex pec ted . Th is shift is
minimized however, by either of th ese simp le,
eas ily ad juste d , c ircu its so th at tota l va riations in
gain less than ±3 dB over th e enti re ope rat ing
ra nge is possible.

If a more flexible c ircu it is desired , the on e shown
in Figur e 30 can be used . Tr ansist or T, b iased by
R4 and 2R 4 prov ides a max imum of 6 mVfC
th ermal coeff icient. Potent iome ter R, shunt ing T "
is adjusted to provid e the amount of compensat ion
needed . Potent iometer R2 then sets the AGC con-

Conclusion

Th e LM170 is an ext reme ly versatile system co rn­
po nent , a llowin g sque lch and AGC in inexpensive
communi ca tion systems. As a genera l purpose vari­
able gain e leme nt , th e devic e op ens up man y new
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areas of c ircu it des ign, in wh ich clo sed loop gain
feedback may be used to co nt rol other parameters,
he re tofore never cons idered as co nveni ent vari­
abies. Its compat ibility with ord inary mo nol ith ic
log ic crea tes possibilit ies in d iqital-cornrnunication
sys te m inte rfac ing. The app licat ion s d iscussed in
th is repo rt shou ld st imu late fresh th ink ing, in
find ing new and usefu l services for a u niqu e vari­
ab le circu it element mad e possible o nly by mono­
lithic techno logy .

APPENDIX

Squelch Release T iming

Th e ti ming capaci to r from Pin 6 to grou nd in
Figure 17 is charged by an ex te rna l res istor (no rni ­
na lly 100 kn ), to de te rm ine the delay between
cessat ion of speech and turnoff of the LM 170 .
Figures 31 , 32 and 33 show ti mings availa ble fro m
5, 10 and 25 IJF capaci tors. Th e upp er t race is th e
input, 15 20 mV fcm. No tice that th e input does
not have to be co mplete ly shut off , but mu st on ly
remain belo w the ex te rnally set sque lch th resho ld
long eno ugh for the t im ing capac ito r to charge to
th e gain co nt ro l region . Both trac es are sho wn at
200 ms per d ivision .

Th e lower trace is th e amp lif ier's output. At first ,
since input level is be low th e sque lch threshold,
out put is zero . An ab rup t increase in input level
above th e th reshold cause s almo st immediat e tu rn­
on o f the amp lifier. When inp ut level is decreased
to its origina l value, amp lifie r out put follows
linearly, becau se ga in is st ill at its max imum value.
A delay per iod foll ows, durin g whic h th e t iming
capac itor char ges from th e low vol tage (less tha n
1V) previo usly forced by the sque lch ou tput , Pin 6,
up to th e gain co nt rol region, whic h begins at
about +2.1V. Th e capacitor is st ill cha rging along
an ex po nent ial RC curve while it passes through
th e gain co nt ro l region , so th at a gradu a l tu rnof f
is ob served, rat her than th e less p lea sant abru pt
turnoff of co nventiona l sque lch systems.

As an a lte rna t ive to choosi ng d iffe rent t iming
capaci tor values for d ifferent release t imes, a single
valu e may be used a long with a pot ent io met er
wh ich wo u ld replace t he lOOk chargin g res istor .
Th is wo u ld a llow a front panel va ria ble de lay
cont rol , access ible by the syst em user .
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FIGURE 32 . 10 ~ F Capacitor Timings
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HIGH SPEED ANALOG SWITCHES

SUMMARY

In th e past, many fact ors combined to make
precision, hi gh speed analog switc hing ci rcuits corn­
p lex and expensive, if not impossible. A un ique
monol ith ic J·FET fami ly opens new analog swi tch­
ing applicat ions wh ich requi re h igh toggle rates,
h igh frequency signal handling abili ty, and hi gh
level analog signals w ith broad dynamic range.

Called the AM 1000, AM 100 1 and A M 1002 analog
switches, these devices were developed specif icall y
for high speed analog switch ing applica tions. The
AM 1000 series overcomes the probl em of slow
swi tching speed norma lly associated with junction
FET analog swi tches. Whil e MOS analog switches
are no ted for thei r h igh speed, they have th e
pecul iar pro blem of their ON resistance being
modu lated by th e analo g signal level. Th e AM 1000
series elimina tes th is prob lem too.

Nati onal 's AM 1000 series analog switc hes are
simp le N-channel mon ol i thic integrated circuit
J-FETs. They are packaged in TO-72 (4-pin TO-18)
headers to reduce ci rcu it board space and yet
retain the advantages of a hermetically sealed
package.

WHA T IS AN AN ALOG SIGNAL?

An analog signal is an elec t ri ca l voltage (or
current ) whose level is an analog of cer tai n in­
form at ion. Thi s informat ion can be an elect rica l
level i tself, a voice signal, an elect rical analog
of a pressu re, tempe ratu re, posi tio n, etc.• or any
other data source. The analog informat ion may
also be precond it ioned by logarithm ic com pres­
sion or expansio n, or other desired " d istort ion."
If the analog informat ion does no t vary quick ly
with time and if many analog signals have to
be handled in a system , the analog informat ion
may be sampled per iod icall y rather tha n mon itored
cont inuously . Sampled data systems can dramat i­
call y redu ce cost and weight by proper ut il izati on
of availab le informat ion channel bandwidth wher e
the cost of add it ional data chann els becomes
expensive.

Septem ber 197 1

Th e telephon e companies are probab ly the most
adept at signal multi plexing, but othe r appl icat ions
are beginn ing to appear. Modern aircraft are using
mult iplex ing to reduce weight in wi re harn esses.
A ny app l icat ion s requ ir ing long mul t icondu ctor
cable runs are pr ime targets for economi c use of
analog signal mul t iplex ing.

T IM E DO MAIN MULTIPL EXING

Th ere are two basic types of multiplex ing: fr e­
quency domain mul ti p lexing and t ime domain
mult ipl ex ing . Frequency dom ain multip lex ing is
commo n in RF communicati ons, i t uses a numb er
of subcarrie rs on a data channel, each subcarr ier
being modu lated in some manne r. A n example
wo uld be FM radio standard broadcast wh ich has
hom e stereo mult ipl ex inf orm at ion (a suppressed
carrie r dou ble sideban d subcarr ier ) and the SCA
com mercial " background music " multiplex in­
formation (an FM modu lated subcarr ier ). When
the num ber of data channel s becom es great, fr e­
quency domain multiplexing becom es diff icult to
im plemen t.

In tim e domain mu lti plexing, a cer tain t im e slot
is allowed for sampl ing of a parti cu lar data line.
Thu s, if you sample some analog inf ormati on
during a 10 IlS t ime slot at a 10 k Hz rate, you
have t ime " left over" to sample ni ne ot her signals
at 10 IlS intervals at a 10 kHz rat e. If you can
improve the analog swi tc h device to execute a
suit able samp le in on ly 1 u s, you have made a
tenfold im pro vement and yo u have th e choice of
increasing system channel capabili t y to 100 chan­
nels (w ith no change in analog signal bandwid th ).
increasing analog signal fr equency band wi dt h by
10 t imes (wi th no increase in channe ls). or a co rn­
promise bet ween increasing signal bandwid th and
increasing the numb er of data channels. Th is is
what the AM 1000 fam il y of analo g switches is
all about; they allow short er sampl ing t imes for a
given signal accuracy.
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WHAT MAKES A GOOD AN ALOG SWITCH?

There are five principle param ete rs wh ich det er­
m ine how good an analog swi tch is:

ON resistance

ON resist ance modu lat io n

OFF resistance

Offset voltage

Commutation rate

Th ere are other con side ra tions which may a lso be
significant fo r special cases, bu t these five will
almost always have sign ificant bearing on a system
design. For most app lications, th ere are two de­
vices wh ich are th e most po pular- Ma S switches
and J-FET switches. Relays normally would be
a good choice but th ey wo n' t toggl e very fast .
In general , the MaS switc hes have had a speed ad­
vantage, and ease of fab ricati on advan tage, whe re­
as th e J·FET switches have an advanta ge of lower
ON resistance, no ON resistance mod ulation, higher
vo ltage capabi lity .4.5.6 Th e AM1000 family of
analog sw itches have all of th e advan tages of th e
J -FET plus h igh speed wh.ch makes it supe rior to
a ny MOS switch in a prec ision syst em.

WHAT MAKES THE AM1000 FAST?

Figure 1 shows a typical J- FET ci rcu it used in
ana log switc h ing. Diode D1 allows the gat e drive
signal to dr ive the gate negativ e thu s turning off
the J-FET switch. When the gat e drive signal goes
posit ive, d iode D, decouples the d rive from the
gat e and resisto r Rg disch arges the gat e-sou rce
capac ita nce . Rg mu st be large so it d oesn 't load
th e analog signa l, ty pical va lues for Rg are 100 kQ
and up; thus th e gate capacitance-sfi, t ime con­
sta nt is large wh ich precludes high switch ing rate s.
If C;ss of the J -FET is 15 p F no mina l and Rg is
1.00 kQ, th e t ime constant is 1.5 /1S thu s ma king
megacycle togg le rates impossible.

There is at least -lOV from gat e to source of Q ,

so it is pinch ed off and leakage fro m inpu t to
output is in the pA rang e. Q 2 has - 10 V fro m gate
to source so it is a lso pinch ed off and its current
whi ch shunts the input signal is in th e pA range.

FIG U RE 2. AM'OOOCircu i t

FIGURE 3. A M1 000 Turned Off

Q3 is operated at OV gate-source so it d raws satura­
t ion cu rrent, lo ss. Th e bias supply for D, must be
10 V more po sit ive than the negat ive drive signal.

Dur ing t urn -on, the d rive signal ideally makes a
step function cha nge from -20V to +10V th us
turni ng D2 off . T he gates of Q" Q2 and Q3 are
then dr iven positive by th e sat uration curre nt of
Q 3 through diode D,. Th e rate that th is vo ltage
slews is dependent on gat e capaci tance and lo ss
of Q 3' C;ssloH) of the AM1000 is about 10 pF so
th e volt age slews at :

dv
dt

5 X 10 3

= 5 X 108 V/ sec
10 '"

FIGURE 1. Typi cal J·FET An alog Sw itch

The AM1000 co ns ists of thr ee J -FET s. On e large
and two smal l ones . The large one acts as the
a nalog signa l pass transistor. The two sma ller
FET s act as a turn-on circuit wh ich reduces
sw itc hing t ransients.

The pi nch off vo ltage of all th ese FET s are al­
mo st identical and are all less than 1OV. In Fig·
ure 3 (igno ring d iod e drops), the gate s of all thr ee
FETs are at -20V and the AM1000 is turned off.
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With in 5V of rise (ab out 10 ns], Q2 begins to turn
o n and D, turns o ff . The remainder of the gat e
ca paci tance cha rge is di scha rged into th e input
(or source) of Q , via th e ON resistance of Q 2 and
Q 3 ' Dur ing this t ime inte rval the ave rage series
resistance of Q2 and Q3 is about 2 kQ and th e
gate capaci ta nce is cha nging from abo ut 10 pF
to abo ut 25 pF . The approx imate RC t ime co n­
stant is 20 p F and 2 kQ, or 40 ns, depend ing on
th e level of the analog signal. Total turn on tim e
is therefore about 50 ns. Fo r a +10V analog
signa l, the co rrect analysis is a lilli e mor e complex ,
but the AM100 0 will turn on in about 70 ns for
thi s circuit condition. The reason that the turn- o n
tr ansien t at RL is d rastica lly redu ced is that the
discha rge pa th of gat e capac itance does not f low
through RL • Th e sma ll tr ansien t that may appear
at RL is due to th e t ime that D, is on during
turn -on .



FIGURE 4. AM 1000 Turn ing On

So. th e AM1000 achieves its h igh switching speed
because its Rg (see Figure 1) is very low d uring
turn on , yet its Rg du ring the O FF st ate is in the
G ohm range and thus do esn' t load the signal.

TOGGLE RATE

The toggle rate (how fast the sw itch can be turned
on and off l of an analog switch is no t a simple
straightfo rward parameter for a rea l syste m des ign.
The reason is tha t mo st ana log switches are speci­
fied at a ridiculou sly low impedan ce level; this is
done in order to show the highest speed th at the
device can possibly go. This speed is not normally
realist ic for most systems designs. In ord er to
demonstrat e a realistic comparison , t he AM1000
will be pitted against an Ma S ana log switch for a
syste m with a ± 10V ana log signal swin g.

TABLE 1: AM1000 - MOS Param ete~ Comparison

PARAM ETER AM 1000
MOS

ANALOG SWITCH

R OS lo nl (Maxi 30l ! 400.'1

R OSlonl (Min) 2011 15m !

R OSlonl (Nom ) 2511 27511

C," (N om) 15 pF 7 pF

Breakd ow n V olt s 40V 35V

ROSlonl and C;ss ind icate the basic speed capab ility
of th e device s assuming low source and load
imp edance, here th e AM1000 has a speed advantage
of about 5 : l over the Ma S switch.

The parameter that affec ts toggle rat e th e most ,
however is ROSlonl variation with analog signa l
level. At an ana log signal of +10V, th e MaS
switch has an ROSlon) of 150n and for a - IOV
analog signal it has an on resistance of 400n . Th is
variation of ON resistance is caus ed by the bulk
gal e to channel voltage modulating the ON re­
sistanc e of the Ma S switch.5 Thus, the MaS
switch has a design on resistance cha ract erist ic of
275H ±125 n . Th e AM1000 has an ROSlonl of 25!1
±5!1 and its resistance does not vary with analog
signal level.

For a system of a given accuracy, the load imped ­
ance is dete rmined by the variat ions expecte d in
chan nel resistance. Assuming a system accu racy of
±0.5%, th e AM1000 load resistance cou ld be as
low as 1 k!1; th e MaS switch load resistance would
have to be 25 kn (±125n being 0.5% of 25 k!1 ).

Th e capacitance of the AM100 0 is about twice that
of th e Ma S swit ch but th e system load resista nce
is 25 t imes lower thus giving the AM1000 a toggle
rat e advantage of about 12 tim es ove r th e MaS
"hi gh speed" analog switc h. In order to graphically
illustrate the superior ity of the AM1ODD, two
simple series switch es were con stru ct ed ; one with
the Ma S switch and on e with an AM1000 . The

• MaS ana log switch was set up to sample a + IOV
DC signal, after being switch ed off , the output
returns to ground level. The AM1000 was set up
to sample a po rti on of the turn off transient of
the MaS analog switch, each switch wit h a 0.5%
system accuracy! Figure 5 show s th e c ircuit used
to obtai,n th e osc illograph shown in Figure 6A.

., . FIGURE 5. Analog Switch Comparison Circuit

A National LH0033 high speed buffer was used
to sense the analog voltage at the load resistor of
'the MaS switch and d rive th e analog inp ut of the
AM1000. Figure 6A shows the osci llogram; th e
uppe r trac e is the Ma S switc h turn ing off; its load
vo ltage head ing toward ground ; th e lowe r trace
(oscilloscop e verti cal gain redu ced slight ly for
photo clarity) shows th e AM1000 sampling th is
switching tran sient. Figure 68 shows th e t iming
pulses, th e upper trace being the MaS drive timing
and th e lower is the AM1000 drive timing (posi­
tive indicati ng off for bo th devices). It is inte rest ing
to note that the turn-o n delay or "a pertu re time"
of th e AM1000 is primarily caused by the DH0034
translator. Maxim um specified tu rn on t ime is
100 ns and tu rn off t ime is spec ified at 100 ns fo r
th e AM1000. Figure 6 show s abso lute superio rity
of th e AM1000 in switc hing ability for a given
system accuracy.

AM1000 DRIVE CIRCUITS

Normally , analog switches will be selected by some
digita l contro l mean s whi ch will usually mean OV
add +5V power supply levels. The AM1000 needs
a driver capabl e of handl ing the full ana log voltage
swing, plus 10V . Therefore a circu it know n as an
analog switch tran slato r is no rmally requried . There
are severa l types availab le. All of the following
ci rcuits feature " break befor e make" act ion which
is des irabl e for mult iplex ing.
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FIGURE 6A . AM 1000 Sampling the Sw itching Transient of an MOS Analog Switch
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FIGURE 68. Analog Switch Drive Timing

Analog sw itc h transl ator -dri vers fal l into two basic
categories. Th ose w ith pullups and thos e wi thout .
If th e tr anslator-dr iver has a pullup, such as the
Nat ional DM7800, then a switching di ode must be
used to decoupl e th e dr iver from the AM 1000
when th e dr iver goes posit ive.

."rn

FIGURE 7. Translator -Driver with Voltage Pullup

The AM1000 does not requ ire a dr iver w ith a pull­
up. Figur e 8 shows th e circu it fo r th is conf igura­
t ion. Note th at th e dr iver decoupl ing d iode is not
requ ired. Th is con f igura t ion el im inates one pow er
supply but adds the capaci tance of the dr iver
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which the AM 1000 mu st charge. Usuall y thi s
additi onal capacitance is not excessive.

FIGURE 8. Translator-Driver withou t Pullup

In some systems, the cost of mon oli thic o r hyb rid
drivers is not worth the space they save. Figure 9
shows a four channel dr iver using low cost d iscrete
components. Th e ON channel is selected by binary
cod ing and is DTL-TT L com pat ible. If A and B
are "h igh" then dr ive is removed from 0 5 allowing
channel l AM 1001 to pull up and turn on. 0 6 , 0 7

and 0 8 have dri ve appl ied which pu ll dow n on
CH2 , 3 and 4 thus turni ng them off. Th e voltage s
and devices indicated in F igure 9 al low ± 15V
analog signals to be handled.
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FIGURE 9. Binary Controlled Four Channel M ultiplexer

CURRENT MODE MULTIPLEXING

So far , the discussion of mu lt ipl ex ing ci rcuits has
been confined to samplin g vari ous analog inp ut
voltages. Vo ltage mode analbg switching al lows
maxi mum toggle rates but limited vo ltage range
(±10V for A M 1000, A M1002 and ± 15V for
AM100 l ).

If large analog vo ltages mu st be handl ed, current
mod e mult iplex ing must be used; toggle rate is
reduced because accurate cur rent -vo lta ge conver­
ters are not as fast as non-inv ert inq vo ltage amp li­
f iers. An alog signal loading can also be a pro blem.
Nevertheless current mode mu lt ip lexi ng all ows
sampl ing of very high analog vol tages. Th is is
accompl ished by using scali ng resistor s and bound
l imi t d iodes at th e input of th e analog sw it ch.
Al so, in this case t he cu rrent to vo ltage conve rter
shou ld be the lowest impedance point in th e
system , so th e A M 1000 mu st be "turned around ",
so it s analog " output" is used for the signal input
and vice versa.

FIGURE 10 . Current Mode Mul tiple xi ng

Th e system sensitivity in Figure 10 is determined
by Rf in th e current to voltage convert er op amp .
Th e LH0032 J·FE T inp ut op amp is selected
because of it s high slew rate and low inpu t cu rren t .

Th e 10 k£1 feedback resistor shown result s in 10V
outpu t for 1 mA inpu t . Thu s the scaling resistor at
th e input is selected for 1 mA fo r 100V input, or
10 pAN. A 1000V analog signal wou ld use a
1 M£1 scaling resistor. For low er voltage signals,
the Ron of the AM 1000 wou Id have to be con­
sidered for precision systems. T he bound l imit
diodes connected to +1OV and -1 0V prevents
excessive vo ltage fr om appear ing at the AM 1000.
Input impedance to th e cur rent to vol tage con ­
verte r is Rf di vid ed by th e open loop op amp gain
(5000 for the LH0032); the inpu t impedance
wo uld be 2£1 in F igur e 10.

OTHER APPLICATIONS

Ana log computer circu its can make good use of
analog sw itches. A few examples are sample and
hold circu its, reset stabil ized circu its, integrato r
reset sw itches, and chopper stabil ized amplif iers."

V ideo signal swi t ching can be done w ith a mini­
mu m of switching t ransient s. More unu sual app li­
cations such as doub le sideband suppr essed carri er
modulator s can be construc ted plus double side­
band suppressed carri er demod ulati on and FM
quadr atu re demodu lator s.5

CONCLUSION

Where precision , high speed analog switc hing is
requ ired, th e AM1000 ser ies of analog switc hes
"rewr it es th e book ."

T ime do mai n mu lt ipl exing can be dramati call y
improved in channel capability and/or analog signal
bandwidth capabi lity. Sampl e and hol d circuits can
be im proved, cho pper stabili zed ampl if iers can be
improved and vi rtua lly any other circu it which
requires prec ision, hi gh level, high speed analog
switching can be imp roved .
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SECTION ONE

for th e TO -5 sty le package, th ose for the dual-in­
line package are ind icated in parenth eses.

Th e firs t secti on con sists of two gain blocks sep­
arated by a w ide range AGC network. Each gain
block funct ion s as a lin ear ampl if ier for low level
AM , SSB or video, or as a symmetr ic emitte r
coupled limiter for FM.

AGCCOIITIlOL'
OIlAoc.uo"cnQ Il $\ll'1TCII

General

The LM273 and LM274 famil ies of mult i-mode
IF amplif ier/detectors have been designed for AM,
FM, SSB, CW and video applicat ions in t he com ­
munications market. Th ey are able to perfo rm
th ese div erse functions and ot hers by virtue of a
flexible organization with accessibl e general pur­
pose functional block s. A s shown in Figur e 1, th ey
are div ided into two separate sections, wh ich share
a common pow er supply . Pin numbers are shown

CIRCUIT DESCRIPT ION

DCHUI• • C"
.' ''.S5

"....u"'n~s '..'''''I .. IIIES;:S.1l1
~Oll "' Ul OED DUAL' II ll Jil( 'lCRl GES

.... OU.OII.TI/RI""W!
$$IIF OI&llU II,A l AfjU

1"'1/1

DI/ TPI/T J lIllfIIQUlO
DEHCTOR/AM' l lf IERI
' Il DDUtT DI HC TOIl

'1 M
DEHtT OIt
OUTPUT

FIGURE 1. LM273 and LM274 Block Oiogro;"
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FIGURE 2. First Section Block D iagram
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About 10 dB of vo ltage ga in is taken ahead of the
AGC block to improve AM or SSB sign al to nois e
rat io wit h AGC and st ill provide reaso nab le signa l
han d ling cha ract er ist ics. Th e inp ut wi ll acc ept
100 m Vrms signals w itho ut object ion ab le distor­
tion, due to th e em itter d egen erat ing res isto rs,
Re in the inp ut stage shown in Figu re 3.

FIGURE 3. Inpu t Stage

The input impedance is approximately t hat of t he
l k ' input b ias resistor, mak ing it relat ive ly inde pen­
dant of h'e' which can vary o ver a 4 : 1 range below
f~. Th e differ entia l output curr en t of the first stage
is applied to the half-balanced attenuator show n
in Figure 4.

}------ ,,,..

The LM273/L M373 and LM274/LM3 74 differ in
their sec o nd sta ge of the f irst sec t ion, as sho wn in
Figur e 5. In the LM273/L M3 73, a lo w imp edance
outpu t emitter follower is used to dr ive lo w - Z
loads suc h as mecha nical o r cer am ic f ilt er s. It s
o ut pu t imp edance is abo ut 70n at 4 55 kHz and
climbs to about 20 0 n at 30 MHz, a nd a sim ple
series resistor, Rs, ma y be used to match th is
valu e to th e filt er in put impedance. Th e additi on al
insert ion loss ca used by th is resist o r, co mpared to
tr an sfo rmer matching, is approxim at ely 20 10g1O
,JRo/ R,N, whe re Ro is the o ut pu t res ista nce of
Pin 9 and R ' N is th e filter input resist an ce. A lthough
ex te rnal ac tive circ u it ry ma y be connect ed to
Pin 9, no mor e tha n 200 IlA of DC cu rre nt sho uld
be dr awn fr om th er e.

The LM274/ LM374 ha s a high imp ed an ce current
so urce output , ex ce llent for dri ving high-Z load s
suc h as LC, crysta l and som e ce ra m ic fi lt er s. To
prevent satur ati o n of 0 7 , t he ma ximum magn i­
tu de of the load impedance d riven by Pin .9 shou ld
be no greater than (Ve e -I a R L - 4 .5 V)/ lpk- la l.
wh er e 10 and Ip k are the peak and qu iescent o ut ­
put currents at Pin 9 respecti vely and R L is t he
eff ective DC res istance between Pin 9 and Vee.
Th e qu iescent output cur re nt is 0 .5 m A to 1.0 mA
at ro om temperature and , fo r FM, th e pea k current
is very clo se to tw ice 10 , Th en for R L sma ll and a
12V su pplv, IZIm .x ~ 7. 5V / 1.0 m A ; 7.5k .
AM or SSB operation requ ires o nly abo ut a
5 mVr ms input to Pin 4 , t he sec o nd sectio n input ,
and th er efore in th eory th e swing o n Pin 9 need
o nly be 5 mV times th e filt er insert ion lo ss, and
th e f ilter Z can be mu ch higher than for F M.

FIGURE 5 . 1st Sec tion Output Stages

ISl SECTlO_
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FI G U RE 4. A tt enuata r Circuitry

Also co nnec te d to Pin 1 is the input to the
q uad rat u re ca paci to r switch. Si nce AGC is not d e­
sired for FM, grounding th e AGC co nt ro l input
ena bles th e swi tc h wh ich co nnects the ca pacito r
to th e Pin 6 input of th e prod uct /q ua d ratu re
de tecto r. Thi s sw itch stays. enabled until V 1 be­
co mes grea ter than abo ut 3V . The valu e of R is
grea ter th an 20 k, and the curre nt into Pin 1, w ith
5V applied is less than lOO IlA at roo m temperatur e.

As Pin 1 becomes more po sitiv e th an t he tempera­
ture compensated ref er en ce vo ltag e, V R E F (about
3.7 5Vl. both parts of 0 10 ste al signa l curr ent aw ay
fro m 0 9 and 0", and from the tatter s' load re­
sistances. Th erefore, t he d iffer ent ia l output vo ltage
decr eases, i.e ., th e gain is reduced . As curre n t is
shunte d away fro m Og and 0 " by the AGC act io n
th ere also occur s a common mode vo ltag e shift
in th eir co llecto r output vo ltag e. This is signifi ­
ca nt ly red uced by th e em itter resistor in t he fo l­
lower connected to VBl A S and a feedback loo p
wh ich adju st s th e value of 10,

AGeCO 'IIT~Ol l

OUAocu "cnOA 1
SWITCH
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In general, the power delivered to th e load will be
greater if an LM274/ LM3 74 is used for loads
greater tha n 1k, and LM273 /L M373 for load s less
tha n l k.

SECTION TWO

The seco nd sect ion of both th e LM27 3/L M373
and th e LM274 /L M374 con sists of two gain blocks,
a qu adr ature capacitor and switch, a produ ct /
qu adr atur e detector, and a DC feedb ack amplifier.

The gain blocks amplify linearly at low levels fo r
AM, 55B , CW or video, and limit symmet rica lly
at h igh levels for FM.

FM Detect ion

inverting input o f the first stage of secti o n two ,
and should be by passed fo r IF frequ en c ies with a
d isc capacitor and fo r the low frequency feedb ac k
com pensat io n with an elect ro lytic .

When Pin 1 is ground ed, as described in th e di scus­
sia n on the first sect io n, the quad rat ur e capacitor is
closed co nnect ing a 6 pF junction cap acitor from
the outpu t of the first stage to the Pin 6 input
of the qu adr ature detecto r. A simple phase shift
netwo rk, a.c. cou pled from Pin 6 to ground,
can be designed to give about 90 0 diff eren ce in
phase e, betw een th e two inputs to th e quadratu re
det ector at cen ter fre quency, and a rapid M /!:if
around cen ter. At h igh levels, the qua dr ature
detec to r can be looked at as a pa ir of switches
con trolle d by th e two detector inputs, as shown
in Figure 7. When the phase shift network pro ­
duces a 900 phase d ifference between the two
swit ches, the capacito r is be ing charged from th e
curre nt source and d ischarged through the resistor s
fo r equa l t ime interva ls. This is shown in th e first
timing diagram and is the con ditio n defin ing f = fo.

,.
"

FIGU RE 6 . Second Sect ion

Not e th at the cha rge and d ischarge rat e is twice
the IF frequ ency . In th e seco nd t iming d iagram ,
th e phase shift is less than 90 0 and th e charge t ime
is co nsiderably great er than the discharge t ime.
Th erefore the average vo ltage across the ca pacito r
in th is condi tion will be great er than in the 90 0

case at f = fo'

In the LM273/L M37 3 and LM27 4/ LM374, the
switch ing described abov e is implemen ted by a
doub le ba lanced mixer (similar to th e LM1596 )
shown in Figu re 8. Th e lower input to t he qu ad ·
ratu re detector 0 3 4 ' S base, is dr iven by an emitt er
follo wer, °22 , direct ly from the first stage out­
put load . (Devices 0 34 and 0 3 5 form the first
swit ch 5 1, in the analogy but in a balanced arranqe­
rnent.] Th e ot her input, the bases of 0 28 and °29 ,

is driven by th e voltage developed across th e
quad ratu re netw or k connected to Pin 6 . Fo r de­
tect or switch ing action , about 100 mVr ms of sig­
nal are requ ired th ere and th is plac es a lowe r limit
on th e im pedance seen from Pin 6 in some FM
applicat ion s. The four devices, °2 7-°30 , form the
52 switch in bala nced fa shion with th e capac itor
d ischarge path through the 1k load resisto r.

An acti ve balance netwo rk, ind icate d in Figure 6,
loo ks at t he average voltage at the base of °3 4 ,

compa res it to th e bias vo ltage V at 0 3 5 ' S base,
and feed s a correctio n signal back to Pin 3, th e DC
Feedb ack Bypass Pin . Thi s pin is actuall y th e

•I I I
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FIGUR E 7 . Ou adrature Detector Analog and
Timing Diagrams
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SSB Detection

Th e f inal b lock in t he LM273/ LM373 and LM 274 /
LM3 74 is an act ive po sit ive peak d etec to r. Basica lly,
it is a vid eo am plifie r with a po wer det ect or on
its o ut put, an d close co ntr ol over the DC outpu t
vol t age. Th e qui escent vo ltage at Pin 8 matches
th e AG C staqe -reference vol t age, V,ef in Figure 4 ,
wi t h res pect to both magnitud e and temperature
coefficien t . As a resu lt , th e AM o ut put changes less
than ± 1 d B ove r t em perat ure.

O n posit ive going signa ls, 0 46 rapid ly cha rges
capacitor C to t he peak valu e of t he vo lt age and
th en as the vo lta ge d ecreases its base em it te r
beco mes rever se b iased and t he ca pac itor d ischarg es
slow ly through th e 50 I1A cu rrent sou rce . Th e
va lue o f C sho u Id be cho sen larg e eno ugh to hol d
r ipp le be low values w h ich will cause un d esired
AGC vo ltage mod ulat io n , yet sma ll eno ugh to be
abl e to fo llo w d ow nward going enve lo pe changes.

FIGUPE 10 . Pos itive Peak Det ect or

"

matched to th e foll o wing AM peak d et ect o r.
Th er efore , w he n Pin 6 is pu lled do wn to unbal an ce
th e product de tecto r , a swi t ch is act ivate d w hic h
t ransfers t he DC feed back com pa rison to Pin 7 and
appro priate ref erence voltage. As a resul t, th e AM
per for mance is opt im ized under a ll condi t io ns of
te m peratu re , su pp ly var iations, etc.

AM Active Peak Detector

OUTPUTFROIIIOU_O
OUE tTOR'.""Uf llR ' 1

JOIlO OUCTOlH CTOR

OU"U ".C,,"OU"C
CltlC' OIO "'I'''' .
• ••CUUD U letc ·

• DH.U" -." • •
" Dt\I( ' "'''UilOl

FIGURE 9 . Produc t Detec tor Circu itry

FIGURE 8 . S implif ied Equivalent Circuit of
Quadrature Detec to r

ISl l"~,

CU,"',

Th e do ub le ba lanced d etect o r, use d in switchi ng
mod e fo r FM, becom es a pro d uct detector for
SSB when t he lo wer pai r is o pe ra te d at lower leve ls
in its linear mode.

Und er th ese co ndi tions t he ci rcu it fu nct ions as a
form o f ana log m ult ip lie r, pr oducing ou t puts at
th e sum a nd d iff e rence o f t he BF O an d IF fr e­
qu en c ies. Th e d esired o ne of th ese is chosen by
th e fi lter o n Pin 7, wh ich for th e d iff erence (audio)
freq uency is a ro ll-off capacitor .

Since AG C is used fo r SSB, Pin 1 is no lo nger
gro u nd ed and t he q uad rature capac ito r sw itc h is
open ed . Never th eless, th e im ped ance to gro un d a t
Pin 6 fo r t he IF sho u ld .be kep t lo w , es pecia lly
at h igh f req uenci es, to avo id any os ci lla to r pu lling .

AM Detect ion

Si nce th e product de tecto r/q uadr atu re d et ect or
is not requi red fo r AM, th e upper po rt is switched
out by m eans o f a re sis tor from Pin 6 to gro u nd .
Th is can be envisio ned as ap p lyi ng a minu s DC
input to o ne po rt o f th e mu Itipl ier so th at it simply
beco mes an inverting am plifi er.

It is no longer as im po rta nt that the of fset between
0 3 4 and 0 3 5 bases be m in imized, an d it is mo re
d esirabl e that t he DC outpu t vo lt age at Pin 7 be

S ince Pin 7, the in pu t to th e d et ector, is avai lab le,
a simpl e sh u nt f ilter connect ed at th is po int sho u ld
be us ed to improve SIN performance by elimi nati ng
any broadband noi se gen e rat ed in t he seco nd
sec t ion of th e IC. S ince th is is a fa irly low im pe ­
dance point , abo u t 1k , a low Ll C rat io is req u ired .

TYPICAL APPLICATIONS

AM Operation

In Figu re 11 , the LM273 fu nct io ns as an AM IF
str ip opera t ing at 455 . kHz. AM o pe ration is
ach ieved by co nnec ti ng R2 fro m Pin 6 to ground to
o ff set t he product d et ector, as pr ev iou sly d esc ribed ,
and by co n nec ting R 1 from th e AM d et ect or o ut ­
put at Pin 8 to th e AGC input , Pin 1. Th e valu e of
R 1 ma y be mod ified to o b tain d iff er ent trad e­
off' s between output vol t age an d AGC rang e. T h is
resul t s fro m th e AGC current f lowing in R, de ­
creasing th e AGC voltage at Pin 1, th er efor e hav ing
a deg enera t ive effect on loop ga in an d causi ng th e
AC and DC o utput at Pin 8 to be higher fo r a
given AGC vol t age.
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FIGURE .' 1. AM IF Strip I

Th e filter shown from Pin 7 to grou nd is used to
sha pe the bandw idt h of the passband to th e act ive
peak d etecto r. Th e AC coup led tank passes the
desired signal while shuntin g all wide band no ise
to ground , preventing und esirabl e AGCing o n no ise
spikes . Th e interstage filter show n from Pin 9 to
Pin 4 may also be used to pro vide ad d itiona l band­
pass shaping . It may be an l -C, ceramic, crystal
or any other ty pe of filter that is des ired . (See
sect ion on " Applicatio n Hints" ).

FM Operation

The qua drature network can be imp lemented in
man y fash ions. Of these. the sim plest is the para l­
lei resonant tank AC cou pled to Pin 6. as s~own in

The larger 0 is, the more rap id is the pha se change
versus frequency sh ift and therefore. the greater
the detected output. If the phase nonl inearity
produce d by th is networ k is co nside red predo rnin­
ate ly th at due to the cu bic term in the arc tan ex­
pan sio n, the n th e relat ive harmon ic d istort ion IHD)
expressed in per cent will be appr oxi mately

[
MWW, (2 + D.ww\13HD(%) = 33 .3 JJ

FIGURE 12 . AC Equ ivalent of Simple
Quadrature Network

Figu re 8. The AC equ ivalent circuit is shown in
Figure 12 . Ro is the parall el equivale nt resistance
of th e coil , and in th e ex press io ns, l /GT is Rp ll3k.

(
20 D.W) 3;:33.3 - -

w,

Not e tha t th e d istortion tha t wi ll be produ ced
is proportional to 0 3 wh ile phase shift (and the re­
fore, output) is proportional to 0 , for a given D.w
and w,. Fo r example, for ±75 kHz dev iat ion
at 10 .7 MHz. the 0 of the network mu st be 66 .7
or less for 3.3% dist ort ion .

2 GT 1
S + S C + Cs + llC + Cs)

for 45 0 < 0 < 135 0

W,2 = 1/ [l 1C+ Cs )J

D.w = Iw , - w I

o = [w, IC+ Cs I)lGT

sse Operation

Typical single sideband operat ion is shown in
Figure 13. Th is mode of o perat io n is basically
the same as AM with th e exce ption that the
balanced mixer is now used fo r a product detector
instead of as a simple gain stage. The loca l oscit­
lator is fed into Pin 6 with the optimum level of
switching signal to the upp er port be ing approxi­
mately 60 mV rms. Th e AGC opera tes in the same
manner as fo r AM with th e feedback resist or from
Pin 8 to Pin 1 dete rmin ing output level and AGC
figure of merit. The aud io output is taken from
Pin 7 so it shou ld have all RF shunted to ground
th rough a cap ac itor f ilte r. The impedance look ing
into Pin 7 is well def ined at approximate ly 1 kn so
th is facil itat es mak ing a simp le RC ro ll off with a
well def ined cuto ff fre quency . Add it io nal AGC
filtering ma y be adde d by a capa citor from Pin 8
to ground if desired .
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FIGURE 14 . Synchronous AM Detector

Synchronous AM Detector

The LM273, LM 274 series lends it self we ll to
synchronous A M detect ion by virtue of it s doubly
balanced m ixer requiring no exte rnal components
for operat ion . A typ ical connect ion d iagram is
shown in Figure 14. Th e ci rcui t is very sim ilar to
the prev ious A M IF setup with the excep tion that
detect ion now takes place in the product detector
rather than the peak detector. For corr ect svn­
chr onous detect ion the signal level at Pin 6 should
be suff icient to dr ive the upper port int o a fu ll
switc hing mode. A level near 60 mV rms is optimum.
If enough signal is not available at t he input of
th e LM273 or LM274 to develop th is large a sig­
nal swing at Pin 6, .then an addi tional gain stage
may be insert ed f rom Pin 9 to Pin 6. Nat ional's
LM7 03 L works very nicely here to pr ovide suff i­
cient gain to swing Pin 6 into full switching with
input levels as low as several m icrovolts . The audio
output is taken at Pin 7 and again addi t ional A GC
f il ter ing may be added at Pin 8 if desired . The
interstage filter is opt ional and on ly needs to
be used if receiver bandwidth requ ireme nts necessi­
tate its use.

FM Slope Detector

An alternate method for usi ng the LM273/LM274
for FM detect io n is shown in Figure 15. T he quad­
rature detector is no longer used. It is unbalanced

as in the AM conf iguration by con nect ing a 5k
resistor in parallel w ith an .0 1 /iF capacitor fr om
Pin 6 to ground and serves only as an add it ional
gain stage. An " S" cu rve network is now connected
to Pin 7 wh ich is the input to the AM peak detec­
tor . Frequency deviat ions are now converted to
amp li tude variat ion s by th e " S" curve net work and
are then converted to audio by the peak detecto r
w ith the output now being taken at Pin 8. Pin 1 is
grounded since no AGC is desired in the lim it ing
mode for FM. Here th e LM274 shows super ior ity
to the LM 273. Add it ional gain can be obtained
from the f irst gain block in addi ti on to bandpa ss
f iltering by using a h igh Q tan k as a coll ector load
at Pin 9. For example, at 10.7 MHz , a coi l of 2/iH
w ith an unloaded Q approach ing one hundre d, in
paralle l w it h approx imate ly 100 pF , connected
f rom Pin 9 to Ve e greatly im pro ves not only
wi deband no ise and unwanted signal reject io n but
also low ers the FM l imi ti ng thr eshold to 300 /iVrms.
By using the peak detector, the useable audio ou t­
put can be increased to 150 mVrms or greater.

Double Conversion IF Strip

A n interesting approac h to a monol ith ic doubl e
conversion IF strip is possible with the LM 273 and
LM274 by using w hat is normally the A GC
block, as a balanced mixer . A possibl e schemat ic
is shown in Figure 16. The incomi ng signal is fed
int o Pin 2 and afte r passing through one gain

A N54-6
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FIGURE 16 . Double Conversion I F Strip

stage is conv ert ed down in fr equency th e first
ti me by inserting the f ir st loca l osci llator signal
into Pin 1. A bandpass network from Pin 9 to
Pin 4 selects th e desired fr equency and passes it
to successive gain stages. Th e second f requency
convers ion occur s in th e balanced mi xer with t he
second local osci l lator in jected into Pin 6. Add i­

tional fil t ering is connected at Pin 7 to shunt all
but th e desired signal from th e succeed ing stage.
Simultaneous AGC is available by feed ing back a
DC vo ltage. derived from Pin 8, to Pin 1. Frequency
conversion wi th th e A GC block requi res a local
oscill ator signal level on th e orde r of 800 mVrms
while th e signal level into Pin 6 can be somewhat
less, on the order of 60 mV rms. Figure 17 shows
the typ ical conversion gain perfo rm ance ver sus
L.a . frequency in th e A GC block using 800 mVrms
fo r local oscillat or input level.

I f the st r ip is to be used for AM th en the active
peak det ector can be used and the audio can be

take n at Pin 8. A series RC roll-off mu st be added.
however. to deriv e th e DC vo ltage needed fo r AGC
action if th e internal AM detector is used.

Coh erent Phase Loc ked Receiver

A phase-lock ed receiver for detect ing FM or FSK
signals using the LM 273 or LM274 is shown in
Figure 18. The design is simi lar to th e double con­
version IF st r ip mentioned previous ly, with t he
addition that th e first local oscillator is a voltage
controlled oscillator whose control vol tage is de­
ri ved from th e audio output, A gain stage has
been insert ed from the aud io out /control voltage
point to th e input to th e VCO to provide h igher
loop gain.

s 10 I~ 20 2S 3D 35 40 45 50 55

INPUT f REQUENt " IMHll

FIGU RE 17. AGe Block Frequency ccrwemcn
Voltage Ga in vs Inpu t Freque ncy
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LM273. LM274 Typical Application Breadboard

Figure 19 shows a printed circuit board that has
been laid out for using the LM273 or LM274 in
either AM . FM, o~ SSB modes . It was designed for
wide band coupling betw een Pins 9 and 4 wh ich
may necessitate slight component layout alte ration
if bandpass filter ing is desired . Provision has been
made for a 50n input term inator resistor if needed.

For AM . Pin 6 is used to unbalance the balanced
mi xer ; for FM Pin 6 is connected to the phase shi ft
network ; and for SSB Pin 6 becom es th e local
osci llator input . Pin 7 is used for noise fi ltering in
AM while it is th e aud io out fo r FM and SSB.
Observe th at shor t leads, close AC bypassing, and
overall coverage by the ground plane give opt imum
and very stable operat ion .
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FIGURE 18. Phase Locked Receiver IF Strip
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FIGURE 19. Printed Circuit Board for AM , FM . or SSB

LM273 application hints

AM Detector Mode

Probl em :

No signa l; voltage check revea ls DC vo ltage > 4.0
vol ts at Pin 8.

Possible Cause :

1. LM273 oscillati ng due to remote bypassing of
Pins 3 o r 10 .

2. LM273 osci llati ng du e to long leads, allowing
feedback fro m Pins 8 to 7, 7 to 4, 7 to 2, or a
comb inat ion th ereof .

3. Very wide ba ndw idt h cou pling betw een stages
and at Pin 7. allowin g AGC act ion on detected
noise.

4. Shunt bandpass filter not con nect ed to Pin 7,
or too broad .

Detected audio level low or d istortion h igh

1. Load impedance on Pin 8 too low. or capaci­
tance too high.

2. Feed back AGC resistor too low or high.
3. Impedance of band pass netwo rk o n Pin 7 too

low.
4 . Aud io deco upling ca p. at Pin 1 insufficient.

allowing audio to modu late it .
5. Low frequ enc y byp ass at Pin 3 insuffi cient .

AGC figure of meri t or sensit ivity low

1. Very high loss in Pin 1 and Pin 4 co upling
netwo rk or filte r.

2. Bandpass network at Pin 7 too wid e or too
low Q .

3. Inp ut impedance match to Pin 2 off.

FM Det ector Mode
Noisy. disto rted det. signa l o ut or low FM limiti ng
range

1. Poor sh ielding allowing RF coupling between
interstage coup ling networ ks.

2. Phase shift netw o rk shift ed from IF freq uency
and detect ion ta king place on outside slo pe of
det ector cu rve.

3. Int erst age co upling circu it and phase shift
netwo rk not al igned to each oth er.

4. No. or insufficie nt RF bypass and audi o de­
emphasis at Pin 7.

5. Phase sh ift network has wrong bandwidth for
prope r det ect io n in the band desired .

SSB Mode
Low figure of merit ran ge and/or low level, no isy
del. audio .

1. Preinserted carrier level low.
2. Insuff icient cap . on Pin 8 to have aud io peak

detectio n.
3. See 'AM detector' problems.
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wher e VgO is th e ex t rapo lated energy-band -gap
voltage for t he semiconductor mater ial at absolu te
zero , q is the charge of an electron, n is a con sta nt
which depe nd s on how the tr an sisto r is made
(app roxi ma te ly 1.5 for d oubl e-d iffused , NPN tra n­
sisters). k is Bo lt zmann's constant , T is abso lute
te mperature. lc is col lector current a nd VS EO is
the em itter-base voltage at To and leo -

The em itter-base voltage differen tial between two
tr ansisto rs op erated at d ifferent current densi t ies
is given by

be proportion a l to 6 Vs E . 0 3 is a ga in stage tha t
will regu lat e the out pu t at a vo ltage equ al to its
emitt er base vo ltage plus the drop ac ross R, . Th e
emitter base vo ltage of 0 3 has a negati ve te mpera ­
ture coefficien t whi le th e 6 VS E component across
R, has a pos it ive temperature coefficien t. It will
be show n that the ou pu t voltage will be temp era­
tur e com pen sated wh en th e sum of th e two vo ltages
is equal to th e energy-ba nd ·gap vo ltage .

Cond it ions for tem pera ture compensat ion can be
derived sta rt ing with th e equ ation for the emi tter­
base voltage of a transistor wh ich is'

1.2 vo It reference'

INT RODUCT IO N

Temperat ure co mpe nsated zener d iodes are t he
most eas ily used vo ltage refere nce. However. th e
lowest vo ltage tempera tur e·compensat ed zener is
6.2 vo lts . Th is makes it inco nvenient to obta in
a zero temperature-coeffic ient reference when the
op erat ing supply voltage is 6 volts or lower. With
the availab ility of the LM 113. th is problem no
lo nger ex ists.

Th e LM 113 is a 1.2V temperat ure co mpensated
shun t regulat or d iode. The refere nce is synthesized
using transistors and resistors rather than a break­
dow n mechan ism . It provid es ex tremely t ight regu ­
lat io n ove r a wid e range o f operati ng cu rre nts in
addi t ion to unu sually low breakdow n voltage a nd
low t emp erat ure coeff icie nt .

DESIG N CONCEPTS

Th e reference in the LM 113 is developed fro m t he
high ly-pred ictab le em it ter -base volt age of inte­
grated tra nsistors. In its simplest form , the vo ltage
is eq ua l to th e ener gy-band -gap vo ltage of the
semico nd ucto r mat er ial. For silico n, this is 1.205V.
Furt her , the ou tpu t vo ltage is well determ ined in a
product ion environm ent.

A simp lif ied version o f th is refere nce ' is shown in
Figure 1. In t his circu it. 0 1 is op erated at a rela­
t ively high current de nsity . The cu rrent density
of 0 , is about ten t imes lower , and the emitter­
base vo ltage d iffe ren t ial (6 VS E ) between th e two
devices appears across R3 . If th e t ransistors have
high current gains , the voltage ac ross R, wi ll also kT
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FIGU RE 1. The l ow Voltage Referenc e in One of Its
Simpler Forms.

where J is current density .

Referr ing to Eq uat ion ( 1), the last two terms are
qu ite sma ll and are mad e even sma ller by maki ng
lc vary as abso lute temperature. At any rate, t hey
can be igno red fo r now because th ey are of the
same o rder as error s caused by nont heoretica l be­
havio r of th e t ransistor s tha t must be de term ined
emp irically .

If t he refe rence is co mposed of V S E plus a vo ltage
proportio nal to 6 VS E ' the output vo ltage is ob ­
ta ined by add ing ( 1) in its simplif ied form to (2) :

v.: = VgO ( 1 - ~ )+ VBEO ( :0)
kT J,

+ q log. J; '
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Different iat ing wi th respect to temperat ure yield s

(lV'ef ~ VSEO k J,
aT = - To + T;;- + q loge J; ' (4)

Fo r zero tem perat ure d rift, thi s quan t it y should
eq ual zero, giving

VgO = VSEO
kTo

loge ~ (5)+ - -
q Jz

The first ter m on th e right is the init ial emi tter-base
vo ltage wh ile th e second is the compo ne nt propo r­
tional to emitter-base vo ltage di ffe rential. Hence,
if the su m of th e two are equa l to th e energy-band­
gap vol tage of t he sem iconductor, th e reference
will be temperat ure-co mp en sat ed.

Figure 2 shows t he ac tua l c ircui t of t he LM113 .
Q , and Q z provi d e th e l N s E te rm and Q 4 provide s
the VSE term as in the simplified c ircu it. The
addit io na l tr a nsist o rs are used to decrease th e
dyn amic resistance, improving the regu lat io n of
th e refer en ce against current changes . Q3 in con­
jun cti on w it h current inverter, Q 5 and Q 6 ' provid e
a current source load for Q 4 to ach ieve high gain .

Figure 4 sho ws th e output voltage change with
ope ra t ing cur rent. From 0 .5 mA to 20 mA t here
is on ly abo ut 6 mV of change. A goo d por t io n of
the ou tp ut change is due to th e res istance of th e
aluminu m bo ndi ng w ires and th e Kovar lead s on
the package. At cu rrent s below about 0.3 mA th e
diode no lo nger regu lates. Th is is because th ere
is insuff icie nt current to bias th e interna l tr an ­
sisto rs into the ir acti ve region . Figure 5 illustrates
the breakdown characterist ic o f the dio de .
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FIGURE 2. Schemat ic of the LM113

Q 7 an d Q g buffer Q4 against changes in operat ing
current and give th e re ference a very low output
resistan ce. Q 8 sets th e m in imum op erat ing current
of Q 7 and absorbs any leakage from Q g . Capa citor s
C" Cz and resist ors Rg and RIO freque ncy com ­
pen sate th e regu lator d iode.

PERFORMANCE

Th e most importa nt feat ures o f th e regulator d iode
are its goo d te mp erature stab ility and lo w dy na mic
resistan ce. Figure 3 shows the typical cha nge in
output vo ltage ove r a _55° C to +125°C temperature
range. The re fer ence vo lta ge cha nges less tha n
0:5% with temperatu re, and the tem per atu re coe f­
ficient is relat ively inde pende nt of operat ing
current.
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FIGURE 5 . Reverse Breakdown Ch aracter ist ics

APPLICATIONS

The applicatio ns for zener diodes are so nume ro us
th at no at tempt to d el ineate them wil l be made.
However , the low breakdo wn vo lta ge and the fact
that th e break down vo ltage is equal to a ph ysical
pro pe rty of silicon - th e energy band gap vo lta ge ­
makes it usefu l in several int erest ing applicat ions.



FIGURE 6. Low Voltage Regulator Circui t

Also the low tem pera ture coefficien t makes it use­
ful in regula tor applications - espec ially in battery
power ed system s where th e input volt age is less
than 6V.

FIGURE 7 . Ampl ifier Biasing fo r Constant Gain with
Temperatur e

As shown, the gain will change less than two per
cent over a _55 °C to +125°e temperature range .
Using the LM114A monol ith ic transistor and low
drift metal film resisto rs, the amplifier will have
less than 2 f./Vrc vo ltage drift . Even lower drift
may be obtained by un balancing the co llector
load resisto rs to null ou t th e init ial o ffset. Drift
und er nulled cond it ion will be typically less than
0.5 f./vf e_
The d ifferentia l am plifier may be used as a pre­
amplifier for a low-cost operat iona l amplif ier such
as an LM10 1A to improve its vo ltage d rift cha rac­
te rist ics. Since the gain of the operational am plifier
is increased by a fact or of 100, the frequ ency
compensation capac itor must a lso be increased
from 30 pF to 3000 pF for unity gain o pera tio n.
To realize low voltage d rift , case must be ta ken
to minimize thermo electric potent ials due to
tem perature grad ients . Fo r example, the thermo ­
elect ric potential of some resistors may be mo re
th an 30 f./V r c, so a l oe temp erature grad ient
ac ross the resistor on a circuit board will cause
much larger errors than th e am plif ier d rift alone.
Wirewo und resistors such as Evenohm are a good
cho ice for low thermoelect ric potential.

Figure 8 illustr ates an elect ro nic thermo meter
using an inexpensive silicon transistor as th e tem ­
pera ture sensor. It can provide better than 1°C
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Figure 6 shows a 2V voltage regulator which will
operate on input voltages of only 3V . An LM113
is the voltage refere nce and is d riven by a F ET
current source , 0 , - An operat ional am plifier com­
pares a fracti on of the output voltage with th e
referen ce. Drive is supplied to output trans isto r 0 z
thr ough the V· power lead of the operational
am plifier . Pin 6 of th e op amp is connected to th e
LM113 rather than t he o utput since th is allows
a lower minimum input vo ltage. The dyn amic
resistance of the LM113 is so low th at current
change s fro m th e ou t put of th e op erat ional am pli­
fier do not appreciab ly affect regulation . Frequency
com pensat ion is accompl ished wit h both th e 50 pF
and the 1 f./ F ou tput capacitor.

FIGURE 8. Electronic Thermomete r
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It is important to use an operat ional am plif ier with
low quiescent current such as an LM108 . The
qu iescen t current flows through Rz and ten ds to
tu rn on Oz. However, th e value show n is low
enough to insure that Oz can be turn ed off at
wor st case con di tio n of no load and 125 °C
op erat ion.

Figure 7 shows a diffe rential amp lifier wit h the
current source biased by an LM113. Since th e
LM113 supplies a refe rence volta ge equal to the
energy band gap of silicon, the out put current of
the 2N2222 will vary as absolute temp era ture . Th is
com pensates th e te mperat ure sensitiv ity of the
transconductance of th e d ifferent ial amplifier
making the gain te mpera ture stable. Further, t he
opera t ing current is regulated against supply varia­
t ions keeping t he gain stable over a w ide supply
range .
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accuracy over a 100°C range . The em itter-base
turn-on voltage of silicon trans istors is linear with
tem perature. If the operat ing cur rent of th e sensing
trans istor is made proport iona l to abso lute tem ­
perature th e nonl inear ily of emit ter-base voltage
can be minimized. Over a '-55°C to 125 °C tem pera­
ture range the nonl inearily is less th an 2 mV or th e
equivalent of 1°C te mperature change.

An LM113 diode regulates the input voltage to
1.2V. The 1.2V is appl ied thro ugh Rz to set the op­
erat ing curr ent of th e temperature-sens ing transistor.

Resistor R4 biases t he ou t put of the amp lifier
for zero output at OoC. Feedback resistor Rs is
then used to cal ibrate the output scale factor to
100 mVfC_ Once the output is zeroed , ad just ing
the scale factor does not change the zero .

CONCLUSION

A new two te rm inal low voltage shun t regulat or
has been described. It is electrica lly equ ivalent
to a te mperat ure-sta ble 1.2V breakdow n diode .
Over a _55°C to 125°C temp erature rang e and '
operati ng cur ren ts of 0 .5 rnA to 20 rnA t he LM113

AN56 -4

has one hund red times better reverse characteris­
t ics than breakdown diod es. Add it ionally , wide­
band no ise and long term stab ility are good since
no breakdown mechan ism is invo lved .

The low temp eratu re coeff icient and low regulat ion
volt age make it especially su itable for a low volt age
regulator or battery op erated equipment. Circuit
design is eased by the fact that the o utp ut voltage
and te mpera ture coefficien t are largely indepen­
dent o f op erating current . Since th e reference vol­
tage is ' equal to th e ex trapo lated energy-band-gap
of silicon, the device is useful in man y temperature
compensation and tem perature measurement appli ­
cations.
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NEW DESIGN TECHN IQUES
FOR FET OP AMPS

Introd uction

Th e LH0052, LH0042 and LH0022 series op era­
t ional amplifiersare " monobr id" in tegrated circuits
consisti ng of a monolithic dual junction f ield
eff ect transistor followed by a special lin ear inte­
grated circuit amp lifier chi p. Each devlce featur es
very clo sely matched input characteris t ics, very
h igh input im pedance, and ultra low input currents
wi th no comprom ise in no ise, common mode
rejection ratio, open loop gain or slew rate . The
LH0052 is internall y laser nulled and features offset
curre nt o f 100 femtoam ps max at 25°C ( 100 pA
at + 125°C), offse t voltag e of 200 mi crovolts max
and offset dr ift of 5 IlV1°C max . Unli ke most
modul e FET op amps, this seri es of op amps do es
not requ ire "g radi ng" of elect rical performa nce
at fi nal test. D iff erent d ie types are used in each
member of th e family to assure availabil ity and

Robert K . U nderwood
March 1972

lowest possible cost . Th e amp lif iers are internally
com pensated to be uni t y gain stable and requ ire
no ext ernal part s for operation wi th th e excep t ion
of feedback and input impedances as d ict ated by
the app lic at ion. Ampl if iers are available in TO ·99,
(TO-5 metal can). TO -91 ( 10-lead 1/4" x 1/4"
fla t pack ) or TO -116 ( 14-lead cavity dual in-l ine
package) and are specif ied eit her fo r th e full
m ili tary temperature range of _55°C to +125°C or
fo r an expanded commercial temperature range of
_25 °C to +85°C. Op eration is speci f ied for pow er
supply voltages between 10 volt s (±5 volts) and
44 volt s (±22 vo lt s). Table I below , and Typ ical Per ­
formance Character ist ics (last page) give a summary
of oth er major parameters illustr at ing sim ilar i tie s
and differences of memb ers of the series. See
indivi dual data sheets for complet e specificati ons.
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TABLE 1. Performance Comparison of LHOOS2/ LH0022/ LH00 42 FET Op Amp Family .

PARAMETER (TA = 2S
oC

I LHOO52 LHOO22 LHOO42 UN ITS

Off set Voltage (Max) 0.2 4 20 mV

Off set Vo ltage Dr ift (Maxi 5 10 20 Il V t C

Off set Curren t 1MaxI 0.1 2.0 5.0 pA

Bias Current (Max I 1.0 10 25 pA

Open Loop Gain (Min ) 100 100 50 V/mV

Bandw idth (Tv p) 1 1 1 MH z

Slew Rate ITyp l 3 3 3 v tu«

Out put Curr ent Dr ive (Mi n) ± 1O ± 10 ±10 m A

Min Supply V oltage ±5 ±5 ~ 5 V

Max Supply V olta ge ;;22 ±22 ;;22 V

Input Voltage Range (M in) ;; 12 ;; 12 ;; 12 V

CM RR (M ini 80 80 70 dB

Compensation Components a a a
Output Current Limit V es Ves Yes

Sim ple Offset Null Ves Ves Ves

Package Types TO·5 DIP, TO·5 D IP, TO ·5

FP FP
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Why FETs?

The virtue of super gain bipo lar tran sisto rs as
the input stage to operat ional amplif iers is we ll
know n1.2 and w idely used in such ampli f iers as
th e LM108. LM 112. and LM216. T hese ampl if iers
attain very low input b ias cur rents by special
processing that al low s th e first stage to ru n at very
low emitter currents while achieving curren t gains
of 1500 . This resu lt s in rela ti vely con stant bias and
offset curre nts w ith temperature tend ing to increase
at low temperatures where tra nsisto r gain is lowest .
(F igure 1)
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FI GU RE 1. Typical Ib vs. Temperature for Several
Op Amps

FIGUR E 2 . Total Equivalent Input No ise Voltage

A usefu l noise model appl icable to operat ional
ampli fiers in general is shown in Figure 3. It con­
sist s of an ideal no iseless ampl if ier pr eceded by a
number of noise sources. Amp lifier vo ltage noi se.
EN, appears d irect ly in series w ith one of the
inputs. Current noise f rom th e ampli f ier develops
an add iti onal noise vo ltage across the source re­
sistance. The RMS value of therm al noise from the
source resistances can be calcul ated f rom th e
equat io n E" = v'4k T( BW) R, w hich simpli fies to
E,. = 4VR, nV /.jHZ for room temperature calcula­
tions and resistor valu es in ki lohms.

FIGUR E 3. NoiseModel of an Operational Amp lif ier

EN comesd irect ly f rom data o f the type plotted in
th e f igure by look ing at th e fl at port ion of th e curve

The tot al spot no ise present at the input to the
ideal ampli f ier may be found by summ ing th e RMS
valuesof the three no ise vol tage sources as follows:

.,

.,FET 's Featu re Superior No ise at H igh Source
Resistances

Figure 2 is a plot of total amp l ifier noise at 100 Hz
(1 Hz band w idth) vs sour ce resistance for the
LH0052 fam ily of FET ampl ifiers and the LM 108.
represent ative o f the best super-gain bipolar ampli­
f iers. Th ermal noi se cont r ibuted by th e source
resistance is also plotted. Note that at low source
resistances th e LM 108 is lower no ise; at high
source resistance the LH0052 series is superior.

Th e low emitter curre nt available in the ty pical
supe r gain amplif ier severely limits th e slew rate
attainable . the dev ices that have input currents in
the same area as th e LH0052 fami ly normally have
slew rates in the neighborhood of a few tenths of a
vo lt per microsecond. A s long as a F ET is operated
in its nor mal l inear region , it s input current is not
mat er iall y affected by the channel current . The
LH0052 fam ily, therefore. runs more input stage
current and thus attains a typ ical slew rate of
thr ee vol t s per m icrosecond . A soo n-to -be an­
nounced devi ce (LH006 2) has demonst rated slew
rates greater tha n 50 vo lts per mic rosecond with
the same input characteristics as the LH 0052
fam il y.
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below 10k and assuming that th e current no ise is
insignificant in th is area. For th e LH0052 and
LM108 EN, at 100 Hz, 1 Hz band widt h, is

70 nV /~ and 35 nV/yH z respectively. IN may
be co mp uted from a tota l no ise measurement at
h igh source resista nce by using a calculated value of
E" and the previou sly measured value of EN'

For th e LH005 2 family and th e LM108, IN is
10 fA/~ and 100 fA/y Hz respec t ive ly.

One way to illustrate th e importance of no ise
current in deciding which of two amp lifier type s
will be better in a given situation is to set th e tota l
noi se equal for the two cases and so lve tor the value
of Rs at which th is occu rs. The amplifier wit h the
lower no ise voltage wi ll be super ior at source resis­
tances lower than th is value; th e o ne w it h lower
current no ise w ill be better at higher res ista nces.
Note that th is is merel y calcul ati ng th e intersect ion
of th e curves of Figure 2. Th e intersec tio n 'will
norm ally lie near 150 k when compari ng th e
LH005 2 fam ily with th e best of th e presently
availab le bipo lar amp lifiers .

Low Offset Voltage is no Problem with Modern
JFETs

FET s have a reputatio n for poor co ntro l of volt age
matc h ing charact er istics that develop ed from be­
hav ior of the early match ed dual d iscrete devices.
Th ese were invariably a pa ir of separate FET ch ips
mo un ted on t he same header tested fo r gate to
source vo ltage mat ch at some specified current at
room tempera ture. Devices const ruc ted in t h is
manner tr acked rath er poorly over t emperat ure du e
to Gis mismatch and temp eratur e grad ients across
the header.

Th e mo nolit hic dual FETs of the FM1100 ser ies
interweave th e channels of the two ha lves of the
device and achieve a mat ch not onl y of Vgsbut of
a ll ot her parameters. Further, th e Vgs mat ch is pre­
served over a wide range of drain currents, drain to
source ~o l tage, and temp erature. Th e vol tage d rift
att ainable wit h this technique is exceeded only
by th e very best b ipo lar d evices.

It is possib le to fab ricat e FET s and bipolar tr ansis­
tors on the same wa fer at the same time. Why no t
bu ild a single mo no lithic F ET/bipo lar amplifier
utilizi ng each where it is best suited? It would seem

at first glance that th is wo uld necessarily result in a
cheaper, mo re reliable produ ct. At th e prese nt sta te
of the art , severe com prom ises are necessary to
both th e F ET and bipolar devices so co nstructed as
exemp lif ied by th e 740 and 536 with the net
result tha t specif icat ions must be relaxed and lor
a yield loss suffered . The two chip " mo nobrid"
approac h taken wi th th e LH0052 family maxi·
mizes performance while allow ing lowest cost.

Circuit Description

Figure 4 is a simp lif ied schemat ic typica l of a ll of
the amplifier s in th e family. Th e input F ET (a"
O2 ) is a mono lithic d ual similar in construct io n to
th e disc rete F;M 1100 series device. The stage is
operated as a -source follo wer wit h V+ applied
d irect ly to th e dra ins for the maxim um possible
common mode range.

A differential common base PNP stage (0 3 , 0 4)
serves as th e load for the input FETs. The base s
of th is stage fo rm th e bias point for the backside
gate of th e mon oli th ic inpu t FET3 . To obtai n
high volt age gain from th e PNP co mmon base sta ge,
the out put res istances of 0 5 and 0 6 are used as
loads, giving effective values of abou t 2 megohms
whi le at the same t ime converti ng the d ifferent ial
current signa l into a single ended vo ltage. Th e
operat ing d rain current for the input stage is
determ ined by th e b ias net wor k co mposed of th e
cu rrent sour ce 0 '0 and the d iod es 0 " and 0 , 2;
target current is 40 microamps per side.

A Darlington d river (0 ,6 , 0' 7) is used to avoid
load ing th e first stage output. Th e out put stage
uses a co nvent ional com plement ary symmetry
design with a bias cu rrent of abou t 60 microa mps
through 0 ' 4 and 0 20 to minimize cro ssover d is­
tort ion. Ou tput cu rrent is limited to abo ut ±25 mA
at 25°C .ambient dec reasing to about ± 17 mA at
+125°C. Th e ou tpu t charac ter istics are similar to
tho se of convent ional ampli fiers.

Simple Offset Voltage Adjustment does not De­
grade Drift or CMRR

Th ese amplifiers use th e same interna l off set
null ing techn ique as th e LM74 1 and ot hers, that is,
a single 10k pot co nnec ted between the offset
null ing pins and V- as shown in Figure 5. Ad just­
ment of th is pot w ill a lways produ ce offset nu ll.
With the premiu m devices of th e ser ies, it may be
de sirable to restric t th e range of adjustment to in­
crease the prec ision of the null. Th is may be do ne

AN63 ·3



I ljt~~~~ 0-- - - - - - - 1--,
"

"
OUTl'UT

'"...

---- -"""'r-- - - -
OffSn TOK't! T IUHIlIiI,l,lI OFf5ET
IiIUll IiIUll

FIGUR E 4. In ternal Schematic
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by inserti ng a resistor of about lOOk in series wi th
th e wi per o f the po t. Th is techn ique provid es a
method of externally nu ll ing offset vol tage o f the
ampl if iers to zero with v irtually no effect on offset
vo ltage drift or CM RR.

By def in iti on, o ff set vo ltage is that vo ltage which
must be appl ied between th e input term inals to
obta in zero out pu t vo ltaqe. Th is suggests a st raight ­
forw ard and pract ical " universal,,4 system to null
th e off set in an operat ing ci rcu it . Figure 7 illus­
trates one wa y that an adjustable vo ltage in th e
mi lli vol t range may be connect ed in ser ies w it h the
inpu t signal to subtract the am pli fi er offset . If th is
techn ique of o ffse t nulling at th e inpu ts of th e
ampl if ier is used, the TO-5 devices of the series
wi ll be pin compat ib le w it h v ir tually all of the 8 Pin
TO -5 ampli f iers on the market today, b ipo lar or
FET .

Careful PC Board Layout Mu st be Observed

In order to realize th e ful l low input curr ent
capab ilit ies of these amplifiers, considerab le care
must be exerc ised in the design of the input cir­
cuitry and in the selection of ma ter ials contacti ng
th e input conductors. A leakage impedance of
even 10 12 ohms to 15 vo lt s produ ces a leakage
current o f 15 pA, mu ch h igher th an ampli f ier
inpu t curr ent . Th is level of leakage may be inad­
vert ent ly produ ced by socket leakage, poo r qual ity
or imperfec tl y cleaned pr inted circu it boards, or
improperl y cured protect ive coa ti nqs. Sock ets are
to be avoided if possible; they can not only degrade
leakage cu rrent , but may cause other unsuspected
erratic behavior when used in severe environments.
( If absolutely unavo idab le, they shou ld be h igh
quali t y , preferably Tef lo n.) Pr inted circu it board
mater ial should be judged both on initial resis­
t iv it y and on th e lik el ihood of degradat ion by
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ou tside influences. Teflon and po lycarbonate are
particul ar ly recommended ; glass epoxy may be
used if it is prot ected with a silicone or epoxy coat­
ing to prevent moisture abso rption. If operation at
h igh hum id it ies is req uired. this coa ti ng wi ll be
de sirab le anyway to co ntrol surface leakage . All
residu es o f prev ious operations, such as so lde ring
flux . inks , and resists. mu st of course be th oroughly
remo ved before coa t ing.

R2

Rl

Rl

RJ
v:

R4
20U R6

2SK
RS

":" 2DK

GN D

FIGURE 8 . D IP Non ·lnvert ing Am pl if ier PC Layou t
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FIGURE 9 . Flat Pack Inverting Am pli f ier PC Layout

FIGURE 7 . Un iversal Off set Trim

FIGURE 10 . TO·5 - 10 Pin Patt ern PC Layout
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Another approach wh ich has been success fu lly used
with the TO·5 amp lifiers is to term inate a ll cr it ical
co nnectio ns o n Teflon standoff insulators. Th ese
may be interconnected as req u ired wi th Teflo n
insula ted wire , kee ping connectio ns as short as
poss ible to min imize no ise pick-up. A short length
of Teflo n tubing slipped ove r the wire from th e
amp lifier p revents co ntac t with the over size hole
in the mounting board . The rema inder of the arnpl i­
fier co nnectio ns may be term inat ed co nventio nally,
either to printed c ircu it lands or to ot her standoff
insulators .

Input Gua rding Improves System Perform ance

Even with properly cleaned and coa ted pr int ed
circu it boards , leakage currents ca n limit the circu it
performan ce under sa-Jere enviro nme ntal condi ­
tions. In most cases with the LH0052 fam ily
devices, leakage wi ll be prim arly to V ' as the inputs
are between the offset nu ll p in (wh ich in normal
operat ion runs at a vo ltage very near V " ) and the
V" pin itself. Thi s would seem to predict th at
leakage into the invert ing and non -invert ing inputs
shou ld at least be o f the same pol ar ity, but t he
effects are too unpredicta ble to make muc h use of
the cancellatio n whic h shoul d occur.

T hese currents may be intercepted be fore they
reach th e am plifier inpu ts by a guard co nd uc tor
in the leak age path operat ing at the same potential
as th e inputs. Resistance bet wee n th e inpu ts and th e
guard w ill cause litt le curren t to flow becau se of
the prem ise th at the gua rd voltage equals the input
vo ltage. Suggested board layouts for the var ious
pack age ty pes are show n in F igures 8 thro ugh 11.

FIGURE 11. TO·5 - 8 Lead Patt ern

The flat pack and du al-in-tine packages have an
un co nn ected pin on e ither side of the input s. The se
ma y be used as show n, both to cont inue the gua rd
into the pac kage and as a conven ient method of
surround ing th e input s w ith a guard co ndu ctor
wit hout runn ing a line be twee n device p ins. T he
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eight lead TO· 5 pack age has only o ne spare pin. so
the lead s must either be formed into a 10 lead
circ le with two gaps, or the pin c irc le ex pand ed
suff iciently to allo w a conductor to pa ss between
device pi ns. If the board is d oub le sided or multi­
layer. th e guard patt ern sho u ld be rep eated on all
co nd ucto r p lanes.

F igu res 12 through 15 show ho w the guard is corn­
mi tted on th e mor e co mmon op amp circuits. With
an integrato r or invert ing amplif ier, w here th e in­
put s are close to grou nd pote nt ial, the guard is

GUARD

FIGURE 13 . Guarded V oltage Follower

I. PUT- -'lN ......~I-----'lN\r""--...,

jun ct ion of the feedback res isto rs. Low impedance
in this context means that ex pec ted leakage cur ­
rent s shou ld not be capa b le of generat ing de le­
ter ious erro r voltages. A resisto r, R3 , may be
added to balance the sou rce resistance and th us
ca ncel th e effect of bias current .

RI
1M

R'
100M

Rl
loon R'U K

FIGURE 14. Guarded Non -I nvert ing Ampl if ier

The general ca se of a full d ifferent ial co nf iqura­
tio n may requ ire the use of a guard dr iver arnpli­
f ier A2 as show n in Figure 15. Resisto rs Rs a nd Rs
d evelop th e proper volt age fo r th e guard at th eir
jun ct ion , but ' it w ill no rmally be impractica l to
ma ke them low enough resista nce du e to source

v:
RJ

· R'A,, : RT " - 100

FI GU R E 12 . Guarded Inverting Am plifier

simp ly grounded . With th e vo ltage fo llower, th e
guard is bo ot st rapped to th e output. If it is d e­
sirab le to put a res istor in the inverti ng input to
compensate for th e sour ce resista nce, it is con­
nected as shown in Figur e 13.

Guard ing a non- invert inq ampl ifier is a litt le mor e
com plica ted . A low impeda nce po int must be
created by using re lat ive ly low value feedback reo
sisto rs to determin e th e ga in (R , a nd R2 in
Figure 14 ). The guard is then co nnected to the

GUARD

R3 " RSOUACf.

I. PUT-------E3--1

Av a 1+;{- . +IDO

v:

v:

R2
100M

Rl " RJ
R2 It R4
R7" RS+ R6

~ "AV

R2
AV· Ri · 10

FIGURE 15 . Guarded Full Differential Amp lifier
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loading . R7 is includ ed to bala nce th e effect o f Rs
plus Rs a nd thus not deg rade the closed loop
commo n mod e rejec t ion .

Voltage Followers

The exc ellent commo n mod e rejection and ra nge
of the amp lifiers in thi s ser ies suggest the ir use as
u nity gain vo ltage fo llowe r amp lifiers . Th ey per­
form we ll in th is fun ct io n w it h the one precau t ion
shown on th e c ircu it o f Figure 16. The str aight ·
fo rward circu it w ith a d irect feed bac k co nnectio n

RI
Rs l OOK

Ay " +'

Precis ion Integrator

The low input bias cur rent s att a inab le wit h arnpli­
f iers of th is series make th em a natu ral cho ice for
int egrato r ap pl icatio ns req uiri ng lon g t ime con­
sta nts . F igur e 18 illust rat es a typ ical pract ical
c ircuit. R1 shou ld be select ed so that th e to tal

.",.."".:;\~"r- - - - ...,,;;- - - - - -,""'" ." :----1 i

~ -- -~T-~- II' I J I It

-e- ••
'..

FIGURE 16 . Unity Gain Voltage Follower
v..... · c~ f · '1 · ,,· v,

leak age current at the summ ing node is smaller
than the signa l current (V, / R,) by a marg in suf f i·
ciant to insur e the req uired accuracy, i.e.
V, IR, » Ib , . C, shou ld be chose n fo r low
lea kage, stab ility, accuracy, a nd low vol tage co et ­
f icient. Po lystyrene or polycarbon at e d ielect ric is
the best choice for capaci tances up to about o ne
m icrofarad , T eflon is good for the lower values.

R2 is includ ed to protec t the input ci rcu it dur ing
th e reset t ransient, a lthough many low speed appli­
ca t ions wi ll not requ ire it at al l. If th e resistance
of th e reset switch is 100 ohms, th e maximum
cu rrent tha t coul d flow in C, is 10V / 100 = 0.1 amp.
In rea lity this may well be lim ited to a lower va lue
by lo ss, if the reset switch is an FET . Th en the
rate of cha nge of voltage cannot exceed 0.1 amp/
1 /IF = 0 .1 V//lS wh ich is well with in the slew rate
capabilit ies of th e amp lif ier. R3 , used to balance
the resista nce in the inpu ts , shou ld be made eq ua l
to th e sum of R2 and the reset switc h res ista nce.

FIGURE 18 . Precision Integrator

Sample/Hold Amplifiers

The LH0052 fami ly of amplif iers is we ll su ited
for use as a bu ffer amp lif ier in lon g hold-time
sample/ ho ld circui ts . Th ey may be used in any o f
the co mm on co nfigu rat ions where improved hold
performance is req uired . F igure 19A illust rates
one circu it ta k ing advantage of the low b ias cu rrents
att a inabl e. R, serves to bootstrap the co nnect ion
be tween ana log switch 5, and 52 so that there is
essentially no voltage across 5, in th e hold mod e.
When 5, and 52 are closed to enter th e sample
mo de , th e eff ec t of R , is slight as it is much h igher
res ista nce than the swi tches. After a long enough
t ime, C, will cha rge to the input vo ltage, th e
ampl if ier w ill buffer it to th e output, and both

R2
gg.

Rl,.

A _ R2 · RJ
v : RJ

:: +100

R4 • RS

FIGURE 17. Non·lnvert ing Amplif ier

and no resisto rs will funct io n, but if a low impe­
d ance signal hav ing a slew rate faster than th e
am p lif ier can follow is appl ied to the input, a
d iffer ent ia l input vo ltage might be d evelop ed in
excess of th e absol ut e max imum . R , limit s th e
current und er th ese co nd itio ns to a safe value of
200 /lA. R2 is includ ed to ca nce l the erro r voltage
due to bias curre nt and shoul d in gene ra l be eq ua l
to th e source resistance plus R, .

For applica tions req uir ing voltage ga in as well as
h igh input impedance, a voltage d ivider may be in­
c lud ed in the feedback path as in F igure 17. Th e
vo ltage ga in of th is circuit is app rox ima te ly
1 + R2/R 3 (neglec t ing ampl if ier open loop gain).

RS Rl
10M lOOK

R4 is inclu ded as a co nvenient var iable to equ alize
resistan ces in the two am pl ifier inputs: R4 in series
with th e parallel co mb ina t ion of R2 and R3 shou ld
be set equa l to the source resistance plus R, . Note
tha t a ll of these resisto rs may not be necessary
depend ing o n the requ ired volt age gain , sou rce
impedance, acc ura cy requ irement , temp erature
ra nge, and ampl ifier selected .
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ends o f R, will be at the input po tent ial so it
w ill have no effec t at all aft er the transient .
F igure 19B ill ustr atesan alternate circu it confi qura­
t ion w ith input buffer ampl ifi er.

He-Zero inq A mpl if ier

F igure 20 illust rates a techn ique w hi ch may be
usefu l in situat ions w here a signal has an unk nown
and variable DC of fset , such as in telemet ry. In
operatio n, the re-zero command line is enabled
whi le a grou nd reference signal is applied to th e

input o f the system. Th is causes C, to charge to a
level prop ort ional to the system DC offse t . When
the re-zero l ine is deact ivated, the amplif ier be­
haves l ike a convent ional invert ing stage, sub­
tract ing off the system of fset and giv ing a true
ground referenced output .

If th e total worst case leakage at the capacitor node
is 1 nA , and if C, = 0.0 1 II F, then th e dr ift rat e is
10.9 /0.0 1 . 10 -~ = 0.1 V I s. For a 10 vo lt full scale
system requi r ing an accuracy of 0.1% ( 10 rn v ),
th e ampli f ier wo u ld need a re-zero ing reference
every 100 ms.
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FIGURE 19A. Low Drift Samp le/Ho ld
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Precision Curr ent Sink

Figure 2 1 illu st rates a vananon on a comm on
techn ique for generat ing a precisely regulated ci r­
rent. Th is circuit cou ld be used in conjuncti on
w it h ano ther FET input ampli fi er conn ected as a

Rl
12K

01
l MI 13

'15

~ lOUT- 1 nA

Ql
2N4111A

R'
l DOOM~

! I

Figure 22, th e input curre nts remai n low and
constant .. Th is is an adequate signal range for
many appl icat io ns, especiall y in v iew of the offset
vo lt age performance available in th e top o f th e l ine
ampl ifiers. If wi der signal range is requ ired,
resistors R, and R2 shou ld be included to l im it
th e input current to a safe value. In ternal zener
ju ncti ons will l im it the d ifferent ial input voltage
to a safe valu e if th e input current is lim it ed
200pA.

The outp ut clamp circu it shown in Figur e 22 w ill
drive 3 standard TTL loads or 30 National low
power TTL loads. Con siderable pow er may be
saved by increasing R3 if fu ll fan-ou t is not reo
quired . If only 2 low power loads are to be dr iven,
th e requ ired low state ' outpu t curr ent is 360 p A ,
so Rj = 10V /360 pA = 27k .

R1
UK

L.. .. . 15

FIGURE 2 1. Precision Current Sink

h igh inpu t impedance follower to form an ohm ­
meter fo r accurately measuring very high resis­
tances. R " R2 and D , form b ias and refer ence
vol tages near, but w ith in, the common mode and
outpu t vol tage limitso f the amplif ier. 0, is selected
for very low gate leakage so that the curr ent in it s
source wi ll be nearly ident ical to th e feedback
current in its drain . In operation, the ampl if ier
output will cause the gate of 0 , to be cut off
however much is necessary to keep th e voltage
across R3 equal to 1.220 vo lts, the breakdown
vo ltage of D, . The LM1 13 di od e is available to an
initial vo ltage accuracy of 1% ( 12.2 mV) and is
guaranteed to dr ift less than 15 mV over the
temperature range, thus by speci fy ing the LH0052
amp lifier and a 1% resistor , a current sink can be
designed fo r a worst case initi al accuracy near 2%
and a dr i ft over the temperature range' of less th an
2%. Th e technique may be app lied over a wi de
range of 'current s by properly scaling R3 a'nd its
balanci ng resistor R4 : a m irror image current
source is possible using a P channel F ET for a,.

Precision Comp arator

FET amp li fiers have a significa nt advantage over
b ipo lar in precision vol tage com parator app lic a­
t io ns: the input current is near ly indepe ndent of
input voltage. With a bipolar input stage, input
current is 1/1l of the emitter current , but th e
em itter current can vary fro m zero whe n the stage
is cut off to tw ice th e nominal value when fully
conduct ing. Furth ermor e, th e inputs are often
internall y clamped to a d iod e dr op for protection
of the emitter base junc tions.

As long as th e input and reference signals are
no mor e than 4 vo lt s apart in the ci rcu it o f

v:
Rl -sv.10K

INPUT 01
IN914

R' TTl
Rl lK

OUTPUT

10K 01

REFERENCE IN914

-=

FIGURE 22. Precision Vo ltage Comparator

True Instrumentat ion A mpli f ier

Figure 23A ill ustr at es an instr ument at ion arnpl i­
f ier th at features high d ifferent ial and common
mode input resistance ( ! 0 ' 2 ohm s), ± 10 V commo n

.. mode and d iff erent ial mode inpu t range, .0 1%
gain accur acy at A v = 1000 , and 110 dB CM RR
with 1 kn imbalance in br idge source resistance.
Input current is less than 1 pA and offset dr i ft is
less than 5 pVrc. R, provides a simple means o f
adju sting gain over a wi de range wi thou t degradi ng
CM RR. R2 is an in it ial trim used to maxim ize
CM RR w ithou t using super precisio n mat ched
resistors. Input common voltage issensed via R3 and
R4 and the LM 110 prov ides low impedance VC M

dr ive to input cable shields to reduce leakage and
coup l ing to inputs. If th e input curre nt of th e
LH0052 ( 1 pA max ) is not low. enough, additiona l
circui tr y as show n In f igure 23B may be added to

prov ide "Z ero " input b ias current.

Ultr a Low Level T ranscondu ctance or Charge
A mplif ier

A picoamp ampli f ier for pH meters, medical
electronics and radiat ion det ectors is illustr ated
in Figure 24 . A h igh qua lity glass sealed feedback
resistor such as V ictor een type RX· ! shou ld be
employed as well as guard shielding as di scussed
ear l ier. Opt iona ll y C, may be added to convert
th e 'circu it to a charge ampl if ier w ith RL used to
provide DC stabil ity .
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Precis ion Subtractor for Automatic Test Gear

It isofte n necessary in test ing linear circu its to take
th e d ifference be twee n two vol tage read ings occur­
ing at d ifferen t times. Th e spec ialized samp le/ ho ld

FIGURE 24 . Picoamp Amp lifier

circu it shown in Figure 25 perfo rms th is fu nct ion
simp ly and accurately . Init ially, S, and S2 are
closed and S3 open with th e logic input in the
TT L " I " sta te . Th is allows capac itor C, to charge
to the same voltage as the elN' input signal. When
the logic input is taken to TTL "0", S, and ~ open
and S3 closes, causing th e d ifference bet ween the
stored value of e' N1 and the prese nt value of e'N2
to appear at the non -invert ing input of the LH002 2.

The low leakage and high input impedance of th e
LH00 22 allows the use of a reasonable size ho ld
capaci to r wh ile at th e same time provid ing gain
for scaling, if needed . Not e th at th e two analog
inputs, e'N1 and elN2 may be connected together
to take the voltage d ifference on a single line at
two d ifferen t times. The d isable input is used to
open all switches, for exam ple, to ignore a transient.
If not needed , th e d isable input should be grounded.
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<:e'l siti ve Low Cost " V TVM"

Figure 26 ill ust rates a modern approach to con ­
structing VT VM's and VOM's. The LH0042 re­
p laces all act ive circu itry . Opt ion all y the ci rcui t
may be run off of 8 fl ashlight batteries and on ly
draws 20 rr'IV of power. Th e clever designer would
add some more switchi ng to allow oper ation of the
FET op amp in tra nsconduc tance mod e as shown
in Figure 24, thus comb ining both voltage and
current measur ing capabili t y into the same circu it .

How to Build a FET Op Amp' " Module"

The LH0052 series when compared spec for spec
w ith mod ules usuelly offe rs superior performance

and signif icantly lower cost. What 's the d iffe rence
between modu les and these integrated ci rcu it
amplif iers? In most cases the answer is noth ing
but two .0 1JlF power supply decoupli ng capacitors.
To make your own modu le merely bu ild a small
1·1/4 x 1·1/4 pr int ed circu it board that adapts th e
pin-out o f th e LH0052 to your modu le requ ire­
ment. No need to pot the assembly in epoxy. the
LH00 52 fam ily is completely heremet ic and does
not absorb moisture. Some modules specif y higher
output current capabilit y than the ±10 mA of the
LH0052. To buil d a ± 100 mA out put "module"
FET op amp, simply add a LH0002 buffer as shown
in F igure 27. .
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Conclu sio n
T he prac tica l advantages of th e LH0052 ser ies of
FET input operational ampl ifiers has been demon­
strated. Th e extremely low input b ias and off set
curr ent make members of the fam ily ideal cho ices
fo r cri tical app licat ions in ho ld am pli f iers, act ive

f i lt ers and inst rumentat ion. The low input o ffse t
vol tage and dri ft, h igh open loop gain , and exc ellent
commo n mod e reject ion comb ine to make the
devices equally well suited for general purpose
app licat ions includ ing summer s, subt racto rs, and
osci ll ato rs.
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TABLE 1. TA ::: 25°C. Ve e = 14V. unless otherwise stated.

LM381 LOW NOISE DUAL PREAMPLIFIER

PARAMET ER CON DITI ON S MIN TYP MAX UNITS

V oltage G ain Open Loop (Diff erential Input) 160.000 VIV

Open Loop (Single Ended Input) 320 .000 VIV

Supply Curr ent Ve e 9 to 40V , RL '" 00 10 rnA

Input Resistance

IPosit lve Input l 100 kn
{Negat ive I npu t ! 200 kl1

Input Curr ent

(Posit ive Input ) 0.2 ~A

(Negative Input) 0.5 ~A

Output Resistance Open Loop 150 11

Output Current So urce 8 rnA

Sink 2 rnA

Out pu t Voltage Sw ing Peak-to-peak Vee - 2 V

Small Signal Bandwidth 15 MHz

Power Bandwidth 20Vcc IVee =24VI 75 kH z

Max imum Input V oltage Linear Operation 300 mVrms

Supply Rejection Rat io f = 1 k Hz 120 d B

Channel Separat ion f "" 1 kHz 60 d B

Total H armonic Di stortion 75 dB Gain. f "" 1 kHz 0.1% %

Total Equivalent Input No ise As = 600n . 10-10. 000 Hz (Single Ended In put) 0.5 IJV rms

Noise F igure 50 kl1 , 10- 10. 000 HZ} 1.0 d B

10 kl1 . 10- 10. 000 Hz IS;n91e End ed In pu t l 1.3 d B

5 kl1 , 10- 10, 000 Hz 1.6 d B

r­o
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o
C/)

m

C
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'"tI
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Attempts have been mad e to f ill th is fu nct ion with
selected operat ion al amp lifiers . However, due to
t he many specia l requirement s of th is application,
th ese recharacteriza t ions have not adequate ly met
the need.

With the low ou tput level of magnet ic tape heads
and pho nograph cart r idges,ampli f ier noise becomes
crit ical in ach ieving an accept able signal·to -no ise
rat io. Th is is a major def iciency of the op amp in
th is appli cat ion. Other inadequacies of the op
amp are insuf f icie nt power supply reject io n, limited
small -signal and power bandwidths, and excessive
external component s.

INTRODUCTION

Each of the two am pl if iers is completely inde­
pendent , wi th an internal power supply decoupl er­
regu lator, prov id ing 120 dB supply reject ion and
60 dB channel separat ion. Oth er outstanding fea­
tures include h igh gain (112 dB) , large ou t put
voltage swin g (V cc -2V) p-p, and wi de powe r
bandwid th (75 kHz, 20 VPil l. Th e LM 381 operates
fr om a single suppl y across the w ide range of 9 to
40V . The amp lifier is internall y compensated and
short-c ircuit protected.

Th e LM3B1 is a dual preamplif ier expressly de­
signed to meet the requ irements of ampl ifyi ng
low level signals in low noi se appl ications. To tal
equ ivalent input no ise is typicall y 0.5 /l V rms
(Rs = 600£1, 10-10, 000 Hz).
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The vo ltage gain of the single ended input stage
is given by :

CIRCUI T DESCRIPTION

To achieve low no ise perf or man ce. specia l cons ider ­
at ion must be taken in th e design of the input
stage. First. th e input ~ould be ca pab le of be ing
operated single ended ; since both tra nsistors co n­
t ribute no ise in a d ifferent ial stage degrad ing input
no ise by the fact o r .J'i. Seco ndly, both the load
and b iasing elements must be resist ive ; since act ive
components wou ld each co nt ribut e as much no ise
as the input device.

Where :

A VIACI
RL

re
200 k
1.25k 160 ( 1)

The voltage gain of the d ifferent ial input stage is:

The sche mat ic d iagram of the LM381 , Figure 2, is
d ivided into separa te groups by funct ion; firs t and
second voltage gain stages, th ird curr en t ga in stage,
and th e b ias regu lato r.

The seco nd stage is a common-em itter amplifier
(Qs ) with a cu rre nt source load (~) . The Darling­
ton em itt er-fo llowe r Q 3. Q4 prov ides level sh ift ing
and cu rre nt gain to the cornmon-ernitter stage (Qs)
and the output curre nt sink (Q7)' The voltage
gain of the secon d stage is app rox imately 2000
ma king th e tota l gain of the ampl ifier typ ically
160 ,00 0 in th e d ifferent ial input con figurat ion .

Th e prea mp lifier is internally compensated with th e
po le-sp litt ing cap acitor . Cl. Th is comp ensates to
un ity gain at 15 MHz. Th e compe nsatio n is ad e­
qua te to preserve sta bility to a closed loo p gain
of 10 . Compensat io n for un ity gain closu re ma y be
prov ided with the add it ion of an external capacitor
in pa rallel with C, betwe en Pins 5 and 6 , 10 and 11.

",
lOO'

",,,,

FIGURE 1. Input Stag e

The basic input stage, Figu re I , can o perate as a
d ifferential o r single ended amplifier. For optimu m
no ise per for mance Q 2 is turne d OFF and feed back
is brought to th e emitt er of Q l '

In app lications where noise is less crit ical, Q1 and
Q2 can be used in th e d ifferen t ial co nfigura t ion .
Th is has the advantaqe of h ighe r im pedance at
the feedback sum ming po int , allowing the use of
larger res istor s and ;maller capaci tor s in the tone
control and equ ilizat ion networks.

1.!!h
Av = '2 re (2)

.,1------

.,

1I

U. UI
",
'"

,,-,- - -

----I
I
I
I
I
I
I
I

'-----+--+-011.11

I
I I

I
_____..L ~

FIGURE 2. Schem atic Diagram
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Three bas ic compensat ion sche mes are poss ible
fo r th is amplif ier : f irst stage pole, second stage
po le and pole-spl itt inq. First stage compensat ion
will cau se an increase in h igh frequency no ise
because the fir st stage gain is reduced. allowing
th e second stage to contribute no ise. Second stage
compensatio n causes poor slew rate (power band·
width ) beca use the capacitor must swi ng th e fu ll
output vo ltage. Po le-sp tittinq overcomes both these
def iciencie s and has the advantage that a small
monolith ic co mpe nsat io n capacitor ca n be use d.

Th e outpu t stage is a Darl ington emitter-follower
(Oe. Og) wit h an act ive current sink (0 7 ). Tran ­
sistor 0 10 pro vides short -ci rcui t protect ion by
limit ing th e output to 12 mA o

",,, "

For bias sta bil ity. the current through Rs is ma de
ten t imes the input current of O2 ("-0.5 IlA ). Th en,
for the di fferential input , resistors Rs and R4 are :

240 H 1 MAXI MUM

The biasing referenc e is a zener d iode (Z 2) dr iven
from a co ns tan t cu rrent sou rce (0'1 I. Supply de­
coupl ing is th e rat io of the cu rre nt source imped­
ance to the zener impedance. To achieve th e high
current source im peda nce necessary for 120 d B
supply re jectio n, a cascode conf iguration is used
(0 " and 0 , 2)' The reference voltage is used to
power th e first stages of the ampl ifier thr ough
emi tter-fo llowers 0 ' 4 and a,s, Resisto r R1 an d
zener Z, provide th e sta rti ng mechan ism fo r the
regulat or . Aft er sta rti ng, zero volts appears across
0 , taking it ou t of conduct io n.

FIGUR E 4 . D iff erent ial Inp ut Biasing

1.2

5 x 1 0~

(3 )

Biasing

(
Vc e \
2.4 - ~ Rs · (4 )

.,

..

FIGURE 5 . Single Ended Inpu t Biasing

Zl

When us ing th e single ended input, O2 is turned
OFF and DC feed back is brought to the em itte r
of a, (F igure 5 ). Th e impedance of th e feedback
summing po int is now two or de rs of magn itude
low er than the base of O2 ("- 10 kn ). There fo re.
to preserv e bias stability, the impeda nce of the

"'

Zl

+o--f- ....-t

Figure 3 shows an AC equ ivalent c ircu it of the
LM38 1. The non ·inve rt ing input, a, . is re fe renced
to a voltage sou rce two VeE abov e gro und. Th e
ou tpu t qu iescent po int is established by negat ive
DC feed back th rough the external d ivider R4 /R s
(Figure 41.

FIGURE 3. AC Equivalent Circu it
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The feedback curre nt is < 100 JJA worst case.
Therefore, fo r single ended input , resist ors Rs
and R4 are :

feed back net wo rk must be dec reased . In keeping
with reaso nable resistanc e values, th e impedance
of th e feedb ack voltag e source ca n be 1/5 th e
summing poi nt im peda nce.

Capaci to r C2 sets th e low freq uency 3 dB co rner
wher e XC2 = R6 .

The small-signal bandwidth of th e LM381 is 15
MHz mak ing th e preamp sui table for wide-band
instru men tat ion appl icat ion s. Howeve r, in narro w­
band appl icat ions it is desirab le to lim it the arnpl i­
fier bandwidth and thus eliminate h igh frequency
nois e. Capac ito r C3 acco mp lishes this by shu nti ng
the internal pol e-spl itting cap acito r (C, ), lim iti ng
th e bandwidth o f th e am plif ier. Thu s, th e h igh
frequ ency 3 dB co rner is set by C3 acco rd ing to
equation 10 .

(9)
1

27TfoR 6

(6)

(5)

120011 MAXIMU M
0.6

5 x 10"

( vcc )T.2 - 1 Rs ·

re first stage small-signa l em itt er resistance
"=. 1.3 k11

A = mid-ba nd ga in in dB

Fo r music appl icat ion s, response sha p ing is re­
qu ired to provide the NA B standard ta pe playback
equalizatio n. F igu re 8 sho ws the NAB equalizat io n
character istic .

(10 )-4 X 10- 12

27Tf3 re 102 0

high freque ncy 3 d B corner

.,

11. 11

FIGURE 6. AC Op en Loop

III

-
fl ~ SO r

\ 1
1\ ~ . 1I2 8. 15 1PS

.\1
\ i

1.7/.IU t4 IPS , \
I l i;; I ;l0~

OtlB l tl I I. ~~ ~..:il:',REF ERENCE GAIN

60

"
30

~ IS

!
10

is

l'

•10 HI 100 H, t "HI 10 "HI lDa kH,

A o .
fo = 27T C

2
R

4
whe re : Ao = op en loop gain (7)

Th e circu its of Figu res 4 and 5 have an AC and
DC gain equal to the ratio R4 /R s. T o ope n the
AC gain, capac itor C2 is used to shu nt Rs (F ig­
ure 6 ). The AC gain now approach es ope n loop.
Th e low frequ ency 3 d B corne r, fo, is given by :

Tape Playback Preampl if ier
FIGURE 8 . NAB Equilization Characterist ic

Figu re 7 shows th e LM381 in a flat respo nse tap e
play back co nfigu ration. Th e mid-band gain is set
by resistor rat io

(8)

The NAB response is ach ieved with the circu it of
Figu re 9. Resisto rs R4 and Rs set the DC bias and
are chosen acco rd ing to equat ion s 3 and 4 for

II ., .,

II
.,

1' '' '
FIGUR E 9. NAB Tap e Preamp .

FIGU R E 7. Flat Response Tape Amp lif ier

differential input op erat io n and equati o ns 5 and 6
for th e single e nde d inp ut : Th e reference gain of
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th e preamp , above corne r fre quency f 2 (Figure 8),
is set by the rat io :

Th e corn er f requency f 2 (Figure 8) is determ ined
where XC4 = R7 and is given by :

odB reference gain (11 )

Equat ion .Il l)

odB Reference Gain

R7
R6 = 355 -1

R6 '" 180n .

62k
354

175

355

Corner frequ ency f 1 isdeterm ined where XC4 = R4 :

1
f , = 2rrC

4
R

4
'

(12)

(13)

7. For low f requency corner f 0 = 40 H z,

equati on (14)

1 1 = 2.2 1x 10's
2rr foR6 = 6.28x40x1 80

C2 '" 20/lF.

The low frequency 3 dB roll -off po int , fo, is set
where XC2 = R6 :

Example : Design a NAB equalized preamp for a
tape player requiri ng 0.5V rrn s output from a head
sensitivity of 800 /l V at 1 kHz, 3·3 /4 IPS. The
pow er supply voltag e is 24V and the different ial
input conf igurat ion is used.

1
2rrC2 R6 .

(14)

"V

II
2'011.

1. Fro m equati on (3) let Rs = 240 kn.

2. Equat ion (4) R4 ( V
CC

- 1) Rs2.4

R4 = ( 24 - 1) 2.4 x lOs
2.4

R4 = 2.16 X 106
'" 2.2M n

3. For a corner fr equency, f, equal to 50 Hz,
equation (13 ) is used.

FIGURE 10 . Typ ical Tap e Playb ack Ampl ifier

This circuit is shown in Figure 10 and requ ires
approxi mat ely 5 seconds to turn -ON for the gain
and supply voltage chosen in the example. Turn­
ON time can clo sely be approx imated by :

(15)(
2.4 )tON '" - R4 C2 In 1- -. - .

. - Ycc

A s seen by equat ion (151. increasing the supply
vol tage decreases turn-ON t ime. Decreasing th e
amplif ier gain also decreases turn -ON t ime by
reduci ng the R4 C2 produc t .

6.28x 50x2.2xl06

1
(13) C4 = 2rrf , R

4

C4 '" 1500 pF.

4. From Figure 8, the corner frequency f 2 = 1770
Hz at 3-3/4 IPS. Resisto r R7 is found from
equati on (12).

1
(12) C4 = 2rr f

2
R

7

1

6.28x 1770xl .5x 10 9

R7 '" 62 kn .

5. Th e required voltage gain at 1 kHz is:

0.5V rms _ 2_
A v = 800 /l V rms - 6.25 x l0 V/V -56 dB.

6. From Figure 8 we see the reference fr equency
gain, above f2 , is 5 dB down f rom th e 1 kH z
value or 51 dB (355 V/V) .

Where the turn -ON t ime of th e circu i t of Figure 9
is too long, the t ime 'may be shortened by using
the circu it of Figu re 11. The addition of resistor
RD for ms a voltage div ider w ith R6 ' . T h is d ivi der is
chosen so that zero DC voltage appears across

r----~~------ v"

II

FIGURE 11 . Fast Turn -On NAB Tape Pream p.
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C2• The parallel resistance of A6 ' and AD is made
equal to th e value of A6 found by equat ion (11). In
most cases the shunt ing effect of AD is negli gible
and A6 ' "" A6 .

For different ial inpu t, A 0 is given by :

In cases where power supply ri pple is excessive, the
circu it of Figure 11 canno t be used since the ripple
is coupled into the input of th e preampli f ier
th rough t he divider.

Th e circu it of Figure 12 provides fast turn·ON
wh ile preserv ing the 120 dB power supply reject ion.

Th e DC operating point is st ill establ ished by A4 /

As. However, equat ions (3) and (5) are mod if ied by
a facto r of 10 to preserve DC bias stability .

(19)

A7 + A6
Equation (11)~ = 355 .

4. Th e corner fr equency f 2 is 1770 Hz fo r 3-3/4
IPS.

3. Fro m th e previous example the reference f re­
quency gain, above f 2 , was found to be 51 dB or
355 VIV.

The turn·ON t ime becomes:

1. Fro m equat ion (3A I let As = 24 H 2.

2. Equat ion (4) A4 = ( ~~~ - 1) As

= U~ -1) 24 X 10
3

A4 = 2.16 X lOs "" 220 H 2.

( 1 - ~) .
Vee

Example : Design an NAB equali zed preamp with
the fast turn-ON ci rcu it of Figure 12 for the same
requ irements as the prev ious exam ple.

(17)

(16)

IVee - 0 .6) As '
AD =

0.6

(Vee - 1.21 A6 '

AD = 1.2

For single ended input :

FIGURE 12. Two..pole Fast Turn.()n NAB Tape Preamp.

6. Solving equati ons (Ill, (121.and ( l B) simultane­
ously gives:

(20)
A4 (f , + .,ff,2+ f 1 f2 (Aef . Gain)

f 2 (Aef . Gain )

(18)

1
Equation (12) C4 = 2lTf

2
A

7

5. The corner fr equency f , is 50 H z and is given
by equat ion (18) .

1\II

Fo r different ial input , equat ion (3) is modified as:

2 VSE 1.2
(3A) As = 1001 0 2 = 50x l0'6

= 24 k£1 MAXIMUM.

2.2xl0s (50 + .,f2500+ 50x l 77Ox355)
A6 = 1770x355

= 1.98 x 103

A6 "" 2 H2 .

7. From equat ion (1 1) A7 =354 A6 = 708xl03

A7 se 680 k£1.

= 120£1MAXIMUM.

Equations (111. (12) and (14) describe th e high
frequency gain and corn er frequ encies f 2 and f o as
before. Frequency f, now occurs where Xe4 equals
the compos ite impedance of the A4 , A6 , C2 net­
work as given by equat ion (18).

For single ended inpu t :

VSE
Equat ion (5A) As = 50 I

F S
=

0.6

50x 10-4

1
8. Equation (12) C4 = 2 lTf

2A 7

= ...:-1 _

6.28xl770x680x 103

C4 = 1.32xl0-'o "" 120 pF.

1
9. Equat ion (14) C2 = 2lTf

oA6

1

2lTf,A 6 [ (A
4

; 6 A
6 f -1 ]

(18)

1
=

6.28 x40x2 x 103

C2 = 1.99xl0-6 "" 2 J.1F .
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Thi s cir cu it is show n in F igure 13 and requ ires only
0.1 seconds to tu rn-O N.

(1, 81

Curv e B shows the requ ired preampl if ier respon se
to mak e the co mposite , A + B, provide th e NAB
recording cha racte rist ic. Th is respo nse is obtained
w ith th e circuit of Figu re 16 . Resist o rs R4 and Rs

2201t

'"

l ZO, f
UOK

"

220KII

FIGURE '3
FIGURE 16. Tap e Recording Preamp.

>

set the DC bias as before us ing equati o ns (3 ) and
(4 ) fo r th e differential inp ut and equat ions (5 ) an d
(6 1 for the single e nded inp ut . Resistor R6 and
capacitor C2 set th e mid -ban d ga in as befo re (equa­
t ion s (8) and (9) I. Cap aci to r Cs se ts the h igh
f requ ency 3 dB po int, f3 , (F igure 15) as :

TAPE RECORD PREAMPLIFIER

When recor d ing, th e fre que ncy resp on se is the
comp lemen t of the NAB playbac k equalizat ion,
mak ing the co mpo site reco rd and playback re­
spo nse flat . Figure 14 shows the record character­
ist ic supe rimposed on the NAB play back response.

1
2rrCsR6

(21)

Th e preamp ga in increases at 6 dB/ oct ave abo ve
f3 u ntil Ra = Xcs.

Resisto r Rg is chosen to provide the prope r reco rd­
ing head current .

f4 =desired high freque ncy cutoff

(2 2)

123)
Rg

= iRECO RD H EA D

1
Ra = 2 rrf4 Cs

10kHz1 kHz100 HI

"

..
JS

30

! 25

~ 20

~ 15

FIGURE 14. NAB Record & Playb ack Equ ilizal ion

1. F rom equa t ion (5) let Rs = 1200£1.

2. Equat ion (6 ) R4 = (~~~ - 1) Rs

R4 = U~ -1) 1200.

R4 = 2.2 8x 104 ~ 22 H2 .

3. Th e max imum out put of the LM3 81 is (Vc c
-2V)p_p. For a 24V power supply, t he maxi­
mum outp ut is 22Vpop o r 7.8V rm s. Th e refor e,
an out pu t sw ing of 6V rm s is rea sonable.

L, and C6 fo rm a parallel reson ant bias tr ap to
present a high im pedance to th e reco rd ing bia s
f requency and prevent intermodulatio n dis to rt ion .

Example : A reco rder having a 24V po wer supply
uses record ing head s requ iring 30 IlA AC dr ive
cu rrent. A m icrophone of 10 mV peak outpu t is
used. Single ende d input is desired for opt imum
no ise pe rfo rma nce.

II III II
~~ J ~I. ,U.l
·r AD RESPOrU

I 11
U- 11 •~ (.'AMP ~

~ R;~ ~tII I, I,

"
o
10 Hz 100 Hz 1 kHz 10 11 Hz 100kHz

! 20

15

JS

30

25

FIGUR E 15 . Record ing Head & Preamp . Response for
NAB Equ il izat ion

..

Curve A of Figu re 15 shows th e response char­
act er ist ics of a ty p ical lam inat ed co re, quarter­
t rac k head .
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From equation (23) Rg
i R EC O A D H EA D

6V
R9 = JOllA = 200 kn..

4. Let the h igh fr equency cut of f f~ = 16 kHz (Fig·
ure 15) . Th e recor di ng head fr equency response
begins fall ing off at approx imately 4 kHz.
Th erefore, th e preamp gain must incre ase at
th is f requency to obtain th e prop er compo site
characteristi c. The slop e is 6 dB /octave for the
two oct aves between f3 (4 kHz ) and the cutoff
f requency f4 (16kHz) . Th erefo re, th e m id-band
gain lies 12 dB below th e peak gain .

We are all ow ing 6V rm s outp ut vo ltage swi ng.
6V

Th erefore, th e peak gain = 10m\! = 600 or

55.6 dB.

Th e m id-band gain = 43 .6 dB or 150 .

5. From equat ion (8) the mid-band gain =

R4 + Rs
- -R-

s
- = 150.

R _ R4 _ 22 x 103
_

S - 149 - 149 - 147 .7

FIGURE 17. Typical Tap e Recording Amplif ier

PHO NO PREAMPLI FI ER

Crystal and ceramic phono cartr idges pro vide ou t ­
put levels of 100 mV to 2V and therefore do no t
requi re preampli f ication. Magnet ic cartr idges, ho w­
ever, pro vide much lo wer ou tputs as shown in
Table 2.

TABLE 2.

MANUFACTURER MODEL OUTPUT AT 5 em/sec

Empire Sc.enuuc 999 5 mV
888 8 mV

Shure V· ' 5 3.5 mV

M9 ' 5 mV

PIckering V- 15AT3 5 mV

6.28x50x 150

2.12x 10.5

C2 '" 20 1lF.

6. Equat ion (9) C2

7. Equati on (21) Cs

1
2rr foRs

1
2rrf 3Rs

Output voltage is specif ied for a given modulat io n
veloci ty . The magnet ic p ickup is a veloc it y device,
the refore , output is propor tional to veloci ty . For
example, a cart r idge producing 5 mV at 5 em/sec
will produce 1 mV at 1 em/sec and is specif ied as
hav ing a sensitiv i ty of 1 mV /cm/ sec.

In ord er to t ransfo rm cartr idge sensit iv ity into
useful preamp design inf ormat ion, we need to
know typical and max imum mod ulat ion veloc ity
lim it s of stereo records.

6. 28x4x 103x 150

2.66 x10 ·7

Cs '" 0.27 IlF .

Th e RIA A recor ding characteristic establi shes a
max imum record ing veloci ty of 25 centi meter s
per second in th e range of 800 to 2500 Hz.
Typ icall y, good quali ty record s are recor ded at a
veloci t y of 3 to 5 ern/sec.

8. Equat ion (22) R8
1

2rrf 4 Cs

Figure 18 shows the RIAA pla yb ack equa li zation.
This response is obta ined w ith th e cir cu it of
F igu re 19.

Resistors R4 and Rs set the DC bias (equat ions (3)
and (4). or (5) and (6)) . Th e 0 dB reference gain
is set by th e rat io :

36.8

Rs ee 33Q .

AN 64·8
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1. From equation (3) let Rs = 100 k11.

t o

20
bl ,

10
I,

0
I

- I,

10

20

2. Equat ion (4 ) R4 = (~~ - 1) Rs

= (~ - 1) lOS
2.4

R4 = 11.5x l 0s ", 1.2M11.

1
= 21f t, R4

3. Equat ion (25) C7
10 kHz 100 kH,1 kHzloOHI

20 w.....u.ll-L...J...J..U....LJ..llL...J......L...l.w

10 Hz

FIGURE 18 . RIAA Playback Eq uitizat ion

Th e co rner f requency, f 1, (Fi gure 181 is estab li shed
where XC7 = R4 or :

6.28x 50x 1.2x lOS

= 2.65x 10.9

(25)
4. Equat ion (26) C7

1
= 2 rrf2 R,o ;

1

6.28x 500x3x 10.9

= 1.03x10 s

R, o = --- - - --

' r Ui ' lD..
I\~;~os

f "':"

5. Th e max imum car t ri dge out put at 25cm /sec is:

(.5 rnv /crn /sec l x (25 em/sec) = 12.5 mY . The
requi red mid-band gain is therefor e:

5V rm s
= 40012.5 mV rms .

F IGURE 19. RIAA Pho no Preamp .

6. Equat ion (24)

lOOk
Rs = 399 = 251 '" 24011

L ikewise, f requency, f 2 occurs where XC7 = RlO or :

(26)

odB Ref . Gain
RlO + Rs

= -R~ = 400 ;

Th e third corne r frequency , f3 , is determ ined
where Xca = RlO :

Rz = 10 R6 = 240011.

,
Examp le : Design a phonograph preamp operating
from a 30 volt supply, wi th a cart r idge of 0.5 mV/
em/sec sensit ivit y. to dr ive a power amplifier of
5V rms inpu t over load lim it.

Resistor Rz is used to insert a zero in t he feedback
loop since the LM381 is not compe nsated for
unity gain . Eit her Rz is requi red to pro vide a zero
at or above a gain of 20 d B (R z = 10 Rs!. or ex­
ternal compensation is prov ided for unit y gain
stabi lity according to equation (10) .

= 7.23 X 10-10

c, '" O.OO1jJF.

1
Ca = 2rrf 3 R, 0 ' (27) 7. Equat ion (9 )

1
C2 :::: 27Tf

o
R

6
::::

C2 '" 20jJF.

8. Equat ion (27)

1
Ca = 2rrf

3R10 =

1 = 1. 7x l 0's
6.28 x40 x 240

6.28x2200x 1Ox 10 4
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The completed design is shown in Figure 20 where
a 47 kn input res istor has been included to p ro­
vide the RIAA standard car t ridge load .

"cut" . For exam ple, if 20 dB of " boost " and " cu t"
is desired , the ra t io R,, /R 12 and R' 2/R , 3 is 20 d B
or 10 :1. The low frequency control po int, f"
(F igu re 22 ) is set where XCg =R' 2 and XClO = R" .

FIGURE 20 . Typ ical Magnet ic Phono Preamp .

TONE CONTROLS

,i,lWas; II./. I
1111 I I

I'- 1'\ "iiit'j I -r
1'1 I I

'.I'I "K I
i-' 17f-W"I I

~
. f-L 1/2 CUT

II I I

l'mLfur

1
Cg

2 11 f, R' 2 '
(28 )

1
C,o 211 f, R

"

(29 )

1D

2D

2D
10 HI 100 HI 1 kHz 10 llHr IDD IIHr

1D

l7, I}

lOY

'OG'
,oa

~2D "f

rr
:~1

+
.h l f

U.
12, Il

'=" ":" ORl . 1Zl _

Most tap e and phonog raph appl icat ion s requ ire
bass and t reble ton e cont ro ls. Due to th e insert io n
loss of th e tone contro l, (equal to the available
boo st), it has been normal to use two preampl ifiers
with the control placed between them. However,
due to the excellent gain and large outpu t capa­
bility .of the LM381 , on ly a single preamp is reo
quir ed .

AI,
"

"" ~i--""'_o OUTPUT ~
ICI'

""

RtJ .: OUTPUT

""

T'"

FI GU R E 22 . Bass& T reble T one Co ntrol Response fo r
20 dB Boost & A ttenu ation

The tre ble co ntro l is the analogue of the bass
con trol with the res istor and ca pacitor d ividers
reversed . The rati o of reactance of C, , / C' 2 is set
equal to the amo un t of " boost" and " cut" . Th e
h igh frequenc y control po int, f2, is esta blished
where XCl 2 = R, 3.

1
C, 2 211f2 R,3 .

(30)

1
R' 4 211 f2C, 2

(3 1)

1
R, S 211 f2CII .

(32)

FIGURE 2 1. Bass & T reble Con tro ls

Figure 21 shows the bass and tr eble tone co ntro ls.
The pot en tiomete rs, R, 3, are aud io tap er; i.e ., at
the cente r of shaft rot at ion the wiper is at the
90%-10% po int of the to ta l resistance . Both co n­
t rols are sim ple AC d ividers, with the flat respo nse
posit ion where the signal is attenuate d from the
"f u ll boost" .

In the bass cont rol the rati o of resistors RII /R ' 2
and R, 2/R , 3 dete rmin e th e degree of " boost" and

Figure 23 shows one channel of a p ract ical p re­
amplif ier fo r a stereo phonograp h. The preamp
is complete with RIAA equalizat io n, bass and
treble tone control, balanc e co nt rol and volum e
co nt ro l.

AUDIO MIXER

In many aud io app lication s it is desirabl e to pro ­
vide a mixer to combi ned or select severa l inputs.
Such applications include pu blic add ress systems
where mor e tha n on e mic rophone is used ; tape
reco rders, high fide lity pho nographs, gu itar arnpl i­
fiers, etc.

AN64 ·10



lOV

TREBLE
B2K

VOLUME

"K ........-.010 POWER

-=- AMP J .02

I .ZK

00'

10K

BALANCE
lOOK

'ASS
.06

50K>.f---..--""......+------<...--+<l. "K

UK

S6Dn

2400

'00
lOOK

U"'01K

-=- -=- u.m

TOeH 2

FIGURE 23. Single Ch annel of Compl ete Phono Preamp.

(7. 1)

'0---1
'0---1 "

'0---1 '" "
I

I ' R.. I 1"
R!

' o- - -l ~ -~-~

" -e-

Figu re 24 shows the LM 38 1 in a m ix er configura­
ti on. Input s at A, B, C, - N can be selected and
comb ined (summed ) w ith potentiometers RA , RB,

Rc , - RN • Resistors R4 and Rs estab lish th e DC
quiescent point in accorda nce with equat io ns (3A)
and (4). (Only the differential input configuration
is used in the mi xer application since the high
source im pedance of the input potent iometers
would negate any advantage of the single ended
input .) Input bias curr ent is supplied th ro ugh
resistor RF • Th erefo re, an up per limit of RF
shou ld be establ ished to avoid outpu t offset volt­
age problems. A safe uppe r lim it is to let :

FIGURE 25.

(33)

The voltage gain of th e m ixer is now :

(35)
RFAv = -=R---.:..:.'=--:--­

A,B,C + R S A,B,C

Sinc e resistor RF is no longer requ ired to supply
the inpu t bias current, it does not have the upper
lim it as in the previous ci rcui t. Th erefor e, the open
loop gain of the LM3 81 can be real ized. Capacitor
C" shunts the AC feedback of the R4 - Rs net ­
work and is found by :R!

"
R,

R.

I
I I R.. I

, o- - -l ~ -~- ~

"

•0---1~~-=l

•0---1 1---:Yo~
' 0---1~~-"N'v-----'

FIGURE 24 . Aud io MiR. r
C,

The voltage gain of th e mi xer is: amplifi er op en loop gain in dB

A v A, B,C

R4 Rs + R4 RF + Rs RF

R s ( RA, B,C + R S A ,B ,C)
(34)

low frequency 3 dB corner

Where the values of R F and the source im pedance,
Rs, are such that th e gain of the circu it of Figure
24 is inadequate, the configurat ion of Figure 25
may be used.

Examp le: Design a m icroph one m ixer for use wi th
600n dy nam ic mic rop hones wi th an output level
of 10 m V. The mixer should operate from a 24V
supply and del iver 5 volts output. A dynami c range
of 80 dB is desired .
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5V
Gain = 10 mV = 500

R4 Rs + R4 RF + Rs RF
Av =

Rs (RA,B,C + Rs )

Av Rs (RA,B.C + Rs) - R4 Rs
RF =

R4 + Rs

FIGURE 26.

RA • B • C = 5.99 xl 0s "" 5Mn

At maximum atte nuati on:

5 X 10-2
500

= 80 dB =Attenuat ion

5. Equation (34)

4. For 80 dB dy namic range:

1. From equati on (3A ) Rs = 24 kn

2. Equat ion (4)

R4 = ( VCC _ 1) Rs2.4

R4 = (3i- 1 ) 24 x 103
2.4

R4 = 2.16 X lOs se 220 kn

3. For 5V output :

At maximum volume: RA, B,C, = 0.Gain =500
CONCLUSION :

500 x2 .4x10 4 (0+600 ) - (2.2x10s) (2.4x l 04
)

RF = --------~----:;---­
2.2x 1OS+2.4x 104

RF = 7.87k "" 8.2k

Th e applicat ions presented in this note are by no
means exhaust ive. The LM38 1 is a widely versatile
low no ise, high gain, wi de band gain block and. as
such has many applicat ions outside the audio
spectrum.
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LM380 POWER AUDIO AMPLIFIER

INTRODUCTION

Th e LM380 is a power audio amplifier intended
fo r consumer applications. It featu res an inte rn ally
fixed gain of 50 (34 dB ) an d an ou t put which
auto mati ca lly centers itse lf at one-half of th e
su pply vo ltage. A uni que input sta ge allows inputs
to be gro und referenced o r AC coupled as requi red .
The ou tpu t sta ge of t he LM380 is pro tected with
both short cir cu it curr en t limi t ing an d thermal
shut down circuitry . All o f th ese internally pro­
vided features resul t in a min imum ex te rn al parts
co unt inte grate d circu it for audio applica t io ns.

Th is paper descr ibes t he circu it opera t io n of the
LM380, its power handl ing capability , methods of
vo lum e and tone control, d istort ion , and var iou s
applicat ion circuits such as a br idge amplif ie r, a
po wer supply spl itter , and a high in put im pedance
aud io amp lif ie r.

CIRCUIT DESCRIPTION

F igure 1 shows a simpl ified circui t schemat ic of the
LM380. The input stage is a PNP em itter- follower

Jo e E. Byerly & Marvin Vander Koo i
Dece mber 19 72

d riving a PNP differential pa ir with a slave current­
so urce load . The PNP inpu t is chosen to reference
the inpu t to gro und, th us enabli ng the inpu t t rans­
ducer to be d irec tly co upled .

The output is b iased to hal f the supply voltage by
resistor rati o R , /R 2 . Negative DC feedbac k.
through resistor R2 , balances the d ifferent ial stage
w ith the ou tput at half supply , since R 1 = 2 R2
(Figure 1) .

Th e seco nd stage is a commo n em itter vo ltage gain
am plifier w it h a current -source load . In te rna l corn­
pen sation is provided by the pol e-spl itt inq cap acitor
C' . Pole -splittinq compensation is used to pr eserv e
wide power bandwidth (100 k Hz at 2W, 8 Q) . The
output is a quasi-co mp lern entarv pair em itter­
fo llower .

The am plifier gain is inte rn ally f ixed to 34 dB or
50 . Th is is acc o m plis hed by the inte rna l feedbac k
network R2 -R 3. The gain is tw ice that of the
rat io R~R3 due to the slave cu rrent-source which
pro vides the full differe ntial gain of the input stage.

I""'"

~
to)

00
o
"'0
o
:E
m
:0

J>
c
C

o
J>
~
"'0
I""'"

."

m
:0

TABLE 1. Electrical Characterist ics (Note 1)

PARAMETER CONDITIONS MIN TYP MAX UNITS

Power Output {rrns] an load , 3% T.H.D. (NOles 3, 4 ) 2.5 Wrms

Gain 40 50 60 V /V

Outpu t Vo ltage Swing an load 14 V p <>

Inpu t Resistance '50k n -
Tot al Harmonic D istort ion Po ' 1W, (NOles 4 & 51 0.2 %

Power Suppl y Reject ion Cb y p•• = 5 ,uF, t = 120 Hz 38 da
{Not e 21

Supp ly Vo l tage Range a 22 v

Ban dw idth Po • 2W. RL • a n l OOk Hz

Ou iescen t Ou tp ut Vol tage a 9 10 V

Qu iescen t Su pply Cu rrent 7 25 rnA

Shor t Circu it Cur rent 1.3 A

Note 1: VS " rsv . TA " 2Soc u nl@S$c tnerw.se ~peC l tled

No t e 2 : RejectIo n ral10 refe rr ed to Out put .

No te 3 : W,th c ev.ce P,ns 3. 4 , 5 , 10 , 1" 12 sold ered into a 1/16" e po . y glass bo ard WIth 2 o unce co p per fa ll Wit h a m ,n Imu m
surface o f SIlt se vere mcnes

No t . 4 : If OSCIlla t ion ellists under so me load ccocu.c os . add a 2.7n resisto r a nd 0 .1 uF ser Ies netwo r k trom Pm 8 to gro u nd

Not .5: Cb vpass ~ 0 ,4 7 uF on PI" 1.

NOI.6: Pms 3 . 4 , 5.1 0 , 11 , 12a t SOOC derat es 25 ° ClWabOve so"C ca se.
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FIGURE 1.

GENERAL OPERATING CHARACTERISTICS

Th e output current of the LM3BO is ra ted at 1.3A
peak. The 14 pin dual -in-line package is rated at
3S oCNJ when soldered into a printed circu it board
with 6 square inches of 2 ou nce co pper fo il (Fig·
ure 2). Since t he device jun ct ion te mpe rature is
lim ited to lS0°C via the thermal shutdown cir­
cuitry, the package will suppo rt 3 watts d issipa ­
tion at SO°C ambien t o r 3 .7 watts at 2SoC ambient.

I .S
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OUTPUT POWER (WATTS}

Figure 2 shows the maximum package d issipation
versus ambient tem perature for various amounts of
heat sinki ng.

FIGURE 3A. Dev ice Dissipat ion VI Ou tp ut Pow er ­
4n Load
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FIGURE 2. Device Dissipation vs Ambient
Temperature

FIGURE 38. De vice Dissipat ion VI Ou tpu t Power ­
an Load

FIGURE 3C. Device Dissipation vs Output Power ­
16n Load
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The maximum device di ssipation is o bt ained from
Figure 2 for the heat sink and amb ient temperature
co ndi t io ns un der wh ich th e device wi ll be o pe rat ­
ing. With this maxim um al lowed dis sipa tio n, F ig­
ures 3A, B an d C show t he maximum power supply
allowed (t o stay with in dis sipation limits) and the
output power de livered into 4, 8 or 16 oh m loads.
Th e three percen t total- ha rmo nic-distort ion line is
approx imat ely th e on- set of clipp ing.

F igures 3A , B, and C show device dissi pat ion versus
output power for various supply vo ltages and
loads.
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BIASING

FIGURE 5 . Ou tput Vo ltage Gain YS Frequency

FIGURE 4. Total Harmonic Distort ion vs Frequencv

Figure 4 shows total harmonic d isto rt ion versus
frequency for variou s output levels, whi le Figure 5
shows th e power bandwidth of the LM380.

. Power supply dec oupling is achieved through the
AC divider form ed by R, (F igure 1) and an exter­
nal byp ass capac itor . Resisto r R1 is sp lit into two

The normal power supply deco upl ing precaut io ns
should be tak en when inst alling the LM380 . If
Vs is more than 2" to 3" from the power supply
filter ca pac itor it should be decou pled with a
O. l IlF disc cera mic ca pacitor at the Vs term inal
of th e IC.

The Rc and Cc shown as dotted line componen ts
en Figure 7 and thro ughout th is paper suppresses a

The simplified sche matic of Figur e 1 shows th at
the LM380 is intern ally biased with th e 150 kn
resistan ce to gro und . Th is enables input tran sdu cers
which are referenced to ground to be direct-coup led
to either the inverting or non -invert ing inputs of
the amplifier. The unused input may be eit her :
11 left floati ng, 21 retu rned to ground through a
resisto r or capa citor or 3 ) sho rted to ground. In
most appl icat io ns where the non ·inverti ng input
is used , the inverting inp ut is left floa ting. When
the invert ing input is used and th e no n-inverti ng
input is lef t floating , the amplifier ma y be found
to be sensitive to board layo ut since stra y co upl ing
to the floatin g input is posit ive feedb ack. Th is can
be avoided by em plo ying on e of three a lter nat ives:
1) AC ground ing the unused input wit h a small
capacitor. Th is is preferred whe n us ing high sou rce
impedance transducers. 21 Retu rn ing th e unused
input to gro und throu gh a resistor. This is pre ­
ferr ed whe n using mo derat e to low DC source
impedan ce transdu cers and whe n output o ffse t
fro m half sup ply vo ltage is crit ical. Th e res istor
is' made eq ua l to the resista nce of th e inpu t
tra nsducer, thu s maintaining balance in the input
differential amplifier and minim izing output offset.
3 ) Short ing th e unused input to ground. Th is is
used with low DC source impeda nce t ran sducers
or when output offset vol tage is no n-cri tical .

OSCILLATION
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-F OR STABILITY WITH
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FREQUEfII CY FIGURE 7 . M inimu m Component Configurat ion

FIGURE 6. Supply Decoupling vs Frequency

25 kn halves provid ing a high source impedance
for the integrato r. Figure 6 shows supp ly decou pl·
ing versus frequency for various bypass capac itors .

5 to 10 MHz small amplitude oscillat ion wh ich
can occur dur ing the negative swing int o a load
which draws high curre nt. Th e oscill at ion is o f
course at too high of a frequency to pass th rough
a speaker , but it should be guarded against when
ope rat ing in an RF sens it ive environment .
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FIGURE 8. Phono Amp
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Figur e 11 shows the response of the circui t of
Figure 10.

Thi s circu it has a distinct advantage over the cir­
cui t of F igure 7 when transducers of high source
imp edance are used, in that, the fu ll input imped­
ance of t he amp li fier is real ized. It also has an
advantage with tra nsducers of low sour ce imp ed­
ance since the signal att enuat ion of th e inp ut
vo ltage di vider is eli mi nated. Th e tra nsfer function
of th e ci rcuit of Figure 10 is given by :

. .~""2 m

". - -
" .f '~' '''.".

~" 1I\/

'FOIl n UlLITY WITH
HICOlCUAA(IIIT l OAO$

An applicat ion of th is basic configu ration is th e
pho nograph amp lif ier where the add iti o n of vol ume
and ton e cont ro ls is requ ired. Figure 8 shows the
LM380 with a voltage d iv ider vo lume control and
h igh frequency rol f-of f ton e co ntro l.

When maximum input im pedance is requ ired or the
signal at tenuat ion of the voltage divider vol ume
con t rol is undes irable, a " common mode" volume
control may be used as seen in Figure 9.

With t he inte rnal baising and compen sation of th e
LM380, th e simplest and most basic circui t con ­
f igurat io n requires on ly an output coupl ing capaci­
tor as seen in Figure 7.

FIGURE 9. "Common Mode " Volume Cont rol

~ l ,

~

,;

lD

20

~

"s
z

'" "
'"

FIGURE 11. Tone Cont rol Response

FIGURE 12. AlA Playb ack Eq ual izat ion

FREDUENCY

30
10 Hr 100 HI 1 kHI 10 kH, 100 kH,

Most phon ograph applica tions requ ire frequency
response shaping to provide the RIAA equaliz ation
characterist ic. When record ing, the low frequencies
are attenuated to prevent large undu lat ion s fr om
destroying th e record groove walls. (Bass tones
have h igher energy content th an high fr equ ency
to nes.) Conversely , th e high fr equ encies are em­
phasized to achieve greater signal -to-no ise rat io.
Therefo re, when played back the phono ampl ifier
shou ld have th e inverse f requency respo nse as
shown in Figure 12.

( 1)

Co
... . f. '1n.... . '

~ ~Il 1:1
Cc' .. .. . .
D' ~f ·=l:·

cc
... . f. .~.~ "c'

-' 2 1:1
"Cc: .1._ ' .1
1 1..f':,l".:'

· f OA$' .... tUTY WlTM
HIGH CURRUlT lO ADS

' f OASTA' ll ITYWITH
HtGHCURA(NTl OAO$

" AUOIO TA,e ' DTEIrITIOMUEA
(1O' Of A, AT ~"'AOTA 'IO Jil I

With th is vol ume control the source loading imped­
ance is only the input impedance of the amplif ier
when in the full -vol um e position. This reduces to
one-hal f th e am plifier inpu t impedance at the zero
vo lume posit ion . Equat ion 1 describes the output
vol tage as a fun cti on of the pot ent iom eter set t ing.

FIGURE 10 . " Com mon M ode" Volume and Tone
Con tro l

This " common mode" vo lume control can be
combi ned w ith a "common mode" tone co ntrol
as seen in Figure 10.

Th is response is achieved w ith the circui t of
F igure 13.

The mid -band gain , between f requencies f 2 and f3 ,

Figure 12, is estab lished by th e ratio o f R, to the
input resistance of th e ampl ifie r ( 150 krl ).
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Capaci to r C, sets the corner freq uency f 2 where
RI · ; Xc, .

FIGURE 13. RIAA Phono Amplif ier

1.a 2.0 3.0 4.0 S.D

OUTPUT POWER (WATTS)

54.0 ,-,-,-,-,-,-,-,-,-,-,

!. u
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:u l-y,""....-=t-:........, "':'f-rl
~
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~ 1.' r--~""j::::l~~;;t"tTI:.iii I.' 1-....-=f-b e;;.fS<P+
o .5 I-l-'F-t-t-t-P-

~

FIGURE 15A. SO Load

pow er capabili t y by a factor of four over the
single amplifier . However , in most cases the pack ­
age dissipation w ill be the first parameter limiting
power del ivered to the load . When th is is the case,
the power capability of the bridge will be only

(3)

+lI V

R, + 150 kn
150 kn

C1
Z20,F

-FORSTAlI lI TVWIT H
HIGH CURRENTLOADS

Mid ·band Gain

A ; closed loop gain wi th externa l feedback.

Where:

z., ; impedance at node 6 without external feed·
back (1 50 kQ)

Ao gain witho~t externa l feedback (50 )

Ao - A
feedback transfer function 13 ; AoA

t 2 3 4 5 6 1

OUTPUT POWER (WATTSI 16n LOAD

twice that of the single ampl if ier . Figures 15A and
B show outpu t power versus device package dissipa­
ti on fo r bot h 8 and 16n loads in the br idge con-

FIGURE 158. 160 Load

f igurat ion . The 3% and 10% harmonic distort ion
contours double back due to the thermal lim it ing
of the LM380. D ifferent amou nts of heat sink ing
wi ll change the poi nt at which the dist ortion
contours bend.

(4)

(5 )z

1
C, ; 2"f2R ,

Therefore:

Capacitor C2 establ ishes the corner f requency f3
where XC2 equals th e impedance of the inverti ng
input . This is normally 150 kn. However, in the
circu it of F igure 13 negative feedback reduces
the impedance at the invert ing input as:

C
2

; 1

2 JT fJ ('+; oll )

BRIDGE AMPLIFIER

(
IS0k ) (6)

2 JTfJ 1 + SOil

The quiescent output voltage of th e LM380 is
specified at 9 ± 1 volts w ith an 18 volt suppl y.
Th erefo re, under th e worst case condition, it is
possible to have two vol ts DC across the load.

FIGURE 14. Bridge Conf igurat ion

Th is provides tw ice the voltage swi ng across the
load for a given supply, thereby , increasing the

of 011S"'I'un WlTM
MIGII t ll ll llU T l OAOS

FIGURE 16. Qu iescent Balance Control

Wit h an 8n speaker th is is 0.2 5A which may be
excessive. Th ree alt ernat ives are available ; 1) care
can be taken to match the qu iescent vol t ages, 2)
a non-polar capacitor may be placed in ser ies w ith
the load , 3) t he offset balance control of Figure 16
may be used.

'.'.

Where more power is desired than can be provided
w ith one ampl if ier, two amps may be used in th e
bridge conf iguration shown in Figure 14.

~
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INTERCOM

section th e undriven input may be AC or DC
grounded . If Vs is an appreciable distance from
th e power supply (>3") f ilter capaci tor it should
be decoupled wi th a 1IJF tantau lum capacitor .

The cir cuit of Figure 18 pro vide s a m in imu m
component intercom. With switch S, in the talk
posit ion , the speaker of the master stat ion acts
as the microphone with the aid of step-up t rans­
former T , .

The the or etical plus and minu s output tra ck ing
abil ity is 100% since the device w ill prov ide an
output voltage at one-half of th e instantaneous
supply voltage in th e absence o f a capacit or on the
byp ass termin al. Th e act ual error in t racking wi ll
be directly proporti onal to the un balance in t he
quiescent output vo lt age. An op t ional potenti o­
meter may be placed at pin 1 as shown in Figure 19
to null output offset. The unbalanced current
output for the circuit of Figure 18 is l imited by
the power dissipat ion of the package.

circuit does not requ ire a high st andby current
and power dissipation to maintain regulation.

Wit h a 20 vo lt inpu t vol tage (±10 vo lt ou t put ) the
circ ui t exh ibits a change in output vo lta ge of
appro xima te ly 2% per 100 mA of unba lanced load
change. Any balanced load change will reflect onl y
the regulation of the source voltage Y' N.

In the case of sustained unb alanced excess loads,
the device will go into t herm al lim it ing as the
temperatu re sensing circuit begins to fu nct ion . For
instantaneous high current loads or short ci rcui ts
the device li mits th e output curre nt to approx i­
mat ely 1.3 amper es until th ermal shut-dow n tak es
over or unt il the fault is removed.

--,
o

~

'.'.

FIGURE 17. Voltage Divider Input

"FOII"."UT Y WlTM
MIGMCUltllUIT l OADS

Th e circu it s of Figures 14 and 16 employ th e
"common mod e" volume control as shown before.
However, any of the various input connecti on
schemes di scussed previous ly may be used. Fiq­
ure 17 shows th e br idge configurat ion with th e
voltage div ider input . As di scussed in the " Biasing"

HIGH INPUT IMPEDANCE CIRCUIT

v.

~ 'D'
o

KE422 1
S

v.

"10K
.,

'2M

v.. 0--"'--+1

The junct ion FET isolation ci rcu it shown in Fig­
ure 20 raises the input impedance to 22 MQ for
lo w frequency inpu t signals. Th e gate to drain

FIGURE 18. Inlercom

l U i .
o
o
o
o
o

. ' OIlSTAlILllY ..6---- --=---- -------------- J
IIICIICtlUl l '-' U AllS

A turns ratio of 25 and a device gain of 50 allo ws
a max im um loop gain of 1250_ Rli prov ides a
" common mode" vo lum e contro l. Sw itch ing S,
to the listen position reverses th e ro le of the
master and remote speakers.

LOW COST DUAL SUPPL Y

The ci rcuit shown in Figure 19 demonstrates a
minimum part s count method of sy mmet r ically

spl itt ing a supply vo ltage. Unl ike th e normal R.
C, and power zener d iode technique th e LM380

t
l

I
I I
I I
I I

:~~,
I
I
o
o

FIGURE 19. D ual Supply

FIGURE 20 .

capaci tance (2 pF max imum for the KE4221
shown) of th e FET li mits th e inpu t impedance
as f requency increases.

At 20 kHz the reactance of this capaci to r is
approx imately - j4 MQ giv ing a net input imp ed­
ance magnitude of 3.9 MQ . Th e valu es chosen for
R " R2 and C, provide an overa ll circui t gain of
at least 45 for the com plete range of parameters
speci f ied for the KE4221.
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When using anot her F ET device th e relevant design
equat ions are as follows:

Th e equat ion descr ib ing t he closed loop gain is:

posit ive feedback aro und the LM3BO for closed
loop gains of up to 300 . Figure 21 shows a
pract ical exam ple of an LM3BO in a gain of 200
cir cuit.

(12)
- A V 1w )

1 _ AV 1w )

R,
1 + ­

R2

AV C L

(7 )

(B)

(~) (50)
R, +­

gm

gm

AV

T he maximum value of R2 is determi ned by the
produ ct of the gate reverse leakage IG SS and R2 .

T his voltage should be 10 to 100 times smaller
t han Vp • Th e output im pedance of th e FET
source fo llower is:

los R,

( VGS)2
l os = loss 1- Vp

(9 )

(10)

where A V1w l is complex at h igh f requencies but is
nomi nally th e 40 to 60 specified on the data sheet
for the pass band of the amplifier . I f 1 + R, /R 2
approaches the value of A V 1W) , t he denominat or
of equati on 12 approa ches zero. t he closed loop
gain increases toward infin ity . and t he circui t
oscillates. Th is is the reason for lim it ing th e closed
loop gain values to 300 or less. Figure 22 shows
the loaded and unloaded bode plot for th e circui t
show n in Figure 21.

BOOSTED GAIN USING POSIT IVE FEEDBACK

For appl icat ions requ ir ing gains h igher than the
internall y set gain of 50. it is possible to apply

so that the determ in ing resistance for the inter­
stage RC t ime constant is the input resistance of
the LM3BO.

LoJ
~'

/ '\
1/ 1\

,oo
".

o
10 100 1k 10k 10011 1M 10M

f REDUENCY (Hz) -

~ lSD

~
:1 100

5.

( 11)
1

R ~ ­
o gm

FIGURE 22 . Boosted Gain Bodo Plot

Vo

R,
t u

The 24 pF capacito r C2 shown on Figure 2 1 was
added to give an overdamped square wave response
under fu ll load cond it ions. It causes a high f re­
quency ro ll -off of :

(13)

fiGURE 2 1. Boo sted Gain of 200 Using Posit ive
Feedback

Th e circu it of Figure 21 wi ll have a very long
(1000 sec) turn on t ime if RL is not present,
but only a 0.0 1 second turn on t im e w ith an Bn
load.
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LM381A DUA L PREAMPLIFIER FOR
UL TRA·LO W NOISE APPLIC ATIONS
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INTRODUCTIO N

The LM3B1A is a dual preampl if ier expressly de­
signed to meet the requ irements of amplify ing low
level signals in noi se critical appl icatio ns. Such
app licat ions inc lude hy drop hones, scienti fic and
inst rumentation recorders, low level wideband gain
blocks , tape recorders, studio soun d equipment,
etc.

The LM 381 A can be ex ternall y biased for optimum
noise performance in ultr a-low no ise appl icat io ns.
When th is isdo ne th e LM38 1A prov idesa wideband,
high gain am pli f ier w ith no ise performance th at
exceeds that of today s best transistors.

The ampli f ier can be operated in either the differ­
ent ial or single ended input configura tion. How­
ever, for opt imu m noise performance, th e input
must be operated single ended . since bo th transi s­
tor s contr ibut e no ise in a d ifferent ial stage, de­
grading input noise by the factor 0 . A second
conside rat ion is th e design of t he input bia s cir­
cuitry . Bo th the load and biasing elements must
be resistive. since act ive components wou ld each
contribute add itional noi se equal to th at of th e
inpu t device. Th irdl y , the curre nt densit y of the
input dev ice shoul d be op ti mized fo r th e source
resistance of th e input transdu cer.

F igure 1 shows the schematic d iagram of one
channel of LM3 81A (a detail ed explanat ion of th e
circu it operation is given in applicat ion note
A N-64 ). To operate the input single ended , tran ­
sistor O2 is turned OFF by return ing th e base of
O2 (Pins 2. 13) to grou nd.

'"

Joe E. Byerl y
Dennis Bohn
August 1972

Figures 2A and 2B show the wide-band (10 Hz ­
10 kH z) input no ise vol tage and input noise cur ­
rent versus col lector curre nt for the single ended

•
''a H ~ . , .J,,
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F IGUR E 2A . Wideba nd Equivalent Input Noise Voltage
vs Collector Current
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F IGURE 2B . Wideband Equ ivalent Input Noise Cur rent
vs Coll ector Current
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FIGU RE 1. lM381A Schem at ic Diagram
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input configurat ion of th e LM381A. Total input
no ise of the amplifier is fou nd by:

v,

RI

ET = J[e/ + (inRS)z +4kTR s l B.W. ( 1)

Where :

en = amplifier noise vOltage/YHZ

in = ampl ifier no ise current /YHZ

Rs = source resistance n

k = Bo ltzmann 's co nstant = 1.38 x 1O.z3

JfK

T = source resista nce tem peratu re 0 K

B.W. = noi se bandwidt h

Figure 3 shows a plot of input tr an sistor (a,) col ­
lecto r current versus source resistance for optimu m
no ise perfo rm ance of the LM3BlA . Fo r source
impedances less than 3 kn th e no ise vo ltage term
(en) dom ina tes and the input is biased at 170 /l A
wh ich is optimu m fo r no ise voltage. In the region
between 3 Hl and 15 kn, both the en and inRs
terms contr ibute and th e input sho uld be biased
as indicated by Figure 3. Ab ove 15 kn , th e inRs
term is d om ina nt and the ampl ifier is op erated
without add itional external biasing.

RJ

..

..

FIGURE 3. Collector Curr ent vs Source R esistance
for Optimum No ise Perfo rman ce

For DC co nsiderat io ns, on ly th e su m (R, + Rz) is
imp ort ant . When con sidering th e AC effe cts, how­
ever, th e valu es of R, and Rz become signific ant .

The sum of resistors R, & Rz is given by:

Vs - 2.1
(R, + Rz) = (2)

Ie - 18 x 10.{;

(5)

(4)

A , = 026 1
_. _+ - - --'--- - -

Ie ~ +-.!...+ -.!...
104 H3 R4

The gain of th e input stage is:

(2 x 105 ) Rz

Rz + 2 X 105

Adding cu rrent to a, increases the base current
flo wing through th e 250 k bias resist or . Th is
voltage drop affe ct s a, emitt er voltage VE as
follows:

V E = 0 .8 - (~ x 250k) (6 )
130

Wher e :
P.S.R . = Supply reject ion in dB referre d to

input

fs = Frequ ency of supply ripp le

A, = Voltage gain of first stage

FIGURE 4. LM381A with Biasing Components for
Incre asing a, Current Density

Resisto r div ider Rf /R 3 provides negat ive DC feed ­
back around the amp lifier establish ing the quies­
cent operat ing po int . Rt is found by :

R, = 2. [ Vs R3 X 10
4 1(7)

2 VE (R3 + 1 x 104 ) - lc (R3 x 104 )

As R, beco mes smaller capacitor C, increas es fo r
a given power sup ply reject ion rati o . Con ver sely,
as Rz becomes small er th e ga in o f th e input stage
decrea ses, adversely aff ecting noise perf or mance.
For th e rang e of co llector cu rre nts over which th e
LM381A is o pera ti ng, a reaso nable co mpro mise is
ob tai ned wit h :

(3)

200
I I

110 eft DOMI NANT

160 f= 1 I I I ,

• 140 f-- 1 I I . I
I I

"
120 f--

~ '00 ! ,
"

P.S .R .

10 zo
C, = 2 1TfsR,A,

Figure 4 shows the inpu t stage of the LM381A w ith
the ext ernal co mponen ts add ed to increase th e
current dens ity of transistor a ,. Res istors R, and
Rz supply th e add it io nal cu rrent ( Iz) to the exist·
ing coll ect or curr ent (1,1 wh ich is ap proxi ma te ly
18/lA.

:: I I I
20 NORMAL SINGLE \ ift Rs DOMINANT

o ENDED BIAS LEVel I I j 1 1 111

H! l it !'lit 10k 20k 4011 lOOk

Since resist ors R, and Rz are biased fro m the
power sup ply, th e decoupl ing capacitor , C" is
requ ired to preserve su pply reject ion . The value
of C, is given by :

AN70·2



Fo r DC stabi lity let : (For product ion use, R3 is
mad e equal to a 2.5 kn t rlrnpot; allowing proc ess
varia tions wh ile preserv ing ou t pu t DC leveL)

R3 ~ 1 kn Nom ina l (8)

Input ca pac itor C4 plays an import ant role in
reducing the effe ct of 1If no ise. Noise due to 1If
is predo minant ly a current ph enom eno n, so making
C4 large presents a small im pedance to the 1If
current , creating a smaller equivalent no ise voltage.
A value of C4 ~ 10pF has been found ade quate.

R, can then be found from :

(9)

Example: Design an ultra-low noise preampl ifier
with a ga in of 1,000 operating fro m a 24 vol t
suppl y and a 600n sour ce impe da nce. 8 andwidth
of interest is 20 Hz to 10 k Hz.

Where :

Vs ~ Su pply Voltage

Ie ~ 0 1 Co llector Current

Th e AC closed loop gain is set by t he ra t io :

(10)

1. From Figu re 3 the optimu m collecto r cur­
rent for 600n sou rce resistance is 170 p A.

2. From equati on (2),

Vs - 2.1
R1 + R2 ~

lc - 18 x 10 -6

24 - 2.1

Capacito r C2 sets the low frequ ency 3 d8 corner
where :

(170 - 18 1 x 10-6

R1 + R2 ~ 1.44 X 10 5
•

1.44 X 105

1.333

(11 )

.,
3. From equati on (4),

R2 ~ 3 R1 ~

R2 '" 100 kn.

R1 ~ 36 X 103
'" 39 kn .

~ 1.08 X 105

Rl

R2 4 . From equat io n (6),

(
170 x 10.6

VE ~ 0.8-
130

5. From equa tion (8 ) let R3 ~ 1 kn. (Use 2 .5 kn
trimpot and ad just for Va ~ Vs /2).R,

17,11
~
..L.]

f
l~ 16.101

'1 + 15.111

"Vl~ ~ I l/ >''''-'-....-o . ,

(J~VJZ. l ]1

"A~ L:ADJ
R]

FIGURE 5 . S ingle Ended Input Conf iguration w ith
External Biasing Components

6. From equati on (9 ),

R, ~ ; LE (1.1 ~sl~4;~ 7Ie x 107]

1 [ 24 x 10
7

]R, ~ "2
0 .47 (1.1 X 104 ) -1.7 X 103

Rt ~ 3.46 X 104 ", 36 kn.

Figure 5 shows the LM38 1A in the single ended
input co nfiguration wit h th e add it ion al biasing
co mpo ne nts. Capac ito r C3 may be adde d to limit
th e ampl ifier bandwidth to th e frequency range of
interest, t hus e lim inating ex cess noi se outside the
pertinen t bandwidt h.

7. Fo r a gain of 1,000 ; equation (10),

Amplif ier Gain ~ (R, + R4) ~ 1,000
R4

R4 ~ 36 X 10
3

~ 36 n .

103

2rrf1

A

(
.026 ) 20- 10
lc

-4 X 10.12 (12)

8. For a low co rner fre que ncy , fo , of 20 Hz;
equation (11) ,

Where :

f1 ~ high frequ ency 3 d8 corner

lc ~ 0 1 co llector current

A ~ m id band gain dB

C
2

= __1_ =
2rrfo R4

= 2.2 1 x 10--4

C2 '" 200pF

6.28 x 20 x 36
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9. From equat ion (5) the gain of the input

stage is:

"V

R1

Rl 39K
lOOK

(2 x 105 ) R2

R2 + 2 x 105

2 x105 x 105

105 + 2 x105

.026 1- --'-- + - - -'-- --
1.7 X 10'4 _1_ + _1_ + -.!.....

104 103 36

A, = 355 .

BIAS
AOJ

C11' l...F

'.J"

..
]I

C21' lOo..F

10. For 100 dB supply reject ion at 120 Hz,
equat ion (3).

FIGURE 6. Typ ical Appltcation with Increased Current
Density of Input Stage

C, "" 10 1lF.

9.94 x 10" 8 + 9.0 x 10" 8 + 1.86 x 10,19
10 10g , '

9.94 X 10,18

C1

C,

P.S .R .

10----W­
2 1T f R,A1

1.04 x 10' 0

'00
1020

2 1T X 120 x 39 x 103 x 355

9.6 X 10 '6

To tal Wideband
Noise Volt age

Wideband
No ise Figur e

11. For a high frequ ency corn er, f" of 10 kHz;
equation (12).

C - _4 x 10,'2

3 - 21Tf, (.~~6) 1 0~

C
3

= 1 _4 x lO ,' 2

6.28 x 104 x 1.53 X 102 x 10
3

C3 = 1.0 xlO·, 0 "" 100pF.

The noi se perfo rmance of the circu it of Figure 6
can be found wi t h t he aid of Figures 2A and 2B
and equat ion (1). From Figures 2A and 2B the
noise voltage (en) and noise current (in) at 170 Il A
lc are: en = 3.0 nV /YHZ. in = .72 pA /YHZ. From
equat ion (1)

A N70 -4

= 10 log 1.92 = 2.83 dB.

CONCLUSION

In applicat ion s requiring a wide band. hi gh gain
preamp lif ier where noise perf ormance is cri tica l,
the LM381A is unsurpassed. In addit ion to ultra
low noise perfo rmanc e, th e LM38 1A offers two
complete ly independent ampl if iers, each w ith an
internal pow er supply decoupler-regu'tator provid ­
ing 120 dB supply reject ion and 60 dB channel
separat io n, .

Other outstand ing features include, high gain
(1 12 dB) large outpu t voltag e swi ng (Vs - 2V )
peak to peak, wi de 'supply ope rati ng range (9 ­
40V ). wide power bandw idt h (75 kHz, 20 Vp-p),
int ernal frequency compensation , and short -cir cuit
protect ion.
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CIRCUIT DESCRIPTION LM4250
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wh ere IB is input b ias cu rrent. At room tempera ­
tu re th is fo rmula becomes:

One advantage of th is lat eral PNP input stag e is a
common mode swing to wit h in 200 mV of th e
negative supply. This feature is es pe cia lly useful
in sing le supply operat io n wit h signals re ferr ed to
gro und . Ano ther advantage is th e almo st constant
inpu t bias curren t over a w ide tempe rat ur e ra nge.
Th e inpu t res istance R1N is approx imatel y eq ual
to 2~ (R E + re ) wher e ~ is the curre nt gain, re is
th e emitter resista nce of on e of th e input lat e ra l
PNPs, and R E is th e resistance of o ne of th e , a
k!1 emitter res ist or . Using a DC beta of 100 and
th e no rmal te mperatu re dependent expression for
reg ives:

R 1 and R2 prov ide em itter degenera tion fo r grea ter
sta b ility at hig h bias currents. 0 3 and 0 4 are used
as ac t ive loads for 0 , and O2 to provi de high gain
and also for m a current invert er to provide the
ma ximum dri ve for the single ended ou tpu t in to
as. as is an em itter follower wh ich pr events load ­
ing of the inpu t stag e by the succe edi ng ampl ifier
stag e.

.".....
'M

INTRODUCTION

Th e LM4 25 0 is a h ighl y versa t ile mon o lit h ic o per a­
t ional ampl ifier . A single external prog ramming
resistor determ ines the qu iescent power d issipa ­
t io n, inpu t o ff set and bias currents, slew rat e,
gain -bandwi d th product , and in pu t no ise cha racte r­
ist ics o f the amplifier. S ince the device is in effect
a d iffe ren t o p amp for eac h ex ternally pro gra mmed
set current, it is poss ib le to use a single st oc k ite m
fo r a vari et y of circu it function s in a system.

This paper describes the circu it o peration of the
LM4 250, variou s methods of biasing the device,
frequen cy response considerations, and so me cir­
cu it appl icat ions exercisi ng th e un iqu e ch aracter­
isti cs o f the LM4 250.

Th e LM4 250 has two special featu res when co m­
pared w ith other mon ol it h ic o perat io nal amplif iers .
One is' th e abil ity to ex te rn ally set th e bias current
levels of the amplifiers , and the o th er is t he use of
PNP tr an sisto rs as t he d iffer ent ial inpu t pair.

MICROPOWER CIRCUITS USING THE LM4250
PROGRAMMABLE OP AMP

FIGUR E 1. LM425 0 Sch emal ic Diagram FIGURE 2. Input Resistance vs ISET

Referr ing to Figu re " a, and O2 are h igh current
ga in lat e ral PNPs co nn ected as a d iffe re ntia l pai r.

F igu re 2 gives a typical plot o f R1N vs lse, derived
from th e abov e eq uat ion.
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Cont inuing with the circuit description, Os level
sh ifts downward to the base of Os wh ich is th e
seco nd stag e amplif ier. Os is run as a co mmo n
emitter amp lifier wit h a current source load (0 ,2 )
to provide max imum gain. Th e output of Os dr ives
the class B co mp leme ntary output stage com ­
posed of 0 ' 5 and 0 lS'

The bias curren t leve ls in the LM42 50 are set by
the amount of cur rent (I",.) drawn out of Pin 8.
The con st an t curren t sources 0 10 , 0

"
, and 0' 2

are co nt ro lled by th e amount of I"" cu rrent
thro ugh th e diod e connected t ransistor Og and
resistor Rg. Th e co nstant co llecto r cur rent fro m
0 10 biases the d ifferent ial input stage. Therefo re,
the level 0 10 is set at wi ll co nt ro l such am plifier
charact eristi cs as input bias current, ' input resist­
ance , and ampl ifier slew rate. Current sour ce 0 ' 1
biases 0 5 and Os. Th e cu rrent rat io between 0 5
and 0 6 is contro lled by constant cur re nt sink 0 7­

Current source 0 ' 2 sets the cu rrent s in d iode s 0 ' 3
and 0' 4 which bias the out put stage to t he verge
of con duc t ion thereby elimi nating th e dead zo ne
in th e class B output. 0 ' 2 also acts as th e load fo r
Os and lim its the dr ive cur rent to 0, 5'

The o utp ut cu rrent limit ing is provided by 0 ' 6 and
0 17 and the ir associ ated resisto rs R' 6 and R17 .

Whe n eno ugh current is d rawn from th e output,
0

' 6
turns o n and limits the base d rive of 0 , 5,

Similarly 0 17 turns o n when the LM4250 attempts
to sink too much curr ent , limiting th e base d rive
of O, S and th erefore output cu rre nt . Frequ enc y
co mpe nsat ion is provided by t he 30 pF capacitor
across the second stag e amplifier , Os , of th e
LM4250. Th is provide s a 6 dB per octave rol loff of
the open loo p gain.

BIAS CURRENT SETTING PROCEDURE

The single set resisto r shown in Figure 3a of fers
th e most strai ght fo rward met hod of biasing th e
LM4250. When the set resistor is connected from
Pin 8 to gro und the resistance value for a given
set cu rre nt is:

v: - 0 .5
RSET = ~ .

The 0.5 volts sho wn in Eq uat io n 3 is the voltage
drop of the master b ias current diode connected
transisto r on th e integrated circuit ch ip. In appl i­
cations whe re the regu lat ion of th e V· su pply
wit h respec t to the V- supply (as in the case of
tr ack ing regulators) is bett er th an th e V· supply
with respect to gro und the set resisto r shou ld be
connected from Pin 8 to V-. RS ET is then :

V· + IV-i - 0.5
RS ET = I

S ET
(4)

The transistor and res istor scheme shown in Fig­
ure 3b allows o ne to switch the amplif ier off with­
out d isturbing the main V· and V- pow er supply
connections. Att ach ing C, ac ross th e circuit pre­
vents any switching tra nsient fro m appearing at the
amp lifier outpu t. The du al scheme show n in Fig­
ure 3c has a co nsta nt set cur rent flowi ng through
Rs, and a var iable current through Rs 2. Transisto r
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FIGURE 3. Bias ing Schemes

O2 acts as an emitte r fo llower current sink whose
value depends o n th e cont rol vo ltage Vc on the
base. This circu it prov ides a met hod of varying
the amplifier's chara cter ist ics over a lim ited rang e
whi le th e amplifier is in o perat ion . The FET
circuit shown in F igure 3d covers the full range of
set cur rents in respon se to as litt le as a 0.5V gat e
potent ial change o n a low pinc h-off vol t age FET
such as the 2N368 7. Th e limit resistor preven ts
excessive cu rrent flow out of th e LM4250 when
the FET is fully turned on.

FREQUENCY RESPONSE OF A
PROGRAMMABLE OP AMP

This sectio n provides a meth od of deter mining the
sine and step volt age respon se of a pro grammable
op amp. Both th e sine and step vo ltage responses
of an ampl ifier are mod ified whe n the rate of
cha nge of the out put vol tage reach es t he slew rate
limi t of th e ampl ifier. The fo llow ing ana lysis
develops the Bod e plot as well as the small signal
and slew rate limited respo nses of an ampl ifier
to these two basic catego r ies of wavefor ms.

Small Signal Sine Wave Response

Th e key to con st ructing th e Bod e plot for a
progra mmable o p amp is to find th e gain band­
wid th product, GBWP, for a given set curre nt.
Ouiescent power drain, input bias curre nt, or
slew rate con siderat ion s usually d ictate the desired
set current. The data sheet curve relat ing GBWP to
set current provides the value of GBWP which
when divided by one y ields the un ity gain cros s­
over of fu • Assum ing a set cu rre nt of 6 J1A gives a
GBWP of 200,000 Hz and therefo re an fu of
200 kHz fo r th e examp le shown in Figure 4.
Since the device has a single dom inan t pole, th e
rolloff slope is - 20 dB of gain per decad e of
frequency (- 6 d B/oct ave). The do tted line shown
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output vo ltage

pea k out put voltage

d Vo
ma x imum Cit5,

where :

Th e maximum sine wave frequ ency an amplif ier
with a given slew rate will sustain wi t hout causing
the out put to tak e o n a tr iangular shape is th ere­
for e a fu nctio n of the peak ampl itude of t he
output and is expr essed as:

5,
2 rr Vp

Figu re 5 shows a qu ick referenc e graph ical pre­
sentation of th is for mu la with the area below any
Vpee k line re prese nt ing an und istorted small signal
sine wave response for a given frequency and
ampl ifier slew rate and th e area abov e th e Vpe.k
line repr esenting a distorted sine wave response du e
to slew rate lim it ing for a sine wa ve with th e

given V peak '

80
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I
60 f 3 "e :~
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- ZOdSPER

z .. DECADE OFs FREOUENC Y

I
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FREQUENCY

FIGURE 4. Bod e Plo t

on F igure 4 has th is slo pe and passes thro ugh th e
200 kH z fu po int . Arbit ra rily cho os ing an invert ing
amplifier with a close d loo p ga in magnitu de of
50 det erm ines th e he ight of th e 34 d B hor izontal
line show n in F igure 4. Graph ically f ind ing th e
int er sect ion of th e slo ped line and th e hor izo ntal
line or mathem at ically div iding GBWP by 50
determi nes th e 3 dB down fre que ncy of 4 kH z
fo r th e clo sed loo p respo nse of th is amp lifier co n­
figura t ion. T herefo re, the amplif ier wi ll now apply
a gain of -50 to all sm all signa l sine waves at
fre quencies up to 4 kHz. Fo r fr equen cies above
4 kHz, th e gain will be as show n on th e slo ped
portion of t he Bode plo t.

Large signal ste p voltage ch ang es at the out put
wi ll have a rise t ime as show n in equatio n 5 u nt il
a signal wi th a rate of output vo lta ge ch ange equal
to th e slew rate of the amplif ier occu rs. At th is
point the ou tput will become a ramp funct ion wi th
a slope equal to 5,. Th is act ion occurs whe n :

FIGURE 5. Frequency vs Slew Rate Limit YS Peak Output
Voltage

VPEAK - IV
VPl AI( " 16V

10 '1o!VIJ'I ' 1I
.aDOI .001 .01 0.1 1.0 10

REOUIREDMAXIMUMSLEWRATE"S," (VI.., )

(5 )t ,
f 3 d B

For th e ex ample shown in Figure 4 the 4 k Hz
3 d B down frequency would give a rise t ime of
87.5 IJs.

Small Signal Step Input Response

The am plif ier's respo nse to a po sit ive step voltage
chang e at th e input w ill be an expo ne nt ially rising
waveform w hose rise ti me is a funct ion of th e
close d loop 3 dB down band width of th e ampl ifier.
The amplif ie r may be modeled as a single pol e low
pass fi lter fo llow ed by a gain of 50 w ideband
amplifier . Fr om basic fil ter theory' , th e 10% to
90% rise ti me of a single po le low pass f ilter is :

0 .35

I, (...secl lD% TO90%

FIGURE 6. Slew Rate vs Rise Tim e V $ Step Vol tage

Figure 6 graph ica lly ex presses th is fo rmul a an d
shows th e maximum amplitud e of und istorted
ste p vo ltage for a given slew ra te and rise t ime .

Slew Rate Lim ited Large Signal Response

Th e final co nside rat io n, which det ermines th e
upper speed limitat io n on the prev ious two types
of signal resp onses, is th e ampl ifier slew rat e. Th e
slew rat e of an ampli f ier is th e max im um ra te of
ch ange of the out put signal which th e ampl ifier is
capable of de liver ing. In the case o f sino soid al
signals, the max imum rate of change occurs at th e
zero cro ssing and may be derived as follows:

v o = Vp sin 2 rrf t (6 )

d Vo
2 rr fV p cos2 rr ft (7)dl

~I 2 rr f Vp (8)
d t t o O

5, 2rr fM A X v.; (9 )

"See reference.

5 :<::: V' tep
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~
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.001
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The area above each step voltage line represents the
und ist o rted low pass filter type response mode of
th e amplifier. If th e inte rsect ion of th e rise t ime
and slew rate values of a part icular am plifier co n­
figurat ion fall s below the ex pecte d step vo ltage
amplitu de line, the rise t ime w ill be de ter mi ned
by th e slew rate of the amp lifie r. The rise t ime will
then be equal to th e amplitude of the step d ivided
by the slew rate S,.

Full Power Band width

The full power bandwid th o ft en found on ampli­
fier spec ifica tion sheet s is th e range of fre que ncies
from zero to th e frequen cy foun d at th e int er­
sectio n o n F igure 5 of th e ma ximum rated output
volt age and th e slew rate S, of the amp lifier.
Mat hemat ically th is is :

S,
f fu ll po w er = 2 iiV

rated

Th e fu ll power bandwidth of a programmabl e
ampl ifier such as th e LM4250 va ries w ith th e
mast er bia s set cur re nt .

Th e ab ove an alysis of sine wave and step volta ge
amp lifie r responses ap plies fo r all single dom inant
po le op amps such as th e LM101A, LM107 ,
LM108A, LMl12 , LMl 18 , and LM741 as well as
the LM425 0 progra mma ble o p amp.

500 NANO- WATT Xl0 AMPLIFI ER
Th e X l 0 inve rti ng amplif ier show n in Figure 7
demonstr at es th e low power capab ility of th e
LM4 250 at ex tre mely low values of supply vo lt­
age and set cu rren t . Th e circu it dr aws 260 nA
fro m th e +1.0 V su pply of which 50 nA flows
throu gh the 12 MQ set res istor . T he current int o
th e - 1.0V su pply is only 2 10 nA since th e set
res istor is t ied to grou nd rat her than V-. Tot al
qu iescent power d issipat io n is:

Po = (260nA) ( lV ) +(21 0nA) (1V) (13)

'.

FIGURE 7. 500 nW x 10 A mpl;!ie,

inc reases th e po wer dissipat ion to approxi mat ely
1 J1.W per ba ttery , a power drain ot -15 J1.W or less
will not affec t the shel f life of a mercury ce ll.

MICRO-POWER MONITOR WIT H HIGH
CURRENT SWITCH

Figure 8 shows th e co mb inat ion of a micro-power
co mparator and a high current sw itch run from a
sepa ra te supply . Th is circuit provid es a method of
cont inu ou sly monito ring an input voltage wh ile
di ssipat ing o nly 100 J1.W of power and st ill be ing
capa ble of switc hing a 500 mA loa d if the inpu t
exc eeds a given value . Th e refer ence vo ltage can be
any value between +8.5V and -8.5V. With a
m in imu m gain of approx imat e ly 100 ,000 the corn ­
pa rator can reso lve input voltage d ifferences down
into th e 0.2 mV regio n.

I"
, D I.. .~ '"

",,..

Po = 470 nW (14) FIGURE 8. J,J-Power Comparato r with High Current
Sw itch

The slew ra te de termined fro m t he da ta sheet
t ypical performance curve is 1 VIms for a .05 J1. A
set current. Sam ples of ac tual values observed wer e
1.2 V/ m s for the negat ive slew rat e and 0.85 V/m s
for th e positive slew ra te . Th is d iffe rence occu rs
due to th e non -sy mme t ry in th e current so urces
used for charging and discha rging the interna l
30 pF co mpensa tio n cap acitor.

The 3d8 down (ga in of -7.07) frequency observed
for t his con figura tion was approx imate ly 30 0 Hz
wh ich agre es fa irly clos ely with the 3.5 k Hz
G8 WP d ivide d by 10 ta ken fro m an extra po lat ion
of th e data shee t typical GBWP vers us set cu rren t
curve.

Peak -to -peak out put vo ltage swing into a 100 kQ
loa d is 0.7V or ±0 .35V peak. An incr ease in supp ly
vo lta ge to ±1.35V suc h as del ivered by a pa ir of
mercury ce lls di rectl y increases th e ou tput swing
by ±0.35V to 1.4V peak -to-peak . A lt hough th is

AN71 -4

The bias current fo r the LM4250 show n in F igure 8
is set at 0.44 J1. A by the 22 MQ Rse t resistor . Th is
results in a to tal comparato r power dra in of
100 J1.W and a slew rat e of ap prox ima tely 11 V/ ms
in th e posi t ive di rec tion and 12.8 V Ims in the
negat ive d irection . Pot entiom et er R, provides in­
put offset null ing capabil ity for h igh accuracy
applicatio ns. When the input vo ltage is less th an
th e referen ce vo lta ge, th e ou t pu t of th e LM42 50
is at approxi ma tely - 9.5V cau sing di ode D, to
conduct. Th e gat e of 0, is held at -8.8V by the
voltage developed across R3 . With a large negat ive
voltage on th e gate of 0 , it turn s off and removes
the base dri ve from 0 2' Th is resu lts in a high volt ­
age or open sw itch condi t ion at the collector of
0 2' When th e input vo ltage exceeds th e refere nce
vo ltage , th e LM4 250 outp ut goes to +9.5V causing
D, to be reve rse biased . 0, turn s on as does °2,

an d the co llecto r of 0 2 dro ps to approx ima tely 1V
whil e sink ing th e 500 mA of load curre nt.



Th e load den o ted as ZL can be resisto r, relay co il,
or ind icator lamp as requ ired ; but th e load current
should no t exceed 50 0 mA. Fo r V+ values of less
than 15V and IL values of less than 25 mA both
O2 and R2 may be omit ted . Wit h only th e 2N4860
J FET as an out put dev ice the circu it is sti ll ca pa ble
of dr iving most commo n types of indicator lamps .

IC MET ER AMP LIFIER RUNS ON
TWO FLASH LIGHT BATTERI ES

Meter ampl ifiers nor ma lly requ ire on e or tw o
9V transistor batter ies. Due to th e he avy current
dr ain on th ese su pplies, the met er s mu st be switch­
ed to th e OF F posit ion wh en not in use. Th e meter
circui t descri bed here operat es on two 1.5V f lash­
light ba tt er ies an d has a qu iescent power dr ain so
low that no ON·OFF switch is nee d ed. A pair of
Eveready No . 950 " 0 " cells will serve fo r a
minimum of one yea r w ithout replace ment . As a
DC ammet er , th e ci rcu it w ill provide current
ranges as low as 100 nA full -scale .

The basic met er ampli f ier c ircu it show n in Figu re
9 is a current-to-vo ltaqe converter . Nega tive f eed­
back aro und th e amplif ier insures t hat currents
liNand If are always equa l, and th e high gain of the
op amp insures that th e input voltage bet ween
Pins 2 and 3 is in th e microvolt region . Out put

..

',.

FIGUR E 9. Basic Meter Ampli fier

voltage Vo is th erefore equal to - lfRf. Con sider­
ing the ±1.5V sour ces (±1.2V end-of-life ) a practi­
cal value of Vo fo r full sca le met er deflection is
300 mV. With the master bias-curren t sett ing
resisto r (Rs) set at 10 MQ , th e to ta l qu iescent
current drain of th e circuit is 0 .6 /lA for a total
power su pply drain of 1.8 /lW. T he input bias cur­
rent , required by th e amplifier at th is low level of
qu iescent cu rrent, is in the rang e of 600 pA.

The Co mplete Nanoammeter

The co mplete met er ampl ifier show n in F igure 10
is a diffe renti al curr ent-to -vo lta qe converter with
input pro tecti o n, zeroi ng and full sca le adjust
provisions. and input resistor balancing for mini­
mu m offs et vo ltage. Resisto r R' f (equa l in value
to Rf fo r measurem ents of less than 1 /lA ) insur es
that the input bias currents fo r the two input
term inals of the ampl ifier do not cont ribute sign ifi­
cantl y to an out put erro r vo lt age. Th e out put volt ­
age Vo for the d ifferent ial current-to -voltage con ­
ver ter is equal to - 2 lfRf since th e flo ating input
current liN must flow thr ough Rf and R' f. R'f
may be om itted for Rf values of 50 0 kQ o r less,

'.
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F IGURE 10 . Com ple te Me.e, Amp lifie,

Resistance Values for
DC Nano and Micro Ammeter

I FULL SCA LE Rf lll i Ri l ll J

100 nA 1.5M 1.5M
500 nA 300k 300k

lilA 300k 0
51l A 60k 0

10llA 30k 0
50 IlA 6k 0

100 llA 3k 0

since a resista nce of this value contr ibutes an
erro r of less than 0 .1% in out put vo lta ge. Po tent i­
ometer R2 prov ides an electri cal meter zero by
fo rcing the input off set volt age Vos to zero . Full
sca le meter deflect ion is set by R r - Both R 1 an d
R2 only need to be set on ce for eac h o p am p and
meter combinat ion . For a 50 micro amp 2 kQ
meter mo vem ent, R1 should b e abo ut 4 kQ to
give full sca le meter def lect ion in respo nse to a
30 0 mV output voltage. Diodes 0 1 and O2 pro­
vide full input protection for over currents up to
75 mAo

With an Rf res isto r value of 1.5M th e circu it in
Figure 10 becomes a nanommeter with a full
scale read ing cap ability of 100 nA . Red ucing Rf
to 3 kQ in ste ps, as shown in F igure 10 increases
the full scale def lect ion to 100 /lA, the max imum
for thi s circuit conf igura tion . Th e voltage drop
across th e two input te rm inals is equal to th e
out put voltage Vo d ivided by th e open loo p gain.
Assuming an open loo p gain of 10,000 gives an
input vo ltage d ro p of 30 /lV or less.

Circ uit for Higher Cu rrent Read ings

For DC curren t read ings high er than 100/lA, th e
inverting amplif ier configur at ion shown in F ig·
ure 11 provides the required gain . Resisto r RA

develo ps a voltage dro p in response to input
curr ent IA • Th is volta ge is amplified by a facto r
equal to th e rat io of Rf/R s . Rs mu st be sufficie nt ­
ly larger than RA , so as not to load the input
signa l. Figur e 11 also shows the proper values of
RA , Rs an d Rf fo r full scale met er deflect io ns of
from 1 mA to lOA .

AN71 -5
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FIGUR E 11 . Ammeter

Res istance Values for
DC Amm et er

I FULL SCALE RA In! RS ln ! R, In l

1 rnA 3.0 3k 300k
lOrnA .3 3k 300k

100 rnA .3 30k 300k
lA .03 30k 300k

lOA .03 30k 30k

LOW FREQUENCY PULSE GENERATOR
USING A SING LE +5V SUPPLY

The variable frequ ency pulse generator shown in
Figu re 13 provides an example of the LM4250
operated from a single supply , The circuit is a
buffered output free running multiv ibrator with
a constant width output pulse occurring with a
freque ncy determ ined by potent iometer R2 ,

M..

FIGURE 13 . Pulse Generator

A 10 mV to 100V Full-scale Voltmeter

amplifie r protection for input overv oltages as high
as 500 V on the 10 mV range , but if overvoltages
of this magn itude are expected unde r cont inuous
o perat ion, the power rat ing of Rv should be adj ust­
ed accord ingly .

V FULL SCALE Rv In) R, In ! Ri l n !

10mV l OOk I .SM 1.5M
100mV 1M 1.5M 1.5M

I V 10M 1.5M 1.5M
10V 10M JOOk 0

100V 10M 30k 0

The LM42 50 acts as a com parator for the voltag es
found at th e upper plate of capacito r C, and at the
reference point denoted as V, on Figure 13.
Capacitor C, cha rges and discharges with a pea k-to ­
peak amp litu de of app rox imately 1V deter mined
by t he shift in reference vo ltage V, at Pin 3 of th e
o p am p. T he charge path of C, is from the arnpli­
f ier output , which is at its max imum pos it ive
voltage VH 1G H (approx imately V+ -0.5Vl. through
R1 and through the po tent iometer R2 . Diode 0 , is
reverse biased during the charge period . When C,
cha rges to th e V, value det ermined by th e net
resu lt of VH 1G H through resistor Rs and V+
thro ugh th e volta ge d ivider made up of resisto rs
R3 and R4 the amplif ier swings to its lowe r limit
of approximately 0.5V causing C, to beg in dis­
charging. The d ischar ge path is through the forward
biased diod e 0 I, through resistor R, . and into
Pin 6 of th e o p amp. S ince the imped ance in the
discharge pat h doe s not vary for R2 set t ings of
from 3 kn to 5 Mn , the ou t put pul se main ta ins
a cons tant pulse width of 4 1 !JS :!: 1.5 !JS over th is
range of potent iometer sett ings. Figu re 14 shows
the output pulse frequency variation from 6 kHz
down to 360 Hz as R2 places from 100 kn
up to 5 Mn of add itiona l resistance in the charge
pat h of C, . Sett ing R2 to zero ohms will short out
diode 0 , and cause a symmetrica l square wave
output at a fre quency of 10 kHz. Increasi ng th e
value of C, will lower th e range of frequencies
availa ble in response to the R2 variat io n shown on
Figure 14 . Electro lyt ic capacitor s may be used fo r
th e larger values of C, since it has o nly posit ive
voltages applied to it .

The o ut put bu ffer Q, presents a co nstant load to
the op amp output thereby prevent ing frequency
var iations caused by VH 1G H and VL O W voltages
cha nging as a funct ion of load current. The output
of Q , will interface direct ly with a standard TTL
or DTL logic devic e. Reversing diode 0 , will invert

01 511

"

- U II

VOL' MU EA

Resistance Valu es fo r a
DC Voltmeter

FIGURE 12. Voltmete,

"

'.

A resis tor inserted in series with on e of the input
lead s of th e basic meter amplif ier converts it to a
wide range voltm eter circu it , as shown in Fig­
ure 12. Th is invert ing amplif ier has a gain vary ing
from - 30 fo r the 10 mV full scale range to
- 0 .003 for the 100V full sca le range. Figure 12
also lists the prop er values of Rv , RI, and R'I fo r
each range . Diod es O, and O2 prov ide co mp lete
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Xl00 INSTRUMENTATION AMPLIF IER

FIGURE 16 . AV and CMRR vs Freque ncy

this conf igura ti on. Since the circu it appl ies a gain
of 100 or 40 dB to an input signal, the actual
ob served reject ion rati o is th e difference between
t he CM RR curve and A v curve. For example, a
60 Hz common mode signal will be atte nuated by
67 dB minus 40 dB or 27 dB for an actual rejec­

t ion rati o of V ,N/VO equal to 22.4 .

T he maximum peak-to-peak output signal into a
100 kn load resistor is approxi mate ly 1.8V. With
no input signal, the noise seen at th e out put is
approxi mate ly O.B mV R M S or 8 IJVR M S referred to
the input. When doing power dissipat ion measu re­
ments on this ci rcui t, it shou ld be kept in mind
that even a 1 Mn oscillo scope prob e placed be­
tween +1.5V and - 1.5V will more than double
th e power drawn fro m the batte ries.

100

20

o
1 10 100 1.000 10.DOO

FREQUENCY 1Hz)

5V REGULATOR FOR CMOS LOGIC CIRCUITS

Th e ideal regulator for low power CMOS logic
element s should dissipate essentially no pow er
when th e CMOS devices are runn ing at low fre·
quencies, but be capable of del iver ing fu ll out put
power on demand wh en the CMOS devices are
runn ing in the 0.1 MH z to 10 MH z region . With a
10V input vo ltage, th e regulato r shown in Fi g·
ure 17 w ill d issipate 350 IJW in th e sta nd-by mode
but will deliver up to 50 mA of con t inuous load
curr ent whe n requi red.

Th e ci rcuit is basicall y a boosted output voltage­
follower referenced to a low curre nt zener diod e.

" 0

-
~ 60

a
~ 40..
>..

The enti re ci rcui t can run f rom tw o 1.5V batter ies
connected directly (no power swit ch) to th e V+
and V- terminals. With a tot al curr ent dr ain of
2.8 IJA t he quiescent power d issipat ion of th e
ci rcuit is 8.4 IJW. This is low enough to have no
signif icant effect on the shelf li fe of mo st batt er ies.

Potent iomet er R" provides a means for matching
the gains of A , and A2 to achieve maximum DC
common mode reject ion ratio CM RR. Wit h R"
adjusted to its null po in t for DC common mode
reject ion the small A C CMR R trimmer capacit or
C, w ill normally give an additional 10 to 20 d8
of CMRR over the operat ing fr equ ency range.
Since C, actu ally balances wiring capacitance
rat her tha n amplif ier f requency characterist ics, it
may be necessary to attac h it to Pin 2 of either A ,
or A2 as requir ed. Figure 16 shows the variat ion of
CM RR (referred to the input ) with f requency for

(15)

.,

..
,~

. .. 1 0-_ . .. . 11 ..-
_' .. ' , 11) . •1' _' ... _ "'....... ._ .
. ... IIIII _(I _. 0C_ "( _

'..

" ~I-I"n-
~

FIGURE 15 . x 100 Inst rum entat ion Amplifier

the polarity of the generator output providi ng a
series of negat ive going pul ses dropping f ro m +5V
to the saturation voltage of 0 , .

The change in output frequency as a funct ion of
supply voltag e is less than ±4% for a V + change of
from 4V to 10V. This stabilit y of f requency versus
supp ly vol tage is due to the fact that th e refere nce
voltage V, and the dr ive voltage for th e capacitor
are both direct funct ions of V+.

The power d issipat ion of the fr ee runn ing multi­
vibrator is 300 IJW and th e power d issipat ion of
the buffer ci rcu it is appro x imatel y 5.8 mW.

lo,ooon

FIG URE 14 . Pulse Frequ enc y vs R2

1M SM

Rz Ul', )

%

>
uj 1.000

The instr umentation ampl if ier circu it shown in
Figure 15 has a full differential input center
tapp ed to ground . With the bias curr ent set at
appro x imately 0.1 IJA , the impedance looki ng
into eith er V ,N, or V 'N2 is 100 Mn with respect
to ground, and th e input bias current at eith er
termin al is 0.2 nA . The two non -invert inq input

stages A , and A2 apply a gain of 10 to the input
signal, and th e different ial output stage app lies an
addit ional gain of -1 0 for a net ampl ifier gain of
- 100 :

AN 71·7
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Th e voltag e divider consistin g of R2 and R3 pro­
vides a 5V tap voltage f rom t he 6.5V reference
diode to det erm ine the regulato r output . Since a
standard 6.5V zener di ode does not exhi bi t good
regulation in th e 2 I1A to 60 I1A reverse current
regio n, Q2 must be a special device. An NPN

A load change from 10 I1A to 50 mA caused a
1 mV change in ou t put voltag e giv ing a load regu­
lat ion value of .05%. When operat ing the regulator
at load currents of less than 25 mA, no heat sink
is required for Q , . For load current s in excess of
50 mA , Q , should be replaced by a Darl ington
pair w it h t he 2N30 19 acti ng as a driver for a higher
power device such as a 2N3054.

reverse breakdown voltag e. A Nat ion al Semicon­
ductor process 25 small signal NPN transistor
sorted to a 2N registrat ion such as 2N3252 has a
BV EBo at 10 I1A speci fi ed as 5.5V min imum,
6.5V typica l, and 7.0V maximum. Using a dio de
connected 2N3252 as a refer ence, 't he regulator
ou tp ut vo ltage changed 78 mV in response to an
8V to 36V change in the input vo ltage. This test
was don e under both no load and full load condi­
t ions and represent s a lin e regulation of bett er
than 1.6%.

....~

".,
".",~

i ..

"'W
FIGURE 17.350 I1W Qu ie.cenl Drain 5 Vo ll R~ulalor

REFERENCES
tr ansistor wi th its co llec to r and base term inals
grounded and its emitte r tie d to t he junction of
R, and R2 exh ibi t s a well -controlled base emitter

Mi ll man, J. and Hawk ias, C.C.: "Electronic De­
vice and Circuits," pp. 465 ·466, McGraw·Hili Book
Company, New York , 196 7.
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With all the exi st ing literature on "how to apply op amps" why should another application note be
produced on th is subj ect? There are two answers to th is quest ion ; 1) the LM3900 operates in quite
an unusual manner (compared to a conventional op amp ) and there fore needs some explanati on to
famili ar ize a new user with this product, and 2) the standard op amp applications assume a split power
supp ly (±'15 Voc ) is available and our emphasis here is directed toward circu its for lower cost sing le
power supp ly contro l systems. Some of these ci rcu its are simp ly " re-biased" vers ions of convent ional
handbook circuits but many are new app roaches wh ich are made possible by some of the unique
features of the LM3900.

THE LM3900 - A NEW CURRENT·DIFFERENCING
QUAD OF ± INPUT AMPLIFIERS
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TH E LM3900-A NEW CURRENT·DIFFERENCING
QUAD OF ±INPUT AMPLIFIERS

1.0 AN INTRODUCTION TO THE NEW
"NORTON" AMPLIFIER

The LM3900 rep resents a departure from co n­
ventional ampl if ier designs. Instead of usi ng
a standard transistor d ifferential amplifier at
the input . the non·inver tin g in put function has
been ach ieved by making use of a "current­
mi rror " to "mirro r" the non-i nverti ng input
current about gro und and then to extract th is
current from that which is entering the invert­
ing input termi nal. Whereas the conv enti onal
op amp diff erences input voltages. this amp li­
fier d ifferences input cur rents and therefore
the name "Norton Amp " has been used to indi­
cate thi s new ty pe of operation. Many biasing
advantages are realized when .operat ing with
only a single power supply voltage. The fact
that cu rren ts can be passed betwe en the input
term inals allows some unusual app lica ti ons.
If extern al. large valued input resistors are used
(to convert from input vo ltages to input cur­
rents) most of the standard op amp applications
can be realized .

Many indus trial elec tron ic contro l systems are
designed that opera te off of only a single
power sup ply volta ge. The conventional inte­
grated-c ircuit operational amplifier (IC op amp)
is typically designed fo r spli t power suppl ies
(± 15 Voc ) and suffers fro m a poo r output volt ­
age swing and a rather large minimum
commo n-mode in put volt age rang e (approx i­
mately + 2 Voc ) when used in a singl e power
sup ply appl icat ion. In addition, som e of the
performance characterist ics of these op amps
could be sacrificed-especially in favo r of re­
duced costs .

To meet the needs of the design ers o f low- cost,
single-power-supply control systems . a new
int ernally com pensated ampl ifi er has been
design ed that operates over a pow er supply
voltage range of +4 Voc to 36 Voc with small
chang es , in performance characteristics and
provides an output peak-to -peak voltage swing
that is only 1V less than the magn itud e of
the power supply vo ltage. Four of these amp li­
fie rs have been fabr icated on a singl e ch ip and
are provided in the standard 14-p in dua l-i n- line
package.

The cost . applicatio n and performance advan ­
tages of this new quad amplifier wil l guaran­
tee it a place in many sin gle power supply
electronic systems. Many of the "housekeep­
ing" app licat ions which are now handle d by
standard IC op amps can also be hand led by
th is "Norton" amp lif ier operat ing off the
existing ± 15 V oc .powe r supplie s.

1.1 Basic Gain Stage

The gain stage is basically a single common­
emitter ampl ifier. By making use of current
source loads, a large voltage gain has been
achi eved which is very constant over temper­
ature cha nges. The output voltage has a large
dynamic range, from essentially ground to one
VeE less than the power supply vol tage . The
out put stage is biased class A for small signa ls
but converts to class B to inc rease the load
current wh ich can be "absorbed" by the ampli­
fier und er large sign al conditio ns. Power sup­
ply curreni dra in is essentia l ly independent of
the power supply voltage and ripp le on the
supp ly line is also reject ed. A very small
input biasin g cur rent allo ws high impedance
feedback elements to be used and even lower
"effect ive" input biasing currents can be real­
ized by using one of the amplif iers to supply
essentially all , of the bias cur rents for the
other ampl ifie rs by makin g use of the "match­
ing " which exi sts between th e 4 amplifiers
which are on the same IC ch ip (see Figure 84).

The simplest inverting amp lifier is the commo n­
emitte r stage. If a current sou rce is used in
place of a load resistor, a large open -loop
gain can be obt ained, even at low power-supply
volt ages. Th is basic stage (Figu re 1) is used
for the ampli fi er.

v:

0" ~,
oL e

T v.

v., 0, I
"

FIGURE 1. Basic Gain Stage

All of the voltage gain is provided by the gain
transistor, °2 , and an output emitter-fo llower
trans istor. 0, . serves to isola te the load imped­
ance from the high impedance tha t exi sts at the
co llector of the gain transis tor , 0 2' Clos ed- loop
stabi lity is guaranteed by an on-chip capac itor
C=3 pF, wh ich provid es the singl e do minant
open-loop po le. The output emi tter-fo llower
is biased for class-A ope rat ion by the current
source 12.

This basic stage can provide an adequate open ­
loop voltage gain (70 dB) and has the desired
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large output vol tage swing capabili ty. A dis­
advantage of this circuit is that the DC input
current, li N ' is large; as it is essentially equal
to the maximum output current , lOUT , di vided
by 13 2 . For example, fo r an output current
capabil ity of 10 mA the input cu rrent wo uld be
at least 1 fJA (assuming 13 2 = 104 ) . It would be
desirabl e to further redu ce this by add ing an
additional transistor to ach ieve an overall 13 3

reduction. Unfortunately, if a transistor is
added at the output (by making a, a Darl ing ­
ton pair) the peak-to-p eak output vo ltage swing
would be somewhat reduced and if O 2 were
made a Darl ington pair the DC input volta ge
level would be und esirabl y doubled.

To overcome these pro blems, a lateral PNP
tran sistor has been add ed as shown in Fig­
ure 2. This connect ion neither reduces th e
output voltage swing nor raises the DC in put
voltage, but does provide the add itional ga in
tha t was need ed to reduce th e input cu rrent.

"------1~v,

v"

FIGURE 2. Adding a PNP Transistor to the Basic Gain
Stage

Notice that the collector of this PNP transistor,
a" is connected directl y to the ou tput termi nal.
Th is "boot straps" the output impe dan ce of a,
and therefo re reduces the loading at the high­
impedance co llector of the gain transistor, 0

3
,

In addi t ion, the collect or-base junction of the
PNP transistor becomes for ward biased under a
large-signal negative output voltage swing con­
dit ion. The design of this devic e has allowed
a, to convert to a vertical PNP trans istor dur­
ing th is ope rating mod e which causes the ou t­
put to change from the class A bias to a class
B output stage. This allows the amplifier to
sink more current than that provided by the
current source, 12 , (1.3 mAl under large signal
conditions.

1.2 Obtaining a Non-inverting Input Function

The circuit of Figure 2 has only the invert­
ing in put. A general purpose amplifier requ ires
two input terminals to obta in both an invert ing
and a non-inverting input. In conventional
op amp designs, an inpu t di fferent ial ampli fier
provides these requ ired in puts. The output
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voltage then depends upon the diff erenc e (or
error) between the two input vo ltages . An
input com mon-mode volt age range specifica­
t ion exists and, basicall y , input vol tages are
com pared.

For cir cu it simplici ty, and ease of application
in single power supply systems, a non-inverti ng
input can be prov ided by add ing a standard IC
"current-mirror" ci rcui t directl y acro ss the in­
verti ng input term inal , as shown in Figure 3.

- '-' -

- " -

FIGURE 3. Adding a Current Mirror to Achieve a Non­
inverting 1nput

This operates in the current mod e as now
input currents are compared or di ffere nced
(this can be thou ght of as a Norton di ffe rential
amplif ier) . There is essenti ally no input
common-mode vo ltage range direct ly at the
input term inals (as both inputs will bias at one
diode drop above grou nd) but if the inpu t volt­
ages are conv erted to currents (by use of input
resistors) , there is then no limi t to the co mmo n­
mode input voltage rang e. Th is is especi ally
useful in high -voltage comparator applicat ions.
By making use of the input resistors, to convert
inpu t voltages to input currents, all of the
standard op amp app lications can be realized .
Many add it ional app li cat ions are easi ly
ach ieved, especially when operating with only
a singl e power supply voltage. This resul ts
from the built- in vo ltage biasing th at exists
at both inputs (each input biases at + VBE )

and additional resistors are not requ ired to pro­
vide a suitable common-mode input DC bias­
ing voltage level. Furth er , inp ut summing can
be performed at the relati vely low impedance
level of the input diod e of the current-mi rror
cir cui t.

1.3 The Complete Single-supply Ampl ifier

The circui t schemati c fo r a single ampl if ier
stage is shown in Figu re 4a). Due to the ci rcui t
simplic ity, four of these amplif iers can be fabr i­
cated on a single ch ip. On e common biasing
ci rcui t is used fo r al l of the indi vidual ampli fie rs.



A new symbol for th is "Norton" ampl ifier is
shown in Figure 4b). Th is is recommended to
avoid using the standard op amp symbol as the
basic opera tion is different. The current source
symb ol between the inputs impl ies this new
cu rrent-mode of operation . In addition. it

v'

...---41>-<: OUTPUT

1.JmA

,.,
INPUT o-- - - -4H

1'1
INPUT0--"'--'<

(,I ClfunSdl.fMtoe

The performance characteristics of each amp li­
fier stage are summarized below :

Power-supply voltage range .. .. . 4 to 36Vocor
±2 to ±18 Voc

Bias current dra in per amp lifi er
stage 1.3 mA oc

Open loop:
Voltag e gain (RL = 10k) 70 dB
Un ity-g ain frequency 2.5 MHz
Phase margin 40 degrees
Input resi stance 1 Mn
Output resistance 8 kn

Output voltage swing (Vee - 1) Vp p

Input bias current 30 nA oc
Slew rate 0.5VI p.s

As the bias currents are all der ived from diode
forward voltage drops. there is only a small
cha nge in bias current magnitude as the power­
supply voltage is varied. The open-loop gain
changes only sligh tl y over the com plete power
supply voltage range and is essent ially inde­
pendent of temperature changes. The op en­
loop frequency respons e is co mpared with the
"741" op amp in Figure 5. Th e higher unity­
gain crossover frequency is seen to prov ide an
additional 10 dB of gain for all frequenc ies
grea ter than 1 kHz .

(III Nroow "HORTON" Amphl, " Symbol

110

~ 100
z·

~ 80

"~ 60
z

" 40

J 20

N t l 0 P AMP I
f\. I

lMJ~DO

f\.'l
~

Rl "10kI IFO~

~
I-

BaTt AM~" F1: RS

FIGURE 4. The Amplifier Stege

signif ies that current is removed from the (-)
input terminal. Also. the cu rrent arrow on the
(+) input lead is used to indicate that th is
func tion s as a current input. The use of ihis
symbol is helpful in understanding the opera­
tio n of the appl icat ion circuits and also in do ing
add iti onal design work with the LM3900 .

The bias referenc e for the PNP current source.
Vp whi ch biases 0, . is design ed to cause the
upper current sou rce (200 flA) to change wit h
tempe ratu re to give first order compensat ion
for the 13 variations of the NPN outpu t transis­
tor. 0 3' The bias referen ce for the NPN "pulI­
down" current sink . Vn • (wh ich biases 0 7) is
desig ned to stab ilize this current (1.3 mA l to
reduce the variat ion when the temperature is
changed. Th is provides a more const ant pu ll ­
down capabil ity for the amplifier ove r the
tempe rature range. The transis to r. 04' pro­
vides the class B action wh ich exists under
large signal operat ing con di ti ons.

10 100 1k 10k 10k 1M 10M

1 - Frtq uf llCv. IHIl

FIGURE 5 . Open~oop Gein Cheraeteristics

The com plete schematic diagram of the
LM3900 is shown in Figure 6. The one resis­
tor . Rs. establishes the po wer consumption of
the circuit as it controls the cond uct ion of
transistor 0 28' The emitt er cur rent of 0 28 is
used to bias the NPN outpu t cla ss-A biasing
current sour ces and the collector current of
0 28 is the refer enc e for the PNP cur rent sourc e
of each amp lifi er.

The biasing circuit is init ially "started" by
0 20' 0 30 and CRa. After start-up is ach ieved.
030 goes OFF and the current flow through
the reference diodes: CAs. CR7 and CR8. is
dependent on ly on V8 E I(Ra + R7) . Thi s guar­
antees that the power supply current drain is
essentially independent of the magn itude of the
power supp ly volta ge.

The input clamp for negative voltages is pro­
vided by the multi-em itt er NPN tran sistor °2 "
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FIGURE 6. Schematic Oiogrem of the LM3900

One of the emitt ers of this transisto r goes to
each of the input termi nals. The reference
voltage for the base of 0 2 1 is provided by R6

and R7 and is approx imately VaE 12.

op amp (base currents ). The output circui t is
model ed as an activ e voltage source wh ich
depends upon the open-loop gain of the amp li­
f ier, Av , and the difference wh ich exists be­
tween the input voltages, (V +- V- ).

FIGURE 7. An EquiV8lent Circuit of a Standard Ie
Op Amp

2.0 INTRODUCTION TO APPLICATIONS
OF THE LM3900

Like the standard IC op amp , the LM3900 has a
wid e rang e of applic at ions. A new app roach
must be taken to design circuits w ith this
"Norton" ampl ifi er and the object of thi s not e is
to present a variety of useful circuits to indicate
how convention al and unique new app licat ions
can be designed- especially when operati ng
with only a single pow er supply voltage.

,.,
INPUT~

~. ±,.,
,-,

'N PUT~

~. ±Ia+

F
DUTPUT

: . .. rv- , v-i

FIGURE 8. An Equivalent Circuit of the " Norton"
Ampl ifier

why external vol tages must be first converted
to currents (using resistors) before being ap­
plied to the inputs- and is the basis fo r th e

An equivalent circu it for the "Norton" amp li­
fier is shown in Figure 8. The (+) and (-)
inputs are both clamped by diodes to force
them to be one-d iode drop above ground­
always ! They are not free to move and the
"input common-mode voltage rang e" directly
at these input terminals is very small-a few
hundred mV centered about 0.5 Voc . This is

To und erstand the operat ion of the LM3900
we will compare it with the mor e familiar
standa rd IC op amp . When operating on a
single power supply voltage, the min imum in­
put common-mode voltage range of a standard
op amp lim its the smallest value of voltage
wh ich can be applied to both inputs and st ill
have the amp lif ier respond to a diff erent ial
input signa l. In addition, the output voltage
will not swing completely from ground to th e
power suppl y vol tage. The output voltage
depends upon the diff erence between the input
voltages and a bias current must be supplied
to both inputs. A simpl ified diagram of a
standard IC op amp operating from a single
pow er supply is shown in Figure 7 . The (+)
and (-) inputs go only to current sources and
therefore are free to be biased or operated at
any voltage values which are with in the input
common-mode voltage range . The current
sou rces at the input terminals , la + and la-,
represe nt the bias currents wh ich must be sup­
plied to both of the input transistors of the
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current-mods (or Norton) typ e of operation.
With external input resistors -i-th ere is no lim it
to the " input com mon-mode voltaqe range " .
The diode shown across the (+) input actually
exists as a diode in the circuit and the diode
across the (-) input is used to mod el the base­
emitter junct ion of the transistor which exists
at this input .

If (2) is subst ituted into (1)

which is an exact expre ssion for Vo '

(3)

FIGURE 9. Applying the LM3900 Equ ivalen t Circu it

Co

i··
R2

R2

v'

v,:~ C'"

v. -:~R3 ,. ,
~ .

Yo'

The output is . modeled as an active vol tage
sou rce wh ich also depends upon the open-loop
voltage gain, Av • but only the (-) input volta ge,
V -' (not the di fferent ial input vo ltage). Fina lly .
the outpu t vo ltage of the LM3900 can swi ng
from essent ially ground (+90 mV) to with in one
VeE of the power supply voltage.

Only the (- ) inpu t must be supp lied with a
DC biasing cu rrent , Ie . The (+) input cOuples
only to the (-) input and then to extract from
this (-) input term inal the same cu rrent (A I'
the mirror gain, IS approx imately equa l to 1)
wh ich is entered (by the .external circ'iJitry)
into the (+) input terminal. This operati on
is describ ed. as a "current-mirror" as the cur­
rent entering . the (+) input is "mirrored" or
"reflected'" about grou nd and is the n extracted
fro m the (-) input. There is a maximum or
near saturation value of current wh ich the
"mirror" at the (+) inpu! Can handle . This is
listed on the data sheet as "maxi mum mirror
current" and ranges from approxi mately 6 mA
at 25° C to 3.8 mA at 70° C.

Th is fact that the (+) input current modulates or
effects the (- ) input current causes this ampli­
fier to pass cur ren ts between th e input termi­
nals and is the basis for many new application
circu its-especia lly when operati ng wi th onl y a
sing le power supp ly voltage.

As an example of the use of the equ ivalent
c ircu it of the LM3900, the AC coupled invert­
ing amp lif ier of Figure 9a will be analyzed.
Figure 9b shows the complete equivalent cir­
cu it which, for conve nience, can be separated
into a biasing equ ivale nt circuit (Figure 10)
and an AC equ ivalent circui t (Figure 11). From
the biasing model of . Figure 10 we find the
outp ut qu iescent volt age, Vo , is:

R2

FIGURE 10 . Biasing Equivalent Circuit

and

where

and

.,(2)

IB • INPUT bias current (3 0 nA )

v + - Power supply vo ltage. FIGURE 11. AC Equivalent Circu it
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As the seco nd term usu ally dom inates (Vo »
Vo- ) and 1+ » Ie and V+»Vo+ we can sim­
pli fy (3) to prov ide a more useful design
relati onsh ip

3.1 Single Power Suply Biasing

The LM3900 can be biased in several different
ways. The circuit in Figure 12 is a stand ard
invert ing AC amplifier wh ich has been biased

wh ich shows that the ou tpu t is easily biased
to one-half of the power supp ly voltage by
using V· as a bias ing referenc e at the (+) input.

v+ R2,.(4)

(5)

R2
Vo == -R3

Using (4), if R3 = 2R2 we find

Th e AC equivalent circuit of Figu re 11 is the
same as that wh ich would result if a standard
IC op amp were used with the (+) input ground­
ed. The clos ed-loop voltage gain A y CL' is g iven
by :

(6)

If «; (open-loop» ~ .
R,

The design procedure for an AC co upled invert­
ing amplifier using the LM3900 is therefore to
first select R" CIN ' R2 , and Coas with a stand­
ard IC op amp and then to simply add R3 =
2R2 as a final biasing consider ation. Other
biasing techniques are presented in the fo l­
low ing sections of th is note. For the switching
circu it applications, the biasing model of Fig­
ure 10 is adequate to predict circuit operation .

Although the LM3900 has four independent
amplifiers, the use of the label " V.LM3900"
will be shortened to simply "LM3900" for the
applicat ion drawings contained in th is note .

FIGURE 12. Inverting AC Amplifier Using Single-supply
Biasing

from the same power supply wh ich is used to
operate the amplifier.. (The design of this am­
pl ifi er has been presented in the previous sec­
tion.) Notic e that if AC rippl e vo ltages are
present on the V· power supply l ine they will
couple to the output with a "gain" of 1/2.
To elim inate this , one source of ripple filtered
voltage can be provided and then used for
many ampl if iers. This is shown in the next
section.

3,2 A Non-inverting Amplifier

The ampl if ier in Figure 13 shows both ~ non­
invert ing AC amp lifier and a second method for
DC biasing . Once aga in the AC gain ' of the
ampl ifier is set by the rat io of feedback resis ­
tor to input resistor. The small signal imped­
anc e of the diode at the (+) input should be
added to the value of R, when calculating gain ,
as shown in Figure 13.

RJ
1.

FIGURE 13 . Non ·inverting AC Amplifier Using Voltage
Reference Biasing

By makin g R2 = R3 , Vo oc will be equal to the
reference voltage whi ch is applied to the resis­
tor R2 . The filt ered V' 12 refere nce shown can
also be used for other amplifiers .

3,0 DESIGNING AC AMPLIFIERS

The LM3900 readily lends itself to use as an
AC amplifier because the output can be biased
to any desired DC level wi thin the range of the
output voltage swing and the AC gain is inde­
pendent of the bias ing network. In addition,
the single power supply requirement makes the
LM3900 attractive for any low frequency gain
application . For lowest noise performance, the
(+) input should be grounded (Figure 9a) and
the output will then bias at +VeE . Although
the LM3900 is not su itable as an ultra low noise
tape pre-amp, it is useful in most other
app licati ons. The restr icti on to only shunt feed­
back causes a small input impedance. Trans­
ducers wh ich can be loaded can operate with
thi s low input impedance. Th e noise degrada­
ti on wh ich would result from the use of a large
input resistor limits the usefulness where low
noise and high input imp edan ce are both
required.

c..

~
'"

"lOOK

51'

. 2,.
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3.3 " N VBE" Biasing
R2

FIGURE 15. Negative Supply Biasing

I~
,=, '"

I,

vo 1VA • iiO

Ay • _ ~

VIl ., '10 • V...,

C1

f

f

RJ Rt
I'll 1M

3.5 Obtaining High Input Impedance and High
Gain

For the AC ampl if iers wh ich have been pre­
sented , a designer is ab le to ob tain either high
gain or high input impedance with very little
difficulty. The applicat ion wh ich requ ires both
and st ill employs only one ampl ifier presents a
new probl em. This can be achieved by the use
of a circu it ' similar to the one shown in Fig­
ure 16. When the A y from the input to point A

vo

\looc • Vl t ( 1 . ~ )

Ay - . ~

FIGURE 14. Inverting AC Amplifier Using N VBE

Biasing

When NVBE biasing is emp loyed, valu es for re­
sisto rs R t and R2 are f irst estab lished and then
resistor R3 is added to pro vide the desired DC
output voltage .

R2

".

A thi rd techn ique of out put DC biasing is best
described as the uN VBE" method . Th is tech ­
nique is shown in Figure 14 and is most useful
with inve rt ing AC ampl if ier app l ications. The

For a design examp le (Figure 14), a Z in = 1M
and A y ~ 10 are required.

input bias voltage (V BE ) at the inverting input
establishes a current through resistor R3 to
ground . This current must com e from the ou t­
put of the amplifier . Therefore, Vo must rise
to a level which will cause this cu rren t to flow
through R2 . The bias voltage, Vo , may be cal ­
cu lated from the ratio of R2 to R3 as follows:

Select R t = 1M.
FIGURE 16. A High ZIN High G.in Inverting AC

Amplifier

Calcu late R2 ~ AvR, = 10M .

To bias the output voltage at 7.5 Voc ' R3 is
found as:

or

10M

!2... _ ,
0.5

is un ity (R t = R3 ). the A y of the complete
stage will be set by the vo ltage divider network
composed of R4 , Rs' and C2 . As the value of
Rs is decreased, the A y of the stage will ap­
proach the AC open loop lim it of the amplifier.
The insertion of capac itor C 2 allows the DC
bias to be controlled by the series combina­
tion of R3 and R4 with no effect from Rs .
Therefore, R2 may be selected to obtain the
desired output DC bias ing level using any of
the methods which have been discussed. The
circuit in Figure 16 has an input impedance of
1M and a gain of 100.

3.4 Biasing Using a Negative Supply 3.6 An Amplifier with a DC Gain Control

If a negative power supp ly is availab le, the cir­
cuit of Figure 15 can be used. The DC biasing
current , I, is estab lished by the negat ive supp ly
vo ltage via R3 and provides a very stab le out­
put quiescent po int fo r the amp lif ier.

A DC gain control can be added to an ampl i­
f ier as shown in Figu re 17. The output of the
amp lif ier is kept from being dr iven to satura­
ti on as the DC gain control is var ied by pro­
vid ing a min imum biasing current via R3 . For
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FIGURE 17. An Ampl~ifier with a DC Gain Control

maximum gain, CR 2 is OFF and both the cur­
rent through R2 and R3 enter the (+) input and
cause the output of the amplif ier to bias at ap­
proximately 0.6 V+. For min imum gain, CR 2
is ON and on ly the current through R3 ente rs
the (+) inpu t to bias the ou tput at approxi­
mately 0.3 V+. The pr oper outp ut bias fo r large
output slqnalaccomodat icn is pro vided fo r the
maximum gain situation . The DC gain cont ro l
input ranges from OVoc for minimum gain to
less than 10Voc fo r maximum gain.

v·

~f. "'
'"

DCGAIN
CONTROL Fl6
IO- l O\lod l K

R'
UM

the problem beco mes one of dete rmining what
type of netw ork is necessary to provide an
output vol tage (Va ) equal to zero when the
input voltage (V1N ) is equal to zero. (See
also secti on 10.16, "adding a Different ial Input
Stage").

We will start with a careful evaluatio n of what
actually takes place at the amplifie r inputs .
The mirr or 'circuit demands that the current
f lowing into the positi ve input (+) be equaled by
a current fl owing into the negative input (- ).
Th e diff erence between the current demanded
and the cu rrent prov ided by an externa l sou rce
mu st f low in the feedback circu it. The outpu t
vo ltage is then forced to seek the level required
to caus e this amount of current to fl ow . If, in
the steady state condi tio n Va = V I N = 0, the
amplifier wi ll operat e in the desired manner.
Th is cond it ion can be established by the use
of com mon-mode bias ing at th e inputs.

,
4.1 Using Common-mode Biasing for VIN

o VOC

Common-mode biasing is achieved by plac ing
equal resis tors between the amplifier input
terminals and the supply voltage (V+), as
shown in Figure 19. When V1N is set to 0 volts

v·

FIGURE 19. A DC Amplifier Employing Com mon­
mode Biasing

I
I

~ R'
I

i
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RI - R2
R3 oR 4
R~ • R6

j" R'RJ
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R2

­ 12

v,. o-JV'oh-- .....---+l"""

A line-receive r amplifier is shown in Figure 18.
The use of both inputs cancels out common­
mode signals. The line is terminated by R L 1N E
and the larg er input impedance of the ampl if ier
will not effect thi s matched load ing .

3.7 A Line-receiver Amplifier

FIGURE 18. A Line-receiver Amplifier

4.0 DESIGNING DC AMPLIFIERS,

the cir cu it can be modeled as show n in Fig­
ure 20, where:

The design of DC amplifiers using the LM3900
tends to be more difficult than the design of
AC amplifi ers. These difficulti es 'occur when
designing a DC ampl if ier whi ch will ope rate
from only a single power supply voltage and yet
provide an output voltage ,wh ich go es to zero
volts DC and also will accept input voltages of
zero volts DC. To accompl ish this , the inputs
must be biased into the linear reg ion (+V e E )

with DC input signals of zero volts and th e out­
put must be modif ied .if operat ion to actual
ground (and no t' VSA T ) 'is required. Th erefor e,

R EO , R , RS

R E0
2

R2 j l R6 •

and
R = R4 •3

Becaus e the current mi rror demands that th e
two current sources be equal , the current in
the two equivalent resistors mus t be identi cal.
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enough to avoid excessively loading the ampli­
f ier. The value of RL may be significant ly
reduced by replacing the dio de with an NPN
trans istor.

D1,-----,,-------,- ----,

200 I-- - +-- - -r- --l

Jl10 20

VIN (mV)

/ 1
/ DIODEATOUTPUT

/

100 J-- --:f-- - +-- - --j

If th is is tr ue. both R2 and R6 must have a
voltage drop of 0.5 vol t across them . wh ich
forces Vo to go to VAMIN (VSAT) .

F IGU RE 20 . An Ideal Circu it Model of e DC Amp lif ier
with Zero Input V oltage

4.2 Adding an Outpu t Diode fo r Va = 0 VOC

For many app lications a VA MIN of 100 mV may
not be acceptable. To overcome this problem
a diode can be added betwee n the output of the
amplifier and the output termi nal (Figure 21) .

"'".

OfFS(lA DJ

"".. Rl,.. ..
'0

FIGURE 22 . Voltag e Transfer Funct ion for a DC
Amp lif ier with a Vo ltage Gain of 10

4.3 A DC Coupled Power Ampl ifier (I L S
3 Amps)

The LM39 00 may be used as a power amplifier
by the addi tion of a Darlin gton pair at the
output. The circu it shown in Figure 23 can
deliver in excess of 3 amps to the load when
the trans istors are properly mounted on heat
sinks.

v'

..,,,. ".n.

Rl,,,.
v. _

1
Cl

lhf

L---- -"I'o/Io-- ---+-o v,FIGU RE 21. A Non-inverting DC Ampl if ier with Zero
Volts Output for Zero Vo lts Inpu t ..

'0 "

The funct ion of th e diode is to prov ide a DC
level shift which will allow Va to go to ground.
Wit h a , load im pedance (RL ) co nnected,
Vo beco mes a function of the voltage divider
form ed by the series connection of R4 and RL .

0.5 R
L

If R4 = lOORl' th en Vo MIN '
10 1 RI

FIGUR E 23, A DC Pow er Amplif ier

4,4 Ground Referencing a Differential Voltage

The circuit in Figure 24 employs the LM3 900 to
ground reference a DC differential input volt­
age. Current I, is larger than current 13 by a

FIGU R E 24 . Ground Referencing a Diff erential Input
DC Vo ltage

An offset voltage adjustment can be added as
shown (R ,) to adjust Vo to OVoc with V'N =
o Voe '

The voltage transfer functions for the circuit in
Figure 21, bot h with and wi thout the diod e, are
show n in Figure 22. Whi le the diode greatl y
improves the ope ration aro und 0 volts , the
voltage drop across the diode will reduce the
peak output voltage swing of the stage byap­
pro ximately 0.5 volt .

When using a DC ampl ifier sim ilar to the one in
Figure 21, the load impedance should be large

i
v.

I

""0

v,o--- --A,"""'- ......-+I

",
n .
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Therefore

fact or proportional to the differential volt age,
VR • The curren ts labeled on Figure 24 are given
by :

I =
(V, - ¢ )

3 R
3

and I •
Vo - ¢

4 R4

where
¢ == V BE at either input terminal of the LM3900.

Since the input current mi rror demands that

1- = 1+;

and

and

14 • I, - 12 - 13 '

SUbstitu t ing in from the above equat ion

Vo - ¢ • (V, + V R - 0 1

R4 R,

and as R, = R 2 = R3 = R4

Vo = IV, + V R - 0 ) - (0) - V 1 + 0 + ¢

The resistors are kept large to minimize load ing .
With the 10 MQ resistors wh ich are show n on
the figure, an erro r exists at small values of V,
due to the input bias current at the (- ) input.
For simplicity thi s has been neglected in the
circuit descri pti on. Smaller R values reduce
the percentage err or or the bias cur rent can be
supplied by an additiona l amp lif ier (see Sec­
tio n 10.7.1) .

For prop er operat ion, the diff erent ial input volt­
age mu st be limited to be wi thin the output
dynamic voltage range of the amplifier and th e
inpu t voltage V2 must be greater than 1 volt .
For example; if V2 = 1 volt , th e input voltage
V, may vary over the rang e of 1 volt to - 13 vo lts
when ope rat ing from a 15 volt supply .
Comm on-mode biasing may be added as shown
in Figu re 25 to allow both V, and V2 to be
negative.

4.5 A Unity Gain Buffer Amplifier

The buffer ampli f ier with a gain of one is the
sim plest DC appli cati on for the LM3900. The
voltage applied to the input (Figure 26) will be
reproduced at the output. However , the input
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FIGURE 25 . A Network to Invert and to Ground
Reference a Negat ive DC Differe nt ial
Input Voltage

voltage must be greater than one VBE but less
than the maximum output swing . Common­
mode biasing can be added to extend VI N to
o Voc ' if desire d.

•
1M

'Y,.

FIGURE 26. A Unityllain DC Buffe r Amplifier

5,0 DESIGNING VOLTAGE REGULATORS

Many voltage regulators can be des igne d which
make use of the basic ampl if ier of the LM3900.
The simplest is shown in Figure 27a where only
a Zener diode and a resistor are added. The
voltage at the (- ) input (one VBE ~ 0.5 Voc I
appears across R and therefore a resistor value
of 510Q will cause appr oximately 1 mA of bias
cu rrent to be drawn through the Zener . Th is
biasing is used to reduce the noise output of
the Zener as the 30 nA in put current is too
small for proper Zener biasing . To compen ­
sate for a pos it ive tem perature coeffic ient of
the Zener, an additio nal resisto r can be added,
R2 , (Figure 27b) to intro duce an arbi trary num ­
ber, N, of "effect ive" VBE drop s into the ex­
press ion for th e out put voltage. Th e negat ive
temperatu re coeffi cie nt of these diode s will
also be added to temperature com pensate the
DC outp ut voltage . For a larger ou tput cur­
rent , an emi tter follower (a, of Figure 27c) can
be added . Thi s will mul ti ply the 10 mA (max.)
output current of the LM3900 by the 13 of the
added transistor. For example, a 13 = 30 wil l
provide a max. load current of 300 mA o Thi s
added transistor also reduces the output imped­
ance . An outpu t freq uency com pensati on
capac itor is generally not requ ired but may be
added, if des ired , to reduce the output imped­
ance at high frequencies.
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5.1 Reducing the lnput-output Voltage

v,

,.~ I
A1

I

• VIII ·
A2

v,

The use of an exte rnal PNP trans istor will re­
duce the required (V'N - VOUT) to a few ten ths
of a vo lt . This will depend on the saturation
chara cteristics of the external trans istor at the
operating current level. The circuit , shown in
Figure 28, uses the LM3900 to supply base drive
to the PNP trans isto r. The resistors R, and R2
are used to allow the ou tpu t of the ampl if ier
to turn OFF the PNP transisto r. It is important
th at pin 14 of the LM3900 be tied to the +V1N
line to allow this OFF contro l to prope rly oper­
ate. Larger volt ages are perm issab le (if the
base-emitter juncti on of a, is prevented from
enteri ng a breakdown by a shunt ing diode . for
example). but small er voltages will not allow
the output of the ampl if ier to raise enough to
give the OFF control.

The resistor. R3 , is used to supply the required
bias current fo r th e ampli f ier and R4 is again
used to bias the Zener diode. Due to a larger
gain , a compensat ion capac itor . Co ' is requ ired.
Temperature compensation cou ld be added as
was shown in Figure 27b.

FIGURE 2B. Reducing IV1N - VO UT Iv,

v,

A2

v·

v,

Icl C"" , nl BooJhng

v,

+V,.. _ -.".-_ .. r-----....---1r-'C Vo • V, , ~. ,
I S:'

v

..
'"

R.

ldl A. ...", Vo W,ttloui Dllturb+Ilt
T_,.."...COIll~_"'"

FIGURE 27 . Simple Voltege Regulators

The DC output voltage can be inc reased and
st ill preserve the temperature com pensation of
Figure 27b by adding resistors RA and RB as
shown in Figure 27d. Thi s also can be accom­
plished without the added transistor. at. The
unregulated input voltage. which is app lied to
pin 14 of th e LM3900 (and to the collector of
a,. if used) must always exceed the regu lated
DC output volt age by app rox imately 1V, when
the unit is not current boosted or approximately
2V when the NPN current boos ti ng tran sistor is
added .

5.2 Provid ing High Input Voltage Protection

One of the four amplif iers can be used to regu­
late the supp ly line for the complete package
(pin 14), to pro vide protection against large
inpu t vol tage co ndi ti ons, and in addi t io n, to
sup ply current to an externa l load. Th is circuit
is show n in Figu re 29. The regulated ou tpu t
voltage is the sum of the Zener voltage, CR2 •

and the VBe of the inverti ng input termi nal.
Again . temperature compensat ion can be add­
ed as in Figu re 27b. The second Zener , CFh ,
is a low tolerance component wh ich simpl y
serves as a DC level shift to all ow the ou tput
voltag e of the amp lif ier to co nt rol the con­
duction of the external trans isto r, a, . Th is
Zener vo ltage should be appro ximately one ­
half of the CR 2 vo ltage to position the DC
output voltage level of the amp li f ier appro x­
imately in the center of the dy nam ic range.
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FIGURE 29 . High V 1N Protect ion and Self -regulation

The base dr ive current for 0, is supp lied via R, .
The maxim um cur rent th rough R, should be
limited to 10 mA as

To increase the maximum allowed input volt­
age. reduc e the output rippl e. or to reduce the
(VIN - VOUT) requ irem ents of th is circ uit . the
con nection described in the next section is
recom mended.

5.3 High Input Voltage Protection and Low

(VIN - VOUT)

The circuit shown in Figure 30 basically adds
one additional transistor to the circui t of Fig­
ure 29 to improve the performanc e. In this
circuit both transistors (0 , and O2 ) absorb any
high input vol tages (and therefore need to be
high voltag e devices ) without any increases in
current (as with R, of Figure 29). The resis­
tor R, (of Figure 30) provides a "start-up"
cu rrent into the base of O2-

resistors R3 and Rs prov ide gain (non-inverting)
to allow establis hing Vo at any desired vo ltage
larger than Vz . Temperature compensat ion of
either sign (±TC) can be obtained by shunting a
resistor from either the ( ~) inpu t to ground (to
add + TC to Vol or from the (-) input to
ground (to add - TC to Vol . To understand th is.
not ice that the resistor. R. from the (+) input to
grou nd will add - N VeE to Vo whe re

N s 1 + ~
A

and VeE is the base emitter vol tage of the tran­
sistor at the (+) input. Th is then also adds
a pos itive temperature change at the output to
prov ide the desired temperature correction.

The added tran sistor. O2 • also inc reases the
gain (which reduces the output impedance) and
if a power device is used for 0, large load
currents (amps) can be supp lied. Th is regu la­
to r also supplies the power to the other three
ampl if iers of the LM3900.

5.4 Reduc ing Input Voltag e Dependence and
Add ing Sho rt-circu it Protection

To reduc e ripple feedthrough and input voltag e
dependence . diodes can be added as shown in
Figure 31 to drop-o ut the star t circuit once

FIGURE 31. Reducing V 1N Depend ence

FIGURE 30 . A H igh VI N Protected. Low IV1N ­
VO UT I Regul ator

..
'w "I IU M '"

.,~ J'.. F

'.
'"

start-up has been ach ieved . Short-c ircuit pro­
tect ion can also be added as shown in Figure 32.

A new input connection is shown on th is regu ­
lator (the type on Figure 29 could also be used)
to control the DC output voltage. The Zener is
biased via R4 (at approximate ly 1 mAl. The
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FIGURE 32 . Add ing Short-circuit Current Limiting

The emitt er resistor of O 2 will lim it the maxi­
mum cu rrent of O 2 to (Vo - 2 VeE )/ Rs.



6.0 DESIGNING RC ACTIVE FILTERS
(See Appendix p. 39 fo r def initions)

Recent work in RC act ive f ilters has shown tha t
the performance characleristics of mult iple­
amp li fier. fi lters are relatively insensitive to the
tol erance of the RC comp onents used. This
makes the performanc e of these f il ters easier to
control in prod ucti on runs. In many cases
where gain is needed in a system design it is
now relatively easy to also get frequency
selectivity.

The basis of active filters is a gain stage and
therefore a multiple amplifier product is a
valuable addi tio n to th is appl ication area.
When add it ional amp lifiers are available. less
comp on ent selectio n and trimmin g is needed as
the perf ormance of the fil ter is less disturbed
by the tol erance and tem peratu re dri fts ~f the
passive components.

The passive components do control the per­
formance of the f ilt er and for th is reason car­
bon compositi on resistors are usefu l mainly for
room temp eratu re breadboardinq or for final
tri mming of the mo re' stabl e metal film or wire­
wo und resistors. Capac itors present more of a
problem in range of values availab le. tolerance
and stab ili ty {wi th .temperature, frequency ,
voltage and time ). Fo'r example, "the disk
ceramic typ e of capac itors are generally not
suited to active f ilte r applicat ions due to their
relatively poor performance.

The impedance level of the passive compo­
nents can be scaled without (theoret ically) af­
fectin g the filte r characteri stics. In an actual
ci rcuit; if th e resistor values become too small
(:s 10 k~) an excessive loading may be placed
on the ou tput of the amp lif ier which wi ll reduce
gain or actua lly exceed either the output cur­
ren t or the packa ge diss ipat ion capab ilit ies of
the amp lifi er. This can easily be checked by
calculating (or not icing ) the impedance which
is presented to the output terminal of the am­
plif ier at the high est operating frequency. A
second limi t sets the upp er range of impedance
levels, th is is due to the DC bias currents
( ~30 nA) and the input impedance of actual
amplifiers. Th e soluti on to this prob lem is to
reduce the imp edance levels of the passive
components ( :S 1OM~ ) . In general , better per­
formance is obta ined with relati vely low pas­
sive component impedance levels and in f ilters
wh ich do not demand high gain, high 0 (0 :<: 50)
and high frequency (fo >1 kHz) simu ltan eous ly .

A measure of the effects of changes in the
values of the passive com ponents on the fil ter
perfo rmance has been given by "sensitivity
functi ons" . These assum e infinite ampl ifie r
gain and relate the percentage change in a par­
ameter of the fi lter , such as center freque ncy
(fo ), 0 , or gain to a perc ent age change in a
particu lar pass ive component. Sensitiv ity fun c­
t ions wh ich are small are desirable (as 1 or 1/2 ).

Negat ive signs simp ly mean an increase in the
value of a passive componen t causes a dec rease
in that f ilter performanc e characterist ic. As an
exampl e, if a bandpass filter listed the follow­
ing sensit ivity factor

Th is states that " if C 3 were to increase by 1%,
the center frequ ency, W o , would decrease by
0.5%." Sens itiv ity functi ons are tabu lated in
the reference listed at the end of this sect ion
and will therefore not be included here.

A br ief loo k at low pass, high pass and band ­
pass filters will indicate how the LM3900 can
be app lied in ttiese areas. A recom mended text
(which provided these circuits ) is, "Operati onal
Amp lif iers" , Tobey,' Graeme, and Hue lsman,
McG raw Hill, 1971.

6.1 Biasing the Ampli f iers

Active filte rs can be easily operated off of a
single power supply when using these mu ltiple
single supply amp lifiers . The general tech­
nique is to use the (+) input to accompli sh the
biasing funct ion . The powe r supp ly vol tage,
V+, is used as the DC referen ce to bias the
outpu t voltage of each amp lifi er at approxi­
mately V+/2 . As shown in Figure 33, unde ­
sired AC components on the power supp ly line
may have t~ be removed (by a filter capacitor,

-1>-"
"v' +

v'

~- --

" ~-- - 0-

7v',

't
TO OTH( A"MPS

(
"
~- - -

-e- ",

FIGURE 33. Biasing Considerat ions

Figure 31b) to keep the fi lter output free of th is
noise. One fil tered DC reference can generally
be used for all of the amp li f iers as there is
essent iall y no signal feedbac k to this bias po int.

In the fi lter circui ts presen ted here , all amp li­
fiers will be biased at V+12 to allow the max i­
mum AC voltage swing for any given DC power
supply voltage. The inputs to these filters
will also be assumed at a DC level of V+/2
(for those wh ich are direct coupled).
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6.2 A High Pass Active Filter

A single ampl if ier high pass RC act ive filter
is shown in Figure 34. This circuit is easily
biased using the (+) input of the LM3900. The
resistor. R3 • can be simp ly made equal to R2

and a bias reference of V+12 will establ ish the
output Q po int at this value (V·/ 2). The input
is capaci tively coupled (C,) and the re are
therefore no further DC biasing prob lems .

Start by selecting C 1 = 300 pF and then from
equation (1)

R
1

: 1

(10116.28 x 103) (3 x 10-1~ (3)

R
1

• 17.7 kil

and from equat ion (2)
R

2
• 10 (3)

16.28 x 101 13 x 1O-1~

C2
410pF

C1
410pF··r ,::.

Ie a H Hr Rl
10M

-rn

ve

R2 ' 15.9 Mil

and from equation (3)
C1

C2 ' 1 = C1

Now we see that the value of R2 is quite large ;
but the other components look acceptable. Here
is where impedance scal ing comes in . We can
reduce R2 to the more conven ient value of
10 MQ which is a factor of 1.59:1. Reducing R,
by this same scaling factor gives:

R 17.7 x 10
3

= 11.1 kil
l NEW • 1.59

FIGURE 34. A High Pass Active Filter

The des ign procedure for th is filter is to select
the pass band gain . He. the Q and the corner
frequency. fo . A Q value of 1 g ives only a
sl ight peak ing near the bandedge « 2 dB ) and
smaller Q values decrease th is peak ing. The
slope of the sk irt of this filter is 12 dB /octave
(or 40 dB /decade). If the ga in . Ho . is un ity
all capac itors have the same value . The design
proceeds as:

Given: Ho • Q and W o = 2lTfo

let C, = C3 and choose a convenient starting
value .

Then :

(1)

R
2

= _0- 12He • n , (2)
woc,

and
(3)

and the capacitors are sim ilarly reduced in
impedance as:

(
c • C = C ~ = (1.59) (300) pF

1 2 3JNEW

C
1NEW

= 477 pF.

To complete the design. R3 is made equal to
R2 (10 MQ ) and a VREF of V' /2 is used to
bias the output for large signa l accomodation .

Capacitor values should be adjusted to use
standard valued components by us ing lrnped-'
ance scal ing as a wider range of standard
resistor values is generally available.

6.3 A Low Pass Active Filter

A single ampl ifier low pass fi lter is shown in
Figure 35. The resistor. R4• is used to set the

R2

'M

vo

As a design example.

le · 1IIHr

GAIN ·l

R4
1.9M

Requ ire: He = I,
FIGURE 35. A Low Pass Active Filter

and
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0= 10.

'a = 1 kHz (Wo = 6 .28 • 10
3 rpsl.

output bias level and is selected after the other
resistors have been estab lished.



The design proced ure is as follows:

FIGURE 36 . Biasing th e Low Pess Filter

R2

RJ

v·

n' 12

RI

11'12

" Voc 00-- "N1r---1>----- """',.,....- -,

then
z ~R, (4)

HO

R = [±
'-" 0' '" "., ] '"2 20K wo C,

Given: Ho. 0" and W o = 21ffo

Let C, be a convenient value ,

To select R4• we assume the DC input level is
7 v oc and the DC output of th is filter is to
also be 7 Vec . Th is gives us the circuit of
Figure 36. Notice tha t Ho = 1 gives us not on ly
equal resistor values (R, and R2 ) but simplif ies
the DC bias calculat ion as I, = 12 and we have
a DC amplifier with a gain of - 1 (so if the DC
input voltage increases 1 voc the output volt ­
age decreases 1 Voc ). The resist ors R, and R2

are in parallel so that the circuit simpl ifies to
that shown in Figu re 37 where the actual resis­
tance values have been added. The resistor R4
is given by

(6)

(SA)or

where K is a cons tant wh ich can be used to ad­
just component valu es.

From equ ation (5) K must be chos en such that
the term under the rad ical remains positive,

,
K $

40 2 1Ho + 11

then

and

KC,

R3 =
wo2C, 2R2IK)

As a design example;

Requ ire: HO = "

o z I,

and 1
0

z 1 k Hz 16.28 x 103 res),

(7)

R4 • 2 (R21 + R3)

or , using values

R4 = 2 (2M
2
il + 1M) ~ 4 Mil

use R4 =3.9 Mil

use C2 = 36 pF

R3 = 16 .28 x 103)213 x 10 -'0,2 12 x 1061

R3 = 1.13 Mil use R3 = , Mil

Then from equa tion (4 )

R, z R2 = 2 Mil

and finally from equat ion (7)

8

R' I R2 · 'lIn

Given: Ho' a and Wo = 2rrf

+15Voc

RJ,.

The bandpass filter is perhaps the most inter­
est ing . For low frequenc ies, low gain and low
a ( ::;10) requirements, a single ampl if ier real ­
ization can be used . A one ampl if ier circuit is
shown in Figure 38 and the design proced ure
is as follows:

6.4 A Single-ampli f ier Band pass Act ive Filter

FIGURE 37. Biasing Equivalent Circuit

,
8

1
C2 = 8 1300 pF ) . 37 .5 pF

let K =K $
402 (, + HO),

K $
4 111 2 (' + 11

K $
1
8

Start by select ing C, = 300 pF,

From equ ation (SA ) cal cu late K:,

::~ f:~~ ,::':i:~'::. ,,'~ [, ±J,_.;"]
R2 = 2.12 Mil use R2 ' 2 Mil
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• ~ IGpf

Vo

6.5 A Two-ampl if ier Bandpass Active Filter

To all ow high er a (between 10 and 50) and
higher gai n. a two amp lifier filter is required .
Th is circuit. shown in Figure 39. uses only two
capacitors . It is similar to the previous sing le
ampl ifier bandpass circuit and the added am­
plifi er supplies a cont ro lled amount of pos itive
feedback to improve the respo nse character­
istics. The resi stors Rs and Rs are used to bias
the ou tput vo ltage of the ampl ifiers at V+/2.

10 • IKtt, R4

Q ' s ' 2M
GAl,. I

"...
FIGURE 38. A One Op Amp Bandpass Filt ...

Let C,
value.

Then

C 2 and select a conven ient start ing

, (8)

FIGURE 39 . A Two Op Amp Bandpass Filt ...

and

(9)

(10)

Again . Rs is simply chosen as tw ice R4 and Rs
must be selecte d after R6 and R7 have been
assigned values. The design procedure is as
fo llows :

Given: a and fo

(11) To fi nd : R, through R7 • and C, and C2

As a design example;

Require: HO = 1

o B 5

'0= 1 kHz two = 6.28 x 103 res) .

Let: C, = C 2 and choos e a conven ient starting
value and cho ose a value for K to reduce the
spread of element values or to optimize sen­
sitiv ity (1 :5 KT ypicall y:510).

(12)

(14)

(13)

R •
3 02 _ 1 _ 2/K + , / KO

ThenStart by select ing

c
1

= c2 = 510pF.

Th en using equat ion (8)

R
1

• 5

16 .28 x 103) 15. 1 x 1O-1~

R 1 • 1.57 Mil.

(15)

(16)

and
5

[21251 - 1116.28 x'03)15.1 xl0·l~

R2 K 32 kil

and using equation (9)

R
2

•

from equat ion (10) .
R • 2(5 1

3 16.28 x 1031(5.1 x 10-10)

R3 • 3.13Mil .

As a design example:

Require: O ' 25 and '0= 1 kHz.

and finally. for biasing . us ing equat ion (11)

R4 • 6 .2 Mil .

Select:

and

C1 = C2 = 0. 1 J.lF

K • 3 .
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Then from equati on (12)

R
l

= 4 0 k.l1

and from equation (13)

R
2

• (40 x 1031 312S1
[212S) - 11

R
2

: 61 k.l1

and fr om equat ion (14)

40 x 103

12S12 - 1 - 2/3 + _1_

3(2SI

FIGURE 40. The " Bi·quad" RC Act ive Bandpass
Filter

And R7 is given by equa~i,~n (15)

R7 = 3 (40 k .l1l · 120 k.l1 ,

and the gain is obtai ned fro m equation ( 16)

The bandpass f ilter is shown in Fig ure 40 and
the des ign procedur e is:

Given: Q and fo '

Then:

TO simplify: Let C 1 = C 2 and choose a con­
venlent starting value and also let 2 R1 = R 2 =
R3 and choose a c~>nvenient start ing value .

(17)

(18)R -R --'-
S 7 W C

o ,

To properly bias th e first amplifier

RS - 2R4 = .SO k.l1

and th e seco nd amplifier is biased by Rs . No tice
th at th e ou tputs of both ampli fie rs w il be 'at
V +12. Therefore R6 and R7 can be pa ratleled
and

or and fo r biasing th e amp lifiers we requ ire

R = 2 [ 1401 11201 x 10
3 j. S9k.l1

S 160
(19)

The mid -band ga in is:

These values, to the close st standard 'esistor
values, have been added to Figure 39. (20)

As a design example;
6.6 ' A Three-amplitierBandpa ss Act ive Filter

Require: '0 . 1 kHz and Q = SO.

To reduce Q sens it ivity to element var iation
even further or to provide higher Q (0 > 50)
a three amp lif ier bandpass filter can be used .
This circuit, Figure 40, pre-dates most of the
li teratu re on RC active f ilters and has been
used on anal og computers. Due to ' he use
of three ampli fie rs it often is cons ioeec too
costly - especially for low Q applica t iors. Th e
mul t ip le amp lifiers of the LM3900 mak u th is a
very useful c ircu it. It has been called the " Bi ­
Quad" as it can produce " a transfer function
which is "Quad" - rad ic ' in bot h nurnerator
and denominator (to give the "B l") . A newer
real izat ion techn ique for thi s type of "i lter is
the "second-degree state-var iab le ne twork : '
Outputs can be taken at any of th ree points to
give low pass , high pass or bandpass response
cha racterist ics (see the ref erence cited).

To f ind : c. . C2 and R l thr ou gh R~.

9 hoose:. Cl ' C2 - 330 pF

and ~R , ~ R2 = R3 = 360 kQ , and R, = ISO kQ .

Then from equation (17 ),

R
4

= (1.S x 10S1 [2(SOI - 1)

R4 ' 17.S M.I1 .

From equation (18 ),

R
S

= R
7

= 1

(21T x ' 031 13.3 x 10· ' 0)

R
S

= 4S3 k.l1.

And fr om equat ion (19) ,

R
6

• RS == 1 M.I1 .
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From equat ion (20) the mid band gain is 100
(40 dB). The value of R4 is high and can be
lowered by scaling only R, th rough R4 by the
fact or 1.78 to give:

3
2R , = R2 • R

3
= 360 x 10 = 200 kn. R, = 100 kU

1.78

As an example, using Ao = 2800 for the LM3900
we can estimate the maximum frequency
where a 00 = 50 would be reasonable as

~ • 2.5 x 10.2 ( 2.8 x 10
3

) + 0.5
f 5 x 10
a

the refore

and

R
4

= '7.8 X ,0
6

= 10 Mil,
1.78

Thes e values (to the nearest 5% standard) have
been added to Figure 40.

or 1 . 1.9
fa

or

6.7 Conclusions

2QO (W _ 2W I • 0.1
a p

(~) = 2.5 x 10.
2

(::) + 0.5. (22)

Somewhat larger a 's can be ach ieved by add­
ing more fi lter sections in either a synchron­
ously tuned cascade (fil ters tuned to same cen­
ter freq uency and tak ing advantag e of the
bandwidt h shr inkage factor wh ich results fro m
the ser ies connect io n) or as a standard mul t ip le
pole filter. All of the convent ional filters can
be realize d and select ion is based upon all of
the perfo rmance requ irements wh ich the appli­
cat ion deman ds. The cost advantages of the
LM3900, the relatively large bandwidth and the
ease of operation on a sing le pow er supply
vol tage make this product an excell ent "build­
ing block" fo r RC act ive filters.

The multiple amplifiers of the LM3900 can be
used to easily generate a wide varie ty of wave­
form s in the low frequenc y range (f ::;10 kHz).
Voltag e contro lled oscillator s (VCO's) are also
poss ible and are presented in sect ion 8.0 "De­
signing Phase-locked Loops and Vol tage Con ­
troll ed Oscillators," In add it ion , pow er oscil ­
lators (such as no ise makers, etc .) are presented
in section 10.11.3. The waveform generators
which will be presented in th is sect ion are
mainl y of the switch ing type, but for complete­
ness a sine wave osc illa tor has been included.

Design ing for large passband gain also in­
creases f ilte r dependency on the chara cterist ics
of the amp lif ier and fina lly sign al to noise rat io
can usuall y be improved by tak ing gain in an
input RC act ive fil ter (again see L.C . Tho mas
paper).

Aga in. using data of the LM3900, f. = 1 kHz
so th is upper frequency limi t is appr oxi mately
2 kHz for the assumed a of 50. As indi cated
in equa tio n (26) the value of a A can act ually
exceed the value of 00 (a enhancement) and,
as expected, the fil ter can even prov ide its
own input (oscillating) . Excess phase shift in
the high frequency chara cterist ics of the ampli­
f ier typ ically cause unexpecte d osc illatio ns.
Phase compensation can be used in the Bi­
Ouad network to reduce th is pr ob lem (see
L.C. Thomas paper).

7.0 DESIGNING WAVEFORM GENERATORS

(21)
Qo

2Qo
- - (W - 2WI
A W a po a

1 +

wher e Ao is the open loop gain of the amp lif ier ,
w. is the dom inant po le of the amp lifie r and wp
is the resonant frequ ency of the fil ter . The
result is that the trade-o ff betw een a and cen­
ter frequency (Wp) can be determ ined for a
given set of amplifier characteristics. When
0A differs signifi cantly from 00 excessive de­
penden ce on amp lifi er cha racterist ics is ind i­
cated. An estimate of the limi tati ons of an
amp lifier can be made by arb itra rily allowing
approxi mately a 10% effect on 0A wh ich re­
sult s if

The unity-gain cross frequency of the LM3900
is 2.5 MHz which is app roximately three times
that of a ''741'' op amp . The performance of the
ampl ifier does limit the perf orm ance of the
f ilter. Historica lly, RC act ive f ilt ers started
with litt le conc ern for these pract ical problems,
The sensitivity functions were a big step for ­
ward as these demonstrated tha t many of the
earlier suggested realization tech niques for RC
acti ve f il ters had pass ive co mponent sensitivity
func tio ns which varied as a or even 0 2 . Th e
Bi-Ouad circuit has reduced the prob lems with
the passive compon ents (sensitivi ty fu ncti ons
of 1 or 1/2) and recentl y the contr ibutions of
the ampl if ier on the performance of the fi lter
are being invest igated . An excell ent treatment
("The Biquad: Part I - Some Practical Design
Considerations." L.C. Thomas, IEEE Transac­
tions on Circuit Theory, Vol. CT-18. No.3, May
1971) has indicated the limits imposed by th e
characteristi cs of the ampli fier by showi ng tha t
the design value of a (0 0) wil l d iffe r from the
actua l measured value of O(OA) by the given
rela tionsh ip
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7.1 A Sinewave Oscill ator 7.2 Squarewave Generator

Rl
'OM

v- ;.f1..Jo-JVloI'v-"'--.IV\,.,..._...J '0 z lkHI

RI
)O K

FIGURE 42. A Sq uarewave Oscilla,or

capaci to r, C" alte rnate ly charges and dis ­
charges (via R, ) bet ween the voltage limit s
wh ich are established by the res istors R2 , R3
and R4 . Th is combination produces a Schmitt ­
Tr igger cir cui t and the operation can be un der ­
stoo d by no t ici ng that wh en the output is low
(and if we neglect the current f low thr ough
R4 ) the resist or R2 (3M) w ill cause the trigger
to fire when the current through th is resist or
equa ls the current wh ich enters the (+) input
(via R3 ) . Th is gives a fi ri ng vol tage of approxi­
mate ly R2 / (R3 ) V+ (or V+/3) . T he other tr ip
po int . when th e output vo ltag e is high , is ap­
proximately [2(R2 /R3 ) ] V+, as R3 = R4 • or
2/3(V+) . Therefor e the vo ltag e across the ca­
pacitor, C" will be th e fi rst one- ha lf of an ex­
ponent ial wave fo rm between the se voltage tri p
lim its and w ill have good symmetry and be es­
sent ially independent of the magnitude of the
power supply ' voltage . If an unsym met rical
squarewave is desired . the tr ip points can be
sh ifted to produce any desi red mark /space
rat io .

The standard op am p squarewave generator
has been mod if ied as shown in Figure 42. T he

The design of a sinewave osc illa to r presents
problem s in bo th ampl itude stabi lit y (and pre ­
dictabili ty ) and output waveform pur ity (TH D) .
If an RC ban dpass filter is used as a high a
resonato r for the oscillator c ircu it we ca n ob­
tain an output waveform with low distortion
and elimi nate the problem of relat ive center
frequenc y drift wh ich exists if the active filter
were used sim ply to filter the output of a
separate oscillato r.

A sinew ave osci llato r which is based on this
pr incip le is shown in Figu re 41. Th e two­
amp lif ier RC act ive filter is used as it 'requi res
onl y two capaci tors and provides an overa ll
non-inverting phase charac teristic. If we add
a non - inverting gain controlled amp lif ier
around the fi lte r we obtain the des ired osc illa ­
tor configurat ion. Finally, the sinewave output
voltage is sensed and regulated as the average
value is compared to a DC reference vol tage ,
VR EF , by use of a differential averaging circuit .
It can be shown that w ith th e values selected
for R' 5 and R'6 (ratio of 0.64/1 ) .that th ere is
first order temperature co mpen sation fo r CR3
and the inte rnal inp ut diodes of th e IC ampli­
fier whic h is used for the "d ifference averager" .
Further, th is also provides a simple way to
reg ulate and to predict the magnitude of the
output sinewave as

which is essent ially independent of both tem­
perature and the magn itu de of the power sup­
ply vo ltag e ( if VR E F is der ived from a stable
vo ltage source ).

RI
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FIGURE 41. A Sinewave Oscillator
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7.3 Pulse Generato r

The squarewa ve generator can be sligh t ly mod­
if ied to pro vide a pulse generator. The slew
rate limits of the LM3900 (0.5V/flSec) mus t be
kept in mind as this limits the ability to pro ­
duce a nar row puls e when operat ing at a high
power supply vo ltage level. For example. with
a +15 Voc power sup ply the rise t ime. t, . to
change 15V is give n by :

t = ~=~
r Slew Rate O.5V /lI.sec

t, • 30ll. sec .

At this t ime the output voltage will switch to a
high state, VO H ; ' and the cur rent ente ring the
(+) input will increase to

Also CR, goes ON and the capac itor, C" charges
via R, . Some of this charge current is divert ed
via R2 to ground (the (-) input is at VCE SAT
durin g this interval as the cu rrent mirror is
demanding more current tha n the (-) input
termi nal can provide). The high tr ip volt age.
VH • is given by

The schem at ic of a puls e generator is shown in
Figure 43. A diode has been added. CRt. to
allow separating the charge path to C, (via R, )

t CHARGf Al

'"
' AI
IN!!1.

(2)

or

PW .. 100..11
PRF ~ nH,

FIGURE 43. A Pulse Generetor

from the discharge path (via R2 ) . The circuit
operate s as foll ows . assume first that the out ­
put voltage has just switched low (and we wil l
neglect the cu rrent flow th rough R4 ) . The
voltage acro ss C, is high and the magnitude of
the discharge current (through R2 ) is given by

Th is cu rrent is larger tha n tha t entering the
(+) input which is given by

The excess current enter ing the (-) input term­
inal causes the ampl ifier to be dr iven to a low
ou tput vol tage state (saturat ion). This cond i­
tion remains for the long t ime interval (l / Pulse
Repetition Frequency) unt il the R2C, dis­
cha rge cur rent equals the ' I R 3 value (as CRt is
OFF during th is interval) . The voltage across
C, at the trip 'point, VL' is g iven by

or

(1)

AN72 -20

A design proceeds by fi rst cho os ing the tr ip
points fo r the vol tage across C, . The resistors
R3 and R4 are used on ly for th is trip voltage
cont rol. The resistor R2 affects the disch arge
time (the long interval) and also both of the
trip voltages so this resistor is determined first
from the required pulse repet ition freq uenc y
(PRF). The value of R2 is dete rmined by the
RC exponential di sch arge from VH to VL as
this time interval, T" co ntrols the PRF (T, =
l / PRF). If we start with the equat ion for the
RC discharge we have '

_-.2.L
R2C1v

L
: v

H
e

or

(3)

To prov ide a low duty cyc le pulse train we sel­
ect small values for both VH and VL (such as
3V and 1.5V) and choose a starti ng value for
C, . Then R2 is g iven by

(4)

If R2 fro m (4) is not in the range of approxi­
mately 100 kl1 to 1 Mil , choose another value
for C, . Now equa tion (1) can be used to f ind
a value fo r R3 to provi de the VL wh ich was
ini ti ally assumed. Similarly equation (2) allows
R4 to be calculated. Finally R, is determined
by the required pulse width (PW) as the capaci­
tor. C" must be charged fro m VL to VH by R, .



As a design examp le:

Requ ired: Provide a 100fJ- S pul se every 1 ms.
The power supply voltage is +15 Vac

R 1 · _ 10:S .£n(1 _ 3 )
(14.2 - 0.7 )

R 1 = ~ = 39 .7 kn .
0.252

• 10
4

R1 - .£n ( 1 _ -L)
13.5

Tr iangle waveforms are usually generated by
an integrator which rece ives first a pos itive DC
input voltage then a negat ive DC input vo ltage .
The LM3900 easily provides th is operation in a
system wh ich operates with only a sing le power
sup ply vol tage by making use of the cu rrent
mirror wh ich exists at the (+) input. This allows
the generation of a triangle waveform without
requiring a negative DC input voltage.

7.4 Triangle Waveform Generator

These values (to the nearest 5% standard ) have
been added to Figure 43.

5.0 Find R, from equat ion (5),

10-4

V
H

• 3.0Vand

R1 == T2 (5)

- C1.£n [ 1 - V
H

]
v aH; - Vo

wher e T2 is the pulse width desired and Va
is the forward vo ltage drop across CR1 .

This RC charg ing is given by (neglecting the
load ing due to R2 )

v, ~ 'Vo"-vo'(-.- ;:c)

1.0 Start by choosing

or

2.0 Find R2 from equation (4) assum ing C, =
0.01fl F,

The schematic diagram of a triangle waveform
generator is shown in Figure 44 . One amplif ier

R (14.2 - 0.51
4 • _ _3__ _ 15 0.5

1.44 x 105 1.39 x 106

4.0 Find R4 fro m equation (2),

(VaH; - VBEI

v
H

v+ - vBE
R2 R3

is doing the integrati on by operating first with
the current through R1 , to produce the negative
out put voltage slope, and then when the output
of the second amplifier (the Schmitt -Tr igger) is
high, the cur rent throug h R2 causes the output
voltage to inc rease. If Rl = 2R2 , the output
waveform will have good symmet ry . The ti m­
ing for one-half of the per iod (T/2) is give n by

.1-. (R 1C l I 6 Va
2 v: - VBE

or the output freque ncy becomes

v+ - vBEf •
o 2R

1
C

1
6 Va

SCH\lITT·TAIGGUl

y'

FIGURE 44 . A Tr iangle Waveform Generator

_105
R2 • 0.694 • 144 kn .

Find R3 fro m equation (1)

(v + - VBE) R
2R

3
•

VL

(15 - 0.51 1.44 x 105
R3 -

1.5

3.0

where we have assumed R, = 2R2 , VSE is the
DC voltage at the (-) input (0.5 Vac ), and 6 Vo
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OUTPUT

'0
I

:~

~ Cl

CR'

Rl

"'

v· o-- .JIo'V'v- -.l

RESET O-JV' >IY-...>l-H

is the difference between the trip po ints of the
Schm itt-Trigger. The design of the Sch mitt­
Tr igger has been presented in the section on
Digital and Switching Circuits (9.0) and the
trip voltages control the peak-to-peak excur­
sion of the tr iangle output voltage waveform.
The output of the Schmitt circuit provides a
squar ewave of the same frequenc y.

7.5 Sawtoot h Waveform Generato r
t.I PlnI"....R.1"'p

FIGURE 45 . Gated Sawtooth Ganarators

The previously desc ribed triang le wavefo rm
genera to r. Fig ure 44. can be mod if ied to pro­
duce a sawtooth waveform . Two types of
waveforms can be provi ded. both a pos it ive
ramp and a negat ive ramp sawtooth waveform
by selecting R, and R2 . The reset tim e is also
controlled by the rat io of R, to R2 . For example.
if R, = 10 R2 a pos it ive ramp sawtooth results
and if R2 = 10 R, a negat ive ramp sawt oo th
can be obtai ned. Again , the slew rate limits of
the ampli f ier (0.5VIj.J.s) will limi t the minimum
retrace time. and the inc reased slew rate of a
negative going output will allow a faster re­
trace for a posit ive ramp sawtooth waveform .

v· O-JV' >IY-"'-i

"'
R'"',,'0-_ .......-.1

OUTPUT

:~
I

'0

To provide a gated sawtooth waveform, the cir­
cuit s shown in Figure 45 can be used . In Fig­
ure 45(a). a pos it ive ramp is generated by inte­
grating the current. I. which is entering the (+)
input. Reset is provi ded via R, and CR, keeps
R, fro m loading at the (-) . input during the
sweep in terval. Th is will sweep from Vo MIN

to Vo MAX and will rema in at Vo M A X until reset.
The interchange of the input leads, Figure 45(b).
will generate a negative ramp . from Vo MA X

to Vo MIN '

7.5.1 Generating a Very Slow Sawtooth
Waveform

The LM3900 can be used to generate a very
slow sawtooth wave for m wh ich can be used to
generate long t ime delay intervals. The circuit
is shown in Figu re 46 and uses four ampl if iers.
Amps 1 and 2 are casca ded to increase the gain
of the integrator and the output is the desired
very slow sawtooth waveform . Amp 3 is used to
exactly supp ly the bias current to Amp 1.

",.r

",..

u,..

",.."U~

.;1-""'­. -
FIGURE 46. Generat ing Very Slow Sawtooth Waveforms
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With resistor Rs opened up and the reset con­
trol at zero volts, the potenti ometer , Rs' is ad­
jus ted to mini mize the dr ift in the output volt­
age of Amp 2 (this outpu t must be kept in the
linear range to insure that Am p 2 is no t in satu­
ration) . Amp 4 is used to provide a bias refer ­
ence which equa ls the DC volt age at the (- )
in put of Amp 3. The resistor divid er, R7 and
R9 , prov ides a 0 .1 Voc reference voltage across
R9 whi ch also appe ars across Rs. The cu rrent
wh ich flows th rough Rs' I, enters the (-) inpu t
of Amp 3 and causes the cur rent through R6 to
drop by th is amou nt. Th is caus es an imbalance
as now the current flow through R4 is no longer
adequat e to supply the input current of Amp 1,
The net result is that th is same cu rrent , I, is
drawn from capac itor C l and causes the outp ut
voltage of Amp 2 to sweep slowl y pos it ive, As a
result of the high impedance values used, the
PC com ponent boar d used for thi s circuit must
firs t be cleaned and then co ated wit h silicone
rubb er to eli minate the eff ects of leakag e cur­
rents acro ss the surface of the board . The DC
leakage currents of the capacitor, C l , mus t
also be small compared to the 10 nA charging
current. For example, an insulation resistance
of 100 ,000 Mn will leak 0 .1 nA wi th 10 v oc
across the capa citor and this leakage rapidly
increases at hig her temperatu res. Dielect ric
polar izat ion of the dielect ric mate rial may not
cause problems if the circuit is no t rapid ly
cycled. The resi sto r, Rs, and the capacitor, C l •

can be scaled to prov ide other basic sweep
rates, For the values shown on Figure 46 the
10 nA cur rent and the If!F capaci tor establish
a sweep rate of 100 sec/volt. The reset control
pu lse (Amp 3 (+) input) caus es Amp 3 to go to
th e pos it ive output saturation state and the
10 Mn (R4 ) gives a reset rate of 0 .7 sec/volt.
The resistor , Rl • prevents a large discharge
current of C, from overdr iving the (-) input and
overload ing the input clamp device. For larger
charg ing cu rrents, a resistor divider can be
placed from the output of Amp 4 to ground and
Rs can tie from this tap point directly to the
(-) input of Amp 1.

7.6 Staircase Waveform Generators .

A staircase generator can be real ized by sup­
plying puls es to an integrator circuit. The LM­
3900 also can be used with a squarewave input
signal and a diffe ren t iating network whe re
each transiti on of the input squa rewave causes
a step in the output waveform (or two steps per
input cyc le). Th is is shown in Figu re 47. These
puls es of current are the charge and discharge
curr ents of the input capac ito r. Cl . The charge
current, Ic, enters the (+) input and is mirrored
about ground and is "drawn into" the (- ) input.
The d ischarge current, 10 . is drawn through the
diode at the inpu t, CRI • and the refore also
causes a step on the output staircase.

~. "I
OU''UTl.c:::::::::

FIGURE 47. Pumpin; the Staircase Via Input
Differentiator

A free running staircase generato r is shown in
Figu re 48. This uses all four of the amp lif iers
whi ch are available in one LM3900 package.

.. '~

FIGURE 48. A Free Running Sta ircase Generator

Amp 1 prov ides the input pulses wh ich "pump
up" the staircase via resisto r Rl (see sect ion 7.3
for the design of th is pulse generator). Amp 2
does the integrate and hold funct ion and also
supp lies the ou tput staircase waveform. Amps
3 and 4 prov ide both a co mpare and a one-shot
multivibrator function (see the sect ion on Dig i­
tal and Switching Circu its for the design of th is
dua l function one-shot) . Resistor R4 is used to
sample the staircase output voltage and to
compare it with the power supply voltage (v+)
via R3 . When the output exceeds approxi­
mate ly 80% of V' the connection of Amps 3 and
4 cause a 100 fJ. sec reset pulse to be generated .
Th is is coupled to the integrator (Amp 2) via
R2 and causes the staircase output vol tage to
fal l to approximately zero volt s. The next pulse
out of Amp 1 then starts a new stepping cycle.

7.7 A Pulse Counter and a Voltage Variable
Pulse Counter

The basic ci rcui t of Figure 48 can be used as a
pu lse counter simply by om itt ing Amp 1 and
feeding input voltage pulses directly to Rl .

A simp ler one-shot/comparator wh ich requ ires
only one amplifier can also be used in place of
Amps 3 and 4 (aga in. see the section on Digital
and SWitching Circu its ). To extend the time
interval between pulses . an add itional ampl i­
fier can be used to supp ly base current to
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Amp 2 to eli minate the tendency for the output
voltag e to drift up due to the 30 nA input cu r­
rent (see sect ion 7.5.1). The pulse cou nt can be
made voltage var iable simply by removing the
co mparator reference (R3 ) from V+ and using
this as a control voltag e input. Finally, the in­
put cou ld be derived from different iat ing a
square wave input as was snownIn Figure 47
and if only one step per cycle were desired, the
di ode , CR, o f Figu re 47, can be el iminated.

7.8 An Up·down Staircase Waveform Generator

A staircase waveform wh ich f irst steps up and
then steps down is provided by tn e circuit
shown in Figure 49. An inpu t pulse generator

"'6

many func tions, the required linearity of the
transfer characterist ic ' (frequency out to DC
vol tage in) depend s upon the applicati on. For
low distor tion demodulation of an FM signal,
a high degree of linea rit y is necessary wher eas
a track ing fi lter application wou ld not requ ire
th is performance in the VCO .

A VCO circuit is sho wn in Figur e 50. On ly two
amp lif iers are requ ired, one is used to integrate
the DC input contro l voltage, VC , and the oth er
is connected as a Sch mitt - trigger whi ch mon i­
to rs the ou tput of the integrator. The trigger
ci rcuit is used to control the clamp transistor,
0

"
When 0 , is conducti ng, the input cu rrent,

12, is shu nted to gro und. Dur ing this one-half
cycle the input curr ent, 1, • causes the outp ut
vol tage of the integrator to ramp down. At the
mini mum point of the tr iang le wavefo rm (out ­
put 1), the Sch mi tt circuit chan ges state and
transistor 0, goes OFF. The cur rent, 12, is
exact ly twi ce the value of 1, (R2 = R, /2) such
that a charge cu rrent (which is equal to the
magnitude of the discharge current) is d rawn
th rough the capacito r. C, to provide the in­
creasing port ion of the tri angular waveform
(output 1), .

FIGURE 49. An Up-down Staircase Generator

FIGURE SO, A Vo ltage Con trolled Osc illator

as 1, is a cons tant (for a given value of Vc )
which is given by

The outp ut frequency for a gi ven DC input
con trol vo ltage depends on the tr ip voltages of
the Schmitt circu it (VH and VL ) and the com ­
ponents R, and C , (as R2 = R, /2 ). The ti me to
ramp dow n from VH to VL corresponds to one­
half the period (T) of the output frequency and
can be found by sta rti ng with. the basic equa ­
tio n of the integrator

(1)- - '- f " dt
C

provides the pu lses which cau se the ou tp ut to
step up or down depend ing on the con duct ion
of the clamp transistor, 0

"
When thi s is ON,

the "down" cu rrent pu lse is diverted to groun d
and the staircase then steps "up" . .When the
upper voltage tr ip point of Amp 2 (Schmitt­
Trigger-see sect ion on Dig ita l and Switch ing
Circu its ) is reached , a , goe s OFF and as a re­
sult of the smaller "down" input resis to r (one­
half the value of the "up" resistor, R, ) the
staircase steps "down" to the low voltage tr ip
po int of Amp 2. The ou tput voltage therefore
step s up and down between the tr ip voltages of
the Schmitt -T rigg er.

8,0 DESIGNING PHASE-LOCKED LOOPS
AND VOLTAGE CONTROLLED
OSCILLATORS

The LM3900 can be connec ted to pro vide a low
frequency (f < 10 kHz) phase-locked loo p (PL2) .
Th is is a useful ci rcui t for many contro l appl ica­
tions . Tracking fi lters , frequency to DC conver­
ters , FM modulato rs and demodulato rs are
appl ications of a PL2.

8.1 Voltage Controlted Oscilla tor s (VCO)

The heart of a PL2 is the voltage controlled
oscillator (VCO) . As the PL2 can be used for

(2)
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equat ion (1) simplifies to

or

A limit is reach ed when the tr iangular sweep
outp ut waveform excee ds the slew rate lim it of
the LM3900 (0,5V/flS). Note tha t the output of
the Schm itt circuit has to move up only one
VBE to br ing the clamp transistor. Q, . ON. and
therefor e outp ut slew rate of this ci rcuit is not
a limit.

Now the time , b. t , to sweep from VH to VL
becomes

b. Vo = _ _'i,
b. . C

or

(3)
To improve the tempe rature stab il ity of the
veo. a PNP emitte r foll ower can be used to
give approximate co mpensati on for the VBE 's
at the inputs to the ampli fie r (see Figure 52) .
Finally to improve the mark to space rat io ac­
curacy over temperature and at low cont ro l
voltages. an additiona l ampl ifier can be added
such that both reference currents are applied to

v·

Therefore. once VH • VL • R, and e are fixed in
valu e, the output frequ ency. f. is a linear func­
tion of I , (as desir ed for a VeO).

T

,
T

and

(4) v,

The circu it shown in Figure 50 will requi re
Vc > VBE to oscillate. A value of Vc = 0 pro­
vides f OUT = O. which mayor may no t be de­
sired. Tw o common-mode input biasin g resis­
tors can be added as shown in Figu re 51 to
allow f O U T = f M I N fo r vc = O. In genera l. if
these resistors are a factor of 10 larger than
their co rrespond ing resistor (R, or R2 ) a large
con trol frequency ratio can be realized . Actu­
ally , Vc could rang e outside the supply voltage
limit of V · and this circuit will still fun cti on
proper ly.

v·

v,

FIGURE 51. Add ing Input Common·mode Biasing
Resistors

The outp ut freq uency of this circu it can be
increased by redu cing the peak -to-peak excur­
sion of the tri angle waveform (outp ut 1) by de­
sign of the tr ip po ints of the Schmitt circuit.

FIGURE 52. Reducing Temperature Drift

the same typ e of (inverti ng) inputs of the LM­
3900. The circ ui t to accom plish this is shown
wi thin dotted lines in Figure 53.

FIGURE 53. Improving Mark/Space Rat io

8.2 Phase Comparator

A basic phase comparator is show n in Figure 54.
This circuit provides a pul se-width modulated
out put voltage waveform. Vot, wh ich must be
filte red to provide a De output volta ge (th is
f ilt er can be the same as the one needed in the
PL2 ) . The resisto r R2 is made smaller than R,
so the (+) input serves to inhi bit the H input
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FIGU RE 54 . Pha.. Co mparator

8.3 A Complete Phase-locked Loo p

A phase -locked loop can be reali zed w ith three
of th e amplifiers as shown in Figure 55. Th is
has a cent er frequency of approximately 3 kHz.

The amp lif iers of the LM3900 can be over­
driven and used to prov ide a large number of
low speed dig ita l and swi tch in g circuit app lica­
tions fo r cont rol sys tems which operate off of
single power supply voltages large r than the

standard +5 Voc dig ita l lim it. The large volt ­
age swing and slower speed are both advan­
tage s for mos t industrial control systems. Each
ampl ifier of the LM3900 can be thought of as
"a super transistor" with a i3 of 1,000,000
(25 nA in put current and 25 mA output current)
and wit h a non -inverti ng input feature. In ad­
dit ion , th e act ive pull-up and pu ll -down which
exists at the output will supply larg er currents
than the simple resistor pull-ups wh ich are
used in dig ital log ic gat es. Finally, the low
input currents allow timing circu its wh ich mini­
miz e th e capacitor values as large impedance
levels can be used with the LM3900.

9.1 An " OR" GATE

8.4 Con clus ion s

9.0 DESIGNING DIGITAL AN D SWITCHING
CIRCUI TS

On e LM3900 package (4 amplifiers) can pro­
vide all of the ope rat ions nece ssary to make a
phase -locked loop. In addition . a VCO is a ge n­
erally useful component for other system
applications.
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signa l. The center of the dynamic rang e is ind i­
cated by the waveforms shown on the figure
(90 0 pha se d ifference between f, Nand fv c o).

The filtered DC output vo ltage will center at
3V+ /4 and can range from V +/2 to V + as the
phase error ranges from 0 degrees to 180
degrees.

An OR gate can be reali zed by the circ uit shown
in Figu re 56. A resistor (150 ~ from V+ to the
(-) input keeps the outp ut of th e ampli f ier in a
low vol tage satu rated state fo r all inputs A , B.
and C at OV. If anyone of the input signals
were to go high (=oV+) the cu rren t flo w through
the 75 kn input resistor w ill cause the amp li fie r
to sw itch to the pos it ive outpu t sat urat ion state
(Vo =0 V+). The current loss through the other
input resistors (whi ch have an input in the low
volt age stat e) repr esents an insignificant
amount of th e total input current which is pro­
vided by the, at least one , high voltage input.
More than three inputs can be OR'ed if desired .
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FIGURE 55. A Phase-locked Loop

To increase the lock range, DC gain can be
added at the input to the VCO by us ing the
fourth ampl ifier of the LM3900. If th e gain is
inverting, the limited DC dynam ic range out of
the phase detector can be increased to improve
the frequen cy lock rang e. With inverting ga in ,
the input to the VCO co uld go to zero vo lts.
Th is wi ll cause the output of the VCO to go hi gh
(v+) and wi ll latch if app lied to the (+) input of
the phase com parator. Therefo re apply the
VCO signal to the (-) in pu t of th e phas e com­
parator or add the common-mode bias ing resis­
tors of Figure 51.

y' Oo-...JVIN--l
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FIG URE 56. An " OR" Gate

The "fan-out" or logi cal dr ive capability is
large (50 gates if each gate inpu t has a 75 kn
resisto r) due to th e 10 mA output current cap­
ab ility of 1:1e LM3900. A NOR gate can be ob­
tained by inte rch anging the inputs to the
LM3900.
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9.2 An " AND " Gate

A three input AN D gate is shown in Figur e 57.
This gate requires all th ree inputs to be hig h
in ord er to have sufficient current ente ring the
(+) input to cause the outp ut of the amplifier to
switch high. The addit ion of R2 causes a smal­
ler curr ent to enter the (+) input when only two
of the inputs are hig h. (A two inp ut AND gate
wou ld not requ ire a resistor as R2 ) . More than

'"
'"
'"

the "set" input causes the output to go high
and a "reset" positi ve pulse will return the out­
put to essentia lly OVDC .

9.4 Trigger Fl ip Flops

Trigger fl ip fl ops are useful to divide an input
frequ ency as each input pulse wi ll cause the
output of a trigg er fl ip flop to change state.
Again , due to the absence of a clocking signal
input, this is for an asynchronous log ic appl ica ­
t ion. A cir cu it which uses only one amp lif ier
is show n in Fig ure 60. Steering of the differ­
enti ated pos it ive input tr igger is pro vided by
the diode CR2. For a low ou tpu t voltage state,

FIGURE 60 . A Tr igger Flip Flop

FIGURE 57 . An " AND" Gate

three inputs becomes diff icult with th is resistor
summing appr oac h as the (+) input is too close
to having the necessary cur rent to swi tch jus t
pr ior to the last input go ing hig h. For a larg er
fan-in an input diode network (similar to DTL)
is recommended as shown in Figure 58. Inter­
change the inputs for a NAN D gate.
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FIGURE 58 . A Lerge Fen -in " AND" Gate

FIGURE 61 . A Two -ampl if ier Tr igger Fl ip Flop

CR2 shunts th e tr igg er away from the (-) input
and resistor R3 coup les this pos it ive inpu t trig ­
ger to the (+) input term ina l. This causes the
out put to switch high . The high vol tage output
state now keeps CR2 OFF and the smaller value
of (Rs + Rs ) compared with R3 causes a larger
positive input tr igger to be coupled to the (-)
input wh ich causes the output to swi tch to the
low voltage sta te.

1 = A·I ·C·D ·( · F

." l OOk
CR'

CRl

CR' CR'
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9.3 A Bi-stable Multivibrator

A bi-st abl e mu ltiv ib rator (an asynchronous RS
fl ip-fl op) can be real ized as shown in Figure 59.
Posit ive feedback is provided by resisto r R4
wh ich causes the latching. A posit ive pul se at

V'

9.5 Monostable Multivibrators (One-shots)

Monostable mult ivibrato rs can be made using
one or two of the amp lifi ers of the LM3900.
In addi t ion, the output can be design ed to be

A second trigger fl ip flop can be made wh ich
cons ists of two amplifiers and also pro vides a
complimentary ou tput. This connect ion is
shown in Figure 61.
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"""
,n

RE sn O-.J\II"'"....,

FIGURE 59. A Bi·stable Multivibrator
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either high or low in the quiescent state . Fur­
ther. to increase the usefulness. a one -shot can
be designed wh ich trigg ers at a particular DC
inpu t voltage level to serve the dual role of pro­
vidi ng f irst a compara tor and then a pulse
generator.

value. Th is exists in free-runn ing osc ill ato rs
where after a part icular output level has been
reached a reset pulse must be generated to re­
cycle the oscil lato r. This double fun ction is
provi ded with the circuit of Figure 63. The

v-

FIG URE 63 . A One-shot Multivibrator with an Input
Comparator

9.5.1 A Two-amplifier One-shot

A circuit for a two -ampli f ier one-shot is shown
in Figure 62. As the resistor. R2 • from V+ to
the (-) input is smalle r than Rs (from V+ to
the (+) input). ampl if ier 2 will be biased to a
low-vol tage out put in the qu iescent state . As a

C1
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FIGURE 62 . A One-shot Multivibrator

result. no cur rent is supplied to the (-) input
of amp lif ier 1 (via R3 ) whi ch causes the out put
of this amplifier to be in the high voltage state.
Capacitor C, therefo re has essentially the full
V+ suppl y voltage across it IV' - 2 V BE ) . Now
when a diffe rentia ted tr igg er (due to C2 )

causes ampl if ier 1 to be driven ON (output
voltage drops to essent iall y zero vo lts) this
negativ e transient is coupl ed (via C, ) to the (-)
input of amplifier 2 which causes the output of
thi s ampli fie r to be dri ven high (to posit ive
saturation). This cond it ion remains while C,
di scharges via (R,) from approximately V+ to
approx imately V+/ 2. Th is time interval is the
pulse width (PW). Aft er C, no longer diverts
suff ic ient current of R2 away fro m the (- ) in­
put of amp lifier 2 (i.e., C, is discharged to
approximately V +/2 V ) the stable DC state is
restore d-amplifier 2 output low and ampli­
fier 1 output high.

This ci rcuit can be rapidl y re-trigg ered due to
the act ion of the diode, CR, . Th is re-charges
C, as amplif ier 1 dr ives full output cur rent
capabi lity (approxi mately 10 mAl through C, .
CR, and into th e saturated (-) input of ampli ­
fier 2 to ground . The only ti me lim it is the
10 mA avai lable from amplifi er 1 and the value
01" C, . If a rapid resetIs not required. CR,
can be omitted .

9.5.2 A Combination One-shot/Comparator
Circuit

In many app lications a pulse is required if a
DC input signal exceeds a predet erm ined

AN 72-28

resistors Rs and R6 of ampli fier 1 provide the
inputs to a compa rato r and , as shown . an input
signa l. V1N • is co mpared with the supply volt­
age. V+. The output voltage of amplifier 1 is
normally in a high voltage state and will fall
and init iate the genera tion of the out put pulse
when V1N is R6 /Rs V+ or approxi mately 80% of
V+. To keep VI N from di sturbing the pul se
generat ion it is required that VIN fall to less
than the trip vol tage prior to the terminat ion of
the out put pulse. This is th e case when th is
ci rcu it is used to generate a reset puls e and
therefor e this caus es no problems.

9.5.3 A One-amplif ier One-shot (Positive Pulse)

A one-shot ci rcuit can be real ized using only
one amplifier as shown in Figure 64.

CRl

",.

TA I GG E R~ f-''IN.-.....-'W'I<-----'
''''UT''''''''''

ca
100,1

FIGURE 64. A One-ampl ifier One-shot (Pos itive
Outputl

Th e resis tor R2 keeps the output in the low volt ­
age stat e. A diff erent iated pos it ive trigg er
causes the output to switch to the high volta ge
state and resistor Rs latches this state. The



capacitor, C" charges from essentially
ground to approximately V+/4 where the cir­
cu it latches back to the qu iescent state. The
dio de, CR" is used to all ow a rapid re-t r iggering .

9.5.4 A One-amplif ier One-shot (Negative Pulse)

A one-a mplif ier one -shot mul tivibrator whi ch
has a quiescent state with the output high
and which falls to zero vol ts for the pulse dura­
tion is shown in Figure 65.
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FIGURE 65 . A On e-amp lif ier One .. hot (Negati ve
Output l

The sum of the currents through R2 and R3
keeps the (- ) input at essent ially ground. Th is
causes Va to be in the high vol tage state. A
diff erentiated negative trigger waveform
causes the output to swi tch to the low volt age
state. The large vo ltage across C, now pro­
vides input current via R, to keep the output
low unt il C , is discharged to approximately
V+/1O. At this t ime the ou tput switch es to
the stable hig h vol tage state.

If the R4 C2 netwo rk were move d to the (-)
input terminal . the circu it will trig ger on a
differen t iated positive tr igger waveform .

9.6 Comparators

vol tage must be larger than VBE • but there is no
upp er limit as long as the input resistor is large
enough to guarantee that the input current will
not exceed 200fl A.

9.6.2 A Comparator for Negative Input Voltages

Adding a common-mode biasing netwo rk to the
compa rato r in Figure 66 makes it possibl e
to compare voltages between zero and one volt
as well as the com pari son of rather large nega­
tive voltages. Figure 67. When work ing with
negative voltages. the current supp lied by the
common-mode network mu st be large enoug h
to satisfy both the current dra in demands of the
input voltages and the bias current requ irement
of the amp lif ier.

"
NO NEGATIVE

VOLTAGE LIMIT
IF PROPERLY

BIASED
10M
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FIGURE 61 . A Non -inverting low-Yoltage Compa rator

9.6.3 A Power Comparator

When used in conjunc tio n wi th an external
transistor , this power comparator wi ll dr ive
loads which require mo re cu rrent than the IC
amplifier is capable of supp lyi ng . Figure 68
shows a non- inverti ng comparator which is
capable of driving a 12V, 40 mA panel lamp .

v:

The voltage comparator is a funct ion required
fo r most system operations and can easily be
perfor med by the LM3900. Both an invertin g
and a non-i nvert ing com parator can be ob tain ed.
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9.6.1 A Comparator for Posit ive Input Voltages

The ci rcuit in Figure 66 is an Invert ing com par­
ator . To insure proper operation . the reference
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·Y,..

v,
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FIGURE 66 . An Inverting Voltage Comparator

FIGURE 68 . A Non- invert ing Power Compara tor

9.6.4 A More Precise Comparator

A more precise comparator can be designed by
using a second ampl if ier such that the input
vol tages of the same type of inputs are com­
pared. The H input volta ges of two amplifiers
are naturally more closely match ed initially
and track well wi th temperature changes . The
comparato r of Figure 69 uses th is concept.
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FI GURE 69. A More Precise Comparator

The curr ent estab lished by VR E F at the invert ­
ing input of amplifier 1 wi ll cause transistor
0 1 to adjust the value of V A to supply th is
current. This value of VA will cause an equal
current to fl ow into the no n- inverting input of
amplifier 2. This current correspond s more
exact ly to the reference current of ampli fier 1.

A diff erent ial input stage can also be added
to th e LM3900 (see sect ion 10.16) and the re­
sulting circuit can prov ide a precision com par­
ator circuit.

9.7 Schmitt-Tr iggers

Hysteresis may be designed into com parato rs
wh ich use the LM3900 as show n in Figure 70.

current mi rror, the output will swit ch to the
high limit. With Vo high, the cu rrent demand­
ed by the mirror is inc reased by a fixed amount ,
12 , As a result , the 13 requ ired to switch the
output increases th is same amoun t. Therefore,
the swit ch points are determined by selecting
resistors wh ich will establish the requi red cur­
rents at the desired input vol tages. Reference
current (11) and feedback cu rre nt (12) are set by
the following equatio n.

By adjusting the values of Re , RF , and R1N ,

the swi tching values of V'N may be set to any
levels desired.

The non- invert ing Schm itt -T rigger wo rks in the
same way except that the input vol tage is ap­
pl ied to the (+) inpu t. The range of V'N may be
very large when com pared wit h the operat ing
voltage of the ampli fier.

10.0 SOME SPECIAL CIRCUIT APPLICATIONS

This section contains various special circuits
which did not fit th e order of th ings or which
are one-o f-a-k ind type of app lic ations.

The lower swi tch poin t for th e inverting
SChmitt -Trigge r is determined by the amou nt of
current fl ow ing into the posi t ive input with
the output voltage low. When the in put cur­
rent, 13 , drops below the level required by the
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FIGU RE 70 . Sc hmitt-Triggers

10.1 Current Sources and Sinks

The ampl if iers of the LM3900 can be used in
feedba ck loops which regul ate the cu rrent in
external PNP transistors to prov ide current
sources or in external NPN transistors to pro­
vide current sinks . These can be mu lt ipl e
sourc es or single sources wh ich are fixed in
value or made vo ltage variable.

10.1.1 A Fixed Current Source

A multiple fixed current sour ce is provided by
the circu it of Figure 71. A reference voltag e
(1 Noc ) is established across resistor R3 by the
resist ive divider (R3 and R4 ) . Negative feed­
back is used to cause the voltage drop acro ss
R 1 to also be 1 Voc ' This controls the emi tter
current of transistor O l and if we neglect the
small current d iverted into th e (-) inp ut via the
1M input resistor (13.5 fJA) and the base current
of 0 1 and O2 (an addit ion al 2% loss if the f3 of
these trans istors is 100). essenti all y this same
current is avail able out of the coll ector of 0 1 ,
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Larger input resistor s can be used to reduce
cur rent loss and a Darlington connecti on can be
used to reduce errors due to the i3 of a, .

The resistor, R2 , can be used to scale the col­
lector current of O2 either above or below the
1 mA refer ence value.

FIGURE 71. Fixed Curre nt Sources
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10.1.2 A Voltage Variable Current Source
'"l REDUCINGTEMPERATURE DRIFT OF 'o

A vol tage variable cur rent source is shown in
Figure 72 . The transco nduc tance is - (1/ R2 ) as
the voltage gain from the input terminal to the
emi tte r of a, is - 1. For a V1N = 0 Voc the
output current is essent ially zero mA DC. Th e
resistors R, and R6 guarantee tha t the amp li­
fier can turn OFF transist or a, .

"I • .,
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FIGURE 73 . Fixed Current Sink s

10.1.4 A Voltage Variable Current Sink

A voltage variable current sink is shown in Fig­
ure 74. The output current is 1 mA per volt of
V'N (as Rs = 1 k l1 and the gain is +1) . This
ci rcuit provides approxi mately a mA output
cur rent fo r V'N = 0 Voc

v·

! l'0 ' 1 rnA/VOLT IV...I

FIGURE 72. A Voltage Controlled Current Source .,
"-v,..

10.1.3 A Fixed Current Sink

FIGURE 74. A Voltage Controlled Current Sink

Two cur rent sinks are shown in Figure 73. The
circuit of Figure 73(a) requ ires only one resistor
and suppl ies an out put cu rrent wh ich is direct­
ly pro por tio nal to th is R value. A negat ive
temperature coeff icient will result due to the
0.5 Voc reference being the base-emitter
junct ion vol tage of the (-) input trans istor . If
th is temperature coefficient is ob ject ionable,
the circuit of Figure 73(b) can be employed.

10 .2 Operation From ±15 VOC Power Supplies

11 the ground pin (no . 7) is returned to a nega­
tive voltage and some changes are made in the
bias ing circu its, the LM3900 can be operated
from ±15Voc pow er supplies.
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FIGURE 77 . A DC Amplifier Operating with ± 15 V ec

Th is is a standa rd inver ti ng DC ampli f ier co n­
nect ion. The (+) input is "effec tively" at groun d
and the biasi ng shown in Figure 76 is used to
take care of DC levels at the inputs .

vo
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f iGURE 76

R,.
200K

been added for temperature compensation of
th is biasing. Now, if we include these biasing
resistors , we have a DC ampl ifi er w ith the inpu t
biased at approxi mate ly zero volts. If feedback
resis to rs are adde d around this biased ampli­
fier we get the schema tic shown in Figure 77 .

An AC coupled amplifier is shown in Figure 75.
The biasing resistor. Re . is now return ed to
ground and bo th inputs bias at one VeE above
the -V EE vo ltage (approximat ely - 15 Voc) .

RI,.

10.2.1 An AC Amplifier Operating with
±15 Voc Power Supplies

FIGURE 75. An Ae Amplifier Operating with

± 15 Vee

10.3 Tachometers

FIGURE 76. DC Biasing for ±15 Vee Operat ion

I. will bias V1N at zero volt s DC (resistor R4 can
be used to adjust this ). Th e diod e, CR" has

If an RC averag ing networ k is adde d from the
outpu t to the H input , the basic tacho meter
of Figure 78 resul ts Current pul se inputs will
provide the desi red transfer fun ct ion shown on
the figure. Each inp ut current pul se causes a
small change in the ou tput vo ltage . Neglecting
the effec ts of R we have

Th e inc lusio n of R gives a disch arge path so
the output volt age do es no t continu e to inte­
gr ate, bu t rath er pro vid es the time depend ency
whic h is necessary to average the input pul ses.
If an additional sign al source is simply plac ed
in parall el wi th the one show n, the output be­
co mes proportio nal to the sum of these inp ut
frequ enci es. If th is addi tio nal sou rce were ap­
plied to the (-) input, the output voltage would
be prop or t ion al to the difference betw een these
input frequ encies. Volt age pul ses can be con­
verted to current puls es by using an input re­
sistor. A series iso lati ng diod e sho uld be used if

Many pulse averag ing tach om eters can be bu il t
using the LM3900. Inputs can be volt age
pulses, current pulses or the diff erentiated
transition s of squarewaves. Th e DC output
vo ltage can be made to inc rease wit h inc reas­
ing in put frequency , can be made proportion al
to twice the inp ut frequ ency (frequency doub­
ling fo r redu ced outp ut ripple). and can also be
made prop orti on al to eit her the sum or the d if­
ference betw een tw o inp ut frequencies. Due to
the small bias current and th e high gain of the
LM3900, the transfer funct ion is lin ear between
the saturatio n sta tes of the ampli fier.

10.3.1 A Basic Tachometer

CR'

,)
v,.

(lN VE RTl NG o--"'--'\M.-i
lNPUTI

RI,.

'COMPLEMENTA RY TRACKING

With Rf = Re , Vo will bias at app roximate ly
o Voc to allow a maxi mum output voltage
swi ng , As pin 7 is co mmo n to all four of the
ampli fiers wh ich are in the same pack age, the
other ampli fie rs are also biased for operatio n
off of±15 Vec'

Bia sing a DC ampli f ier is more d ifficult and
requi res that the ± pow er supplies be co mple­
ment ary tra ck ing (i .e., I+Vcc 1= 1- VEEI)· Th e
opera t ion of thi s bias ing can be easier under­
stood if we start by fir st conside ring the ampli­
fier withou t inc lud ing the feedback resisto rs.
as shown in Figure 76. If R, = R2 = R 3 + R4 =
1 Mrl and I+Vce I = I- VEEI. then the current.

10.2.2 A DC Amplifier Operating with
±15 Vee Power Supplies
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FIG UR E 78. A Basic Tacho meter

a sig nal is applied to the (-) inpu t to prev ent
load ing during the low voltage state of th is
input signal.

10.3.2 Extend ing VOUT (Min imum) to Ground

The ou tput voltage of the circuit of Figure 78
does not go to gr ound level but has a min imum
value which is equal to the VeE of the (-) input
(0.5 Voc ). If it is desired tha t the output volt­
age go exactl y to ground. th e circuit of Fig­
ure 79 can be used . Now with VIN = 0 Voc .
Vo = OVoc due to the add it ion of the common­
mode bia sing resistors (180 kl1). The diod e,

'..

FIGURE 79. Add ing Biasing t o Prov ide V o = 0 V OC

CRt . allows the ou tput to go below VCE SAT of
the output . if desired (a load is required to pro­
vide a DC path for the bias ing cu rren t flow via
the R of the averag ing network).

10.3.3 A Frequency Doubling Tachometer

To reduce the rippl e on the DC output vo ltage .
the ci rcu it of Figure 80 can be used to effec~

li vely doub le .the inp ut frequency. Input pulses
are not requ ired: a squarewave is all that is
needed. The operat ion of the circuit is to aver­
age the charge and discharg e transient currents
of the inpu t capac itor . CIN. The resistor . RIN. is
used to convert the vo ltage pulses to curr ent
pulses and to lim it the surge curre nts (to ap­
proximately 200 u A peak- or Jess if operati ng
at high temperatures).

When the input voltage goes high , the char ging
current of CIN. ICHG enters the (+) input. is mir­
ror ed abou t ground and is drawn from the RC
averag ing networ k into the (-) input te rmi nal.
When the input vo ltage go es bac k to gr oun d,
the disc harge cu rrent of C IN, I OISCHARGE will
also be draw n from the RC averag ing network
via the now conducting diod e. CR, . Th is full
wave act ion cause s two cu rrent pulses to be
drawn th rough the RC averaging netwo rk fo r
each cyc le of the input frequency.

FIGURE 80. A Frequency Do ubling Tac homete r

10 .4 A Squaring Amp lifier

A squarin g ampl ifi er which incorporates sym­
metr ica l hysteres is abo ve and below the zero
output state (for noise immuni ty) is often
needed to ampli fy the low level sign als wh ich
are pro vided by variable relu c tanc e transduce rs.
In addi t ion, a 'h igh frequency ro ll-off (low pass
ch aract erist ic) is desirable both to reduce the
natura l voltage buildup at hig h frequ encie s and
to also filt er high frequency input no ise disturb­
ances. A simp le circuit wh ich acc omp lishes
this fun ct ion is shown in Figure 81. The input

v:

R"
w

''''R"

v:

FI GU R E 8 1. A Squaring Amplif ier with Hysteresis

voltage is converted to input currents by using
th e inpu t resistor s. RIN- Common- mode biasing
is provided by Rs , and Re2 . Finally positive
feedb ack (hysteresis) is prov ided by R, . The
large source resis tanc e, R'N' provi des a low pass
filt er due to the "Miller-effect" input capaci­
tance of the amp lifi er (approx imately 0.002 JlF).
The' amou nt of hyst eresis and the symmet ry
abo ut the zero volt input are contro lled by the
posit ive feedba ck resistor , R, . and Re, and Re2 .
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With the values shown in Figure 81 the trip
voltages are approxi mately ±150 mV cente red
abou t the zero output voltage state of the trans­
ducer (at low frequencies where the low pass
filter is not attenuating the input signal ).

10.5 A Different iator

An input differentiating capacitor can cause the
input of the LM3900 to swing below ground
and actuate the input clamp circuit. Again .
common-mode biasing can be used to prevent
th is negative swing at the input terminals of the
LM3900 . The schemat ic of a differentiator
circu it is shown in Figure 82. Common-mode

v-

FIGURE 82 . A Diff....nt i.tor Circu it

biasing is provided by RB t and RB2 • The feed­
back resistor. Rt • is one-half the value of R1N
so the gain is 1/2. The output voltage will bias
at V·/2 which thereby allows both a pos it ive
and a neg ative swing above and below th is bias
point. The resi stor. R'N. keeps the negative
swing isolated from the (-) input term inal and
therefore both inputs remain biased at . VBE .

10.6 A Difference Integrator

A difference inte grator is the basis of many of
the sweep circu its wh ich can be realized using
the LM3900 operat ing on only a single power
sup ply vo ltage. Th is c ircu it can also be used
to provide the t ime int egral of the difference
between two input waveforms. The sche matic
of the difference integr ator is shown in Fig­
ure 83.

1M

-v, 0-....."""....-1

FI GURE S3 . A Diff.r.nc. Integretor

This is a useful component for DC feedback
loops as both the comparison to a reference
and the integrati on take place in one amp lif ier.
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10.7 A Low Drift Sample and Hold Circuit

In sample and hold app lications a very low
input biasing current is required. Th is is usu­
ally ach ieved by using a FET transistor or a
spec ial low input current IC op amp . The exist­
ance of many matched amp lifiers in the same
package allows the LM3900 to provide some
interesti ng low "equivalent.. input biasing cu r­
rent appl ications.

10.7.1 Reducing the "Effective" Input Biasing
Current

One ampl ifier can be used to bias one or mor e
add it ional ampl ifiers as shown in Figure 84.

1. - . H I CTlVI "

Rl • Rl

AUlULLlARY AM' f OR
I IASING AM' 1

FIGURE 84 . Reducing 16 "Effective" to Zero

The input term ina l of Amp . 1 will only need to
supply the signal current if the DC biasing cur­
rent , I s l ' is accurately supplied via Rt . The
adjustment, RJ , allows a zeroing of " IB effec­
t ive" but simply om itt ing RJ and lett ing R, =
R2 (and relyi ng on ampl if ier symmetry) can
cause IB "effect ive" to be less than IB 110
(3 nA) . This is useful in circuit app lications
suc h as sample and hold, wh ere small values of
IB "effective" are desirab le.

10.7.2 A Low Drift Ramp and Hold Circu it

The input current reduction technique of the
previous secti on allows a relat ively simple
ramp and hold circu it to be built wh ich can be
rampe d up or down or allowed to remain at
any desired output DC level in a "hold" mode.
This is shown in Figure 85. If both inputs are
at 0 Voc the circ uit is in a hold mode. Raising
either input will caus e the DC output voltage to
ramp either up or down depending on wh ich
one goes positive. Th e slope is a function of the
magn itude of the input voltage and additional
inputs can be placed in parallel , if des ired , to
increase the in put control variables.



FIGURE 85. A Low-d rift Ramp and Hold Circu it

10.7.3 Sample-hold and Compare with New
+VIN '

An examp le of using the circui t of the previous
section is shown in Figure 86 where c lamping
transist ors , 0 , and O2 , put the circui t in a hol d
mode when they are dr iven .ON. When OFF the
outpu t voltage of Amp. 1 can ramp either up or
down as needed to gua rantee that the output
vol tage of Amp . 1 is equal to the DC input
voltage which is applied to Am p. 3. Resistor
R, provides a fixed "down" ramp curre nt wh ich
is balanced or control led via the comparator,
Amp . 3, and the resistor R4 . Whe'n 0 , and O2
are OFF a feedb ack loo p guara ntee s th at Vo,
(from Amp. 1) is equal to +V1N (to Amp . 3).
Amplifier 2 is used to supply the input biasing
cu rrent to Amp. 1.

FIGURE 86 . Sampla-hold and Campara with Naw

+VIN

The stored voltag e appears at the output , Vo,
of Amp. 1, and as Am p. 3 is act ive, a cont inued
comparison is made betwee n VOl and V I N and
the output of Amp . 3 tu tly switch es based on
this comparison. A second loop cou ld fo rce
VI N to be main tai ned at the sto red value (Vo, )
by maki ng use of V0 2 as an erro r signal fo r this
seco nd loop. Th erefore, aco nt ro l system cou ld
be manually contro lled to brin g it to aparti cu­
lar opera ting con dit ion; then, by exerc isi ng the
hold contro l, the syst em wo uld main tain thi s
operat ing co nditio n due to the analog memo ry
provided by Vo, '

10.8 Aud io Mixer or Channel Selector

The mult ipl e ampli fier s of the LM3900 can be
used for audio mixing (many amplifiers simul­
taneously providing signals wh ich are added to
generate a co mpos ite output sig nal) or for
cha nnel selection (onl y one channel enabled at
a time) . Th ree ampl ifi ers are sho wn being
summed into a fourt h amp lifier in Figu re 87.

'"F'

_ ow

1"_ •.
. ......

FIGURE 87 . Aud io Mixing or Salec t ion

If a power ampli fier were available, all four
amplifiers could feed the single input of the
powe r amplifi er. For audio mixing all amp li­
f iers are simu latneously act ive. Parti cular
amplif iers can be gated OFF by making use of
DC control signa ls which are applied to the (+)
inputs to provide a channe l select feature. As
shown on Figure 87, Amp. 3 is acti ve (as sw 3
is closed) and Am ps. 1 and 2 are dr iven to
pos itive ou tpu t voltage saturation by the 5.1M
whic h is applied to the (+) in puts. The DC out­
put voltage bias level of the active amplifier
is approximately 0.8 Voc and could be raised if
larger signa l levels were to be acco mmo dated .
Frequen cy shaping networks can be added
either to the ind ividual amplifiers or to the
common amplif ier, as desir ed. Switch ing tran ­
sien ts may need to be filtered at th e DC cont rol
poin ts if the output ampli f ier is active du ring
the switc hing inte rvals.

10.9 A Low Frequency Mixer

The di ode which exists at the (+) input can be
used for non- linear signal proc essing. An ex­
ample of this is a mixer which allows two input
frequencies to prod uce a sum and difference
frequency (in addi tion to ot her high frequency
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components). Using the amplifier of the
LM3900, ga in and fil tering can also be accom­
plished with the same ci rcu it in addit ion to the
high input impedance and low ou tp ut imped­
ance advantages. The schem atic of Figure 88
shows a mixe r with a gain of 10 and a low pass
single pole f ilter (1M and 150 pF feedback ele­
ments) with a corner freque ncy of 1 kHz. With

feedback resisto r is constantly loading C in ad­
ditio n to the cu rre nt drawn by the cir cu itry
which samples vo . These loading effects must
be cons idered wnen select ing a value for C.

The biasing resistor, RB ' allo ws a minim um DC
vol tage to exist across the capacit or and the
input resis tor , R1N,.can be selected to prov ide
gain to the inp ut sign al.

FIGURE 88 . A Low Frequ ency Mixer

The amp li f ier of the LM3900 will source a maxi­
mum cur rent of app roximately 10 mA and will
sink maximum currents of .approximately
80 mA (if overdnvsn at the (- ) inp ut ). If the
out put is dr iven to a satu rated. state to reduce
device di ssipatio n, some -in teres ting power ci r­
cui ts can be realized. These maxi mum values
of current are typ ical values fo r the unit opera ­
ting at 250 C and th erefor e have to be de- rated
for rel iab le operati on. For fully switched oper­
ation, ampli fi ers can be paralleled to increase
current capabi lity.

10.11 Power Circuits,.

SIOpf

v,~."
Y'l~"

v, "1

v:

one signal larg er in ampli tude, to serve as the
local oscillator input (VI). the transconduc­
tance of the input diode is gated at thi s rate (f 1 ) .

A smaller signal (V2 ) can now be add ed at the
second input and the difference frequency is
filtered from the cc rnposite result ing waveform
and is made availab le at the'outp ut. Relativ ely
high frequenc ies can be applie d at the inputs as
lo ng as the desired dif ference frequency is
wi thin the bandwid th capabilit ies of the amp li­
f ier and the RC low pass f ill er.

10.11.1 Lamp and/ or Relay Drivers ( ::; 30 mA I

Low pow er lamps and relays (as reed relays )
can be direct ly co ntrolled by mak ing use of the
larger value of sin k current than source cu r­
rent. A schemat ic is shown in Figure 90 where
the input resistor, R, is select ed such that V'N
suppl ies at least 0.1 mA of input cur rent.

»:

10.10 A Peak Detecto r
1... ·· 0.111....

FIGURE 90 . Sink ing 20 t o 30 rnA Load s

A peak detector is oft en used t~ rapid ly charge
a capac ito r to the peak value of an input wave­
form . The voltage drop across the recti fyi ng
diode is placed withi n the feedback loop of an
op amp to prevent vo ltage losses and tempera­
ture dr ifts in the output voltage. The LM3900
can be used as a peak detector as shown in
Figu re 89. The feedback resistor , R" is kept

o.

,TL
Off OFf 20mA 12V LAMPOR

14mA10V LAMP OR
REED REl AV COrL

v'

'0
10.11 .2 Lamp and/ or Relay Drivers t s 300 rnA)

C,"

>-.............- ....-ovo

FIG U RE 89 . A Peek Detector

small (1 Mrl ) so that the 30 nA base cur rent
will cause on ly a ~30 mV error in Va . Th is

To increase the power capability , an exte rnal
transistor can be added as shown in Figure 91.
The resistors Rt and R2 hold at OFF when the
output of the LM3900 is high. The resistor, R2 ,

limi ts the base dr ive when 0 1 goes ON . It is
requ ired that pin 14 tie to the same pow er
supp ly as the emitt er of 0 1 to guaran tee tha t
a, can be held OFF. If an inductive load is
used, such as a relay coil , a back swing diod e
should be add ed to prevent large induc t ive
voltage kicks dur ing the switch ing interval. ON
to OFF.
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y' (l ~Y "" I 10.12.1 A High Voltage Inverting Amplifier

An invert ing amplifier with an output voltage
swing from essential ly 0 VDC to +300 VDC is
shown in Figure 93. The transistor, Q" mu st
be a high breakdown device as it will have th e
full HV supply across it. The biasing resistor
R3 is used to center the transfer charact erist ic
and the gain is the ratio of R2 to R, . The load
resistor, RL • can be increased. if desired, to
reduce the HV cu rren t drain.

FIGURE 91 . Boosting to 300 rnA Loads

10.11.3 Positive Feedback Oscillators .,
])01(

.2

"0
If the LM3900 is biased into the active region
and a resona nt circ ui t is connected fro m the
output to the (+) input, a positive feedba ck os­
cillator resulls. A dr iver for a piezoelect ric
tran sducer (a warn ing type of noise maker) is
show n in Fig ure 92. The resisto rs R, and R2
bias the output vol tage at V'/ 2 and keep the
ampli fier acti ve. Large currents can be entered
into the (+) input and negative currents (or
cur rents out of this terminal) are provided by
the epi -subs tra te diod e of the IC fabr icat ion.

.,
1K

.....:>-"""''''''.....~--.....v-,.---.....-o Vo

A high vol tage non-invertin g amplifier is show n
in Figure 94. Comm on-mode biasing resisto rs

FIGURE 93. A High Voltage Inverting Ampl ifier

v,.

v + 1+15Vocl

10.12.2 A High Voltage Non·inverting Amplifier

.,
1001(

o
'PIEZOELECTRIC

TRANSDUCER

AUDIBLEOUTPUT
WARNING SOUND

.2
2001(

FIGURE 92 . Positive Feedback Power Oscillaton

When one of the amplifi ers is operated in this
large negative input current mode. the other
amplifiers will be distu rbed due to inte ractio n.
Mult ip le sounds may be generated as a result of
using tw o or more transduc ers in vario us com­
binat ions. but th is has no t been investigated.
Oth er two-terminal RC. RLC or piezoe lectric
resonators can be connected in th is ci rcuit to
produce an oscillator.

10.12 High Voltage Operation

"')G.

-.'0
....--+--~N;---t--o 'o

-.
"

v.,

The ampli f iers of the LM3900 can dr ive an ex­
ternal high vo ltage NPN transistor to provid e
a large r output voltage swing (as for an elec­
trostatic CRT deflection system ) or to operat e
off of an exist ing high voltage power supp ly
(as the +98 Voc rect ified line). Examples of
bo th type of circuits are presented in this
section .

FIGURE 94 . A High Voltage Non ·invert ing Ampl ifier

(R2 ) are used to allow V'N to go to 0 vix: . The
outp ut voltage, Vo ' will not actua lly go to zero
due to Re , but should go to approximately
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0.3 Vee . Again , the gain is 30 and a range of
the input voltage of from 0 to +10 Vee will
cause the output voltage to range from approxi­
mately 0 to +300 Vee .

3.) The input impedance is high (1 Mrl).
4.) A large closed loop gain is easily ach ieved

(80 dB) .
5.) The slow start -up delay is elim inat ed.
6.) Two channels are available in one package.

10.12.3 A Line Operated Aud io Amplifier

FIGURE 95 . A Line Operated Aud io Ampl if ier

An audio amp lif ier whic h operates off a
+98 Voe power supply (the rectif ied line volt ­
age) is ofte n used in cons umer products. The
external high vo ltage transistor, 0, of Fig­
ure 95, is biased and controlled by the LM3900 .
The magnitude of the DC biasing vol tage which
appea rs across the emi tter resistor of 0, is con­
trolled by the resistor whic h is placed from the
(-) inpu t to ground.

Again , the pin 14 voltage must be at least as
high as the power supply used at the emitt er of
0 1 to guarantee an OFF contro l for 0, .

R1

The LM3900 can be used to mon itor the ju nc­
tion temperatu re of the monolithic chip as
shown in Figure 97(a). Amp . 1 will gene rate an
output voltage whi ch can be desig ned to
undergo a large negat ive temperature change
by design of R, and R2 . The second amplif ier
compares thi s temperature dependent voltage
with the power supply voltage and goes high
at a designed maximum Tj of the IC .

10.14 Temperature Sensing

I.J Voc

I , B,AS 20mA,

lloiJ
10M

10M

T, SENSE COMPARATOR

10.13 A Dual-channel Class-A Driver for Auto
Radios 1.1 Ie T, MONITOR

A germani um power transistor is widely used in
automo tive class A audio amplifiers. As shown v:

in Figure 96, two amp lifiers can be cascaded
R1

(bl REMo n TEMPERATURE SENSE
TE"" SENSE

Rl

AS

"

"

COMPARATOR

I .. '.". ....
.. .....1''' "'••0.' .
"••" ••••,, ·. ' 00 '

FIGURE 97 . Te mperature Sensing

FIGURE 96. A Dual-chann el IC Driver for Class A
Ca r Rad ios

to bias and to con trol the 2N176 power transis ­
to r. Thi s circuit has many advantages over the
standard discrete circuit which is used as:

1.) No electro lyti c capaci to rs are used.
2.) The ripple on the power supp ly line is

rejected.

For remo te sensing , an NPN tra nsistor, 0 , of
Figure 97(b) , is co nnected as an N Vee genera­
tor (with RJ and Rs) and is biased via R, f rom
the power supp ly vol tage, V· . The LM3900
again compares th is temperature dependent
voltage wi th the supply voltage and can be
designed to have Vo go high at a maximum
temperatu re of the remote temperature sensor,
0, .
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10.15 A "Programmable Unijunction"

If a diode is added to the Schm itt -t rigger, a
"programmable unijunction" functi on can be
obtained as shown in Figure 98. For a low
input voltage, the output vol tage of the LM3900
is high and CRI is OFF. When the input vol tage
rises to the hig h trip vol tage, th e output falls
to essent ial ly OV and CRI goes ON to discharge
the input capac itor, C. The low trip voltage

" O-"W.......~--_---J

FIGURE 98 . A " Programmab le Un ijunction"

must be larg er than app roximately 1V to guar­
antee that the forward drop of CRI added to the
out put voltage of the LM3900 will be less than
the low trip voltage. The discha rge current can
be increased by using smaller values for R2 to
provide pull dow n currents larger than the
1.3 mA bias cu rrent source. The tr ip voltages
of the Schm itt-Trigger are designed as shown in
sect ion 9.7.

10.16 Adding a Differential Input Stage

A different ial ampl ifi er can be added to the
input of the LM3900 as shown in Figure 99.

APPENDIX

Act ive Fil ter Def in itions:

w 0 = Bandpass output peak response frequency

w c = -3dB freq uency for highpass and lowpass
filters

Wc = Wo for highpass
(3

W C =Wo(3 for low pass

,
p » ­

20

v·

1O.

FIGURE 99. Adding a Differential Input Stage

Th is will inc rease the gain and redu ce the off­
set voltage. Frequency co mpensat ion can be
added as shown. The BVEBo lim it of the input
transistors must not be exceeded during a large
diff erential input condit ion, or diod es and input
limiting resistors should be added to restr ict
the input voltage wh ich is applied to the bases
of at and O 2 to tVD .

Th e input common-mode voltage range does
not go exactly to grou nd as a few tenths of a
volt are needed to guarantee that a, or O2 will
not saturate and cause a phase change (and a
result ing latch-u p). The input cur rents wil l be
small , but could be reduced furt her, if desired,
by using FETS for a, and O2 , This circuit can
also be operated off of t 15 V DC supp lies.
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through Q 7 and Q 8 wi th the coll ecto r of Q 8 left
open to o ffe r a w ide var iety of possibl e applica ­
t ions. The add it ion of a large pu ll -up resistor fr om
the collector of Q8 t o eit her +Vee or any ot her
supply up i o 36V both incr eases th e LM 139 gain
and makes possible ou tp ut sw it ch inq levels to
match practically any app l icat ion. Several outputs
may be t ied together to provide an 0 Ring funct ion
or the pul l-up resistor may be om it ted entirely
with the comparator then servin g as a SPST switch
to gro und .

Output t ransistor Q8 wi ll sink up to 15 mA befo re
the out put ON voltage rises above several hundred
millivo lt s. The ou tput curr ent sink capabi li ty may
be boosted by the add it ion of a disc rete tran sistor
at the output.

FIG UR E 2. Basic LMl39 Comparator

be seen that operat ion w it h an input com mo n
mo de vo lta ge of ground is possib le. Wi th bo th
inputs at grou nd po tent ial, the emi tters of Q, and
Q 4 will be at one V BE above ground and the em it ­
ters of Q 2 and Q 3 at 2 VBE. For switc h ing act ion
the base of Qs and <4 need only go to one V BE
above ground and since Q 2 and Q 3 can opera te
with zero volts co ll ector to base, enough voltage is
present at a zero volt common mode inpu t to
insure comparato r action. The bases shoul d no t be
taken more than several hundred m ill ivo lts below
ground, however, to prevent forward biasing a sub­
strate diode w hich wou ld stop all comparato r
act ion and possibly damage th e device. If very
large input current s were provided.

Figure 2 shows the comparator w ith the output
stage added. Addit ional voltage gain is taken

. \1,..".

FIGUR E 1. Basic LMl39 Inp ut Stage

Oth er features include single supply, low voltage
operation w ith an input common mod e range from
grou nd up to approx imate ly one volt below Vcc­
The output is an uncommitted collector so it may
be used wi th a pull -up resistor and a separate out·
put supply to give switching levels from any vot ­
tage up to 36 V down to a V eESAT abov e ground
(approx. 100 rnV }, sink ing currents up to 15 mAo
In add ition it may be used as a single po le switc h
to ground, leaving the switc hed node unaffec ted
while in the OFF state. Power dissipation with all
four comparators in the OFF stat e is ty p ically
4 mW from a single 5V supply (1 mW/comparato r l.

R. T . Smath ers,
T , M. Frederi ksen,

W. M. Howard
January 1973

INTR ODUCTI ON

Th e LM 139/LM239/LM339 famil y of devices is a
monol ith ic quad of ind ependently functi on ing
com parato rs designed to meet th e needs for a
mediu m speed, TTL compat ibl e com parat or for
indus t rial applications. Sinc e no ant isaturat ion
clam ps are used on the ou t put such as a Baker
clamp or other act ive cir cui try, the output leakage
current in th e OF F state is typically 0.5 nA. Th is
mak es the device ideal for system applicati ons
where it is desired to switch a node to ground
wh il e leaving it to tally unaffected in th e OFF
state.

CIR CUIT DESCRIPTION

LM139/LM239/LM339 A QUAD OF
INDEPEND ENTLY FUNCT IONING COMPARATORS

Figure 1 shows the basic input stage of one of th e
four comparators of the LM 139 . Transistors Q1

th rough Q 4 mak e up a PNP Darlington differen­
tia l input stage w ith Q 5 and Q 6 serv ing to give
sinqle-ended output fr om diff erent ial input wi th
no loss in gain. An y di ffe rentia l input at Q , and
Q4 will be amplif ied causing Q6 to switc h O FF or
ON depending on input signal polar it y . It can easily
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The complete circuit for one compa rator of th e
LM139 is show n in Figure 3. Curre nt sour ces 13

'~'

FIGURE 3. Complete lMl39 Comparator Circuit

and 14 are added to help charge any pa rasrtrc
capacitance at t he emitters of Q 1 and Q 4 t o irn­
prov e the slew rate of th e input stage. D iodes D 1

and D2 are added to speed up the vo ltage swing
at t he emitters of Q 1 and Q2 for large inp ut vo lt ·
age swin gs.

COMPARATOR CIRCUITS

Figure 5 shows a basic comparator ci rcui t for
conv erting low level analog signals to a high level
digi tal output. Th e ou tput pu ll -up resistor should
be chosen high enough so as to avoid excessive
power dissipat ion yet low enough to supply
enough dr ive to switch whatever load circuitry is
used on the comparator output. Resistors R1 and
R2 are used to set the input thr eshold tr ip voltage
(V R EF ) at any value desired with in th e input
com mon mod e range of th e comparator.

JlJI""R.... ' l ......

"Y,Jou'

, ... r-....-o-l

FIGURE 5. Basic Compa rato r Circu it

Biasing for current sources 11 through 14 is shown
in Figure 4. When power is f irst appli ed to t he
circui t , cu rrent flows through t he JFE T Q 13 to
bias up diode Ds . This biases trans istor Q12 which
tu rns ON tra nsistors Q9 and Q IO by allowing a path
to grou nd for th eir base and collect or cu rrents.

OJ

.~_.~s :t; t; t;
lI ~E ? ? ?

! ! !
CUAA('IlTSOURCES

FIGURE 4. Current Source Biasing Circuit

Comparators with Hysteresis

The circuit shown in Figure 5 suffers from one
basic drawback in that i f t he input signal is a
slowly varyi ng low level signal , the comparator
may be forced to stay with in its li near region
between the output high and low states for an
und esireable length of t ime. If thi s happens, it ru ns
the risk o f oscill ating since it is basically an unco rn­
pensated, h igh gain op amp . To pr event th is, a
small amoun t of posi t ive feedback or hysteresis is
added around the comparator. Fi gure 6 shows a

I ~ PUT

.,.,

Current f ro m t he left hand co llector of Q 9 f lows
through diodes D3 and D4 br inging up the base of
Q ll t o 2 V BE above ground and the em itters of
Q ll and Q ' 2 to one V BE . Q 12 wil l th en t urn OFF
because it s base em itte r vo ltage goes to zero. Thi s
is the desired action because Q " and Q 10 are
biased ON through Q l l ' D3 and D4 so Q 12 is no
longer needed. The " bias line" is no w sitt ing at a
V BE below +Vcc which is the voltage needed to
bias the rem ain ing curr ent sources in th e LM139
which w ill have a constant bias regard less at. +Vcc
fluc tuations. Th e up per input common mode
voltage is V cc minus th e sat urati on volta ge of
the current sources (approx imate ly 100 mV)
minus the 2 V BE of th e inp ut devices Q , and
Q 2 (or Q 3 and Q 4 ) '

AN74·2

FIGURE 6 . Comparator w ith Pos it ive Feedback
to Improve Sw itching Time

compa rato r w ith a small amount of posit ive feed·
back . In order to insure proper comparator acti on,
the components shou ld be chosen as fo ll ows:

R p U L L .u P < R L O A D and

R, > R p U L L u P

Th is w ill insure that the comparator wi ll alw ays
switch fu ll y up to +Vcc and not be pulled down
by the load or feedback . Th e amount of feedb ack
is chosen arb itraril y to insure prop er sw itch ing
with the part icular t ype of input signal used. If the



or. sub trac ting equati on 2 f ro m equation 1

When the input voltage Y, N, rises above th e refer­
ence voltage IV IN > V A, I , vo ltage, Va , w ill go low
(Va = GND ). The lower inpu t tr ip vo ltage, V A2,
is now defined by :

(3 )

(2)" Ve e R2 R3

VA2 =R, R2 +R, R3 +R 2 R3

or

When the input voltage, V IN , decreases to VA2 or
lower. th e output will a ja in switch high. T!1e to tal
hy steresis, !'J.V A , provided by thi s network is
def ined by :

·Ycc · ·a v

ou tp ut sw ing is 5V, for example, and it is desired
to feedback 1% or 50 mV, then R, '" 100 R2. To
describ e circu it operation. assume that the in­
vert ing inpu t goes above the refer ence input
(V ,N > V R EF ). Th is will drive the output , Va ,
towar ds ground which in turn pu lls V R EF dow n
th rou gh R, . Since V R EF is actually the non­
invert ing input to th e comparator. it too wi ll dr ive
the outp ut towa rds ground insuri ng t he fastest
possible sw it chi ng t im e regardless of how slow the
input moves. I f the input then tra vels down to
V R E F , the same procedure w ill occu r only in th e
oppos ite directi on insur ing that the out pu t w i ll be
driv en hard towards +V ee.

Putt ing hysteresis in the feedback loop of the
comparator has far more use, however, than
simp ly as an oscil lat ion suppr essor. It can be made
to function as a Schm itt t ri gger w it h presettable
tr igger poi nts. A typ ical circuit is shown in Fig·
ure 7. A gain, the hy steresis is achieved by shifting
the refe rence vol tage at the posit ive input when
the ou tp ut voltage Va changes stat e. Th is network

To insure t hat Va wi ll swi ng betwee n +Vee and
grou nd, choose:

Heavier loading on RpUL L.UP (i.e.smalle r values of
R3 or RLOAO) simp ly reduces th e value of the
maximum output vol tage thereby reducing th e
amount of hyster esis by lowering the value of
VA" Fo r simplicity. we have assumed in the above
equations that Vo h igh switch es all the w ay up to

+Vee·

To fi nd the resistor values needed for a given set o f
t rip points, we f ir st d ivide equat ion (31 by equa­
t io n (2) . Th is gives us the ratio :

14)

(51

RpULL .UP < RLOAO and

",.

YO " IGM

"p" ~ " R"h'~'OLD'
v.. II .. ,

R2 Al AJ

"1M..

We can t hen ob tain an exp ression for R2 fr om
equat ion ( 1) which gives

FIGU RE 7. Invert ing Com parato r wit h Hysteresis

requires on ly three resistors and is ref erenced to
th e posit ive supply " Vee of the compa rator.
Th is can be mode led as a resist ive divider , R,
and R2, betw een +Vee and grou nd w it h th e third
resistor , R3 , alterna tely con nect ed to +V ee or
groun d, parall elin g either R, or R2. To analyze
this circu it , assume that the inpu t vol tage. V IN. at
th e i nv ert ing input is less than V A ' With
V ,N ::; V A th e outp ut wi ll be high (V o = +Vecl .
The upper input t rip vo ltage, V A ' , is defin ed by :

" Vee R2
VA l = (R , II R

3
) + R2

R, R,
1 + - + -

f::.VA R3 R2- - =
VA2 R3 R3

1 +- + -
R2 R,

If we let R, = n R3 • equat ion (6) becomes :

= n

(6 )

(7)

or

( 1)

R, II R3R2 = - --­
" Vee-- -1
V A'

(8)
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(V O = GN D). For the output to switch, V' N must
rise up to V 'N 1 where V 'N 1 is given by:

A s soo n as Vo swi tches to +V ee, V A will step to a
value greater th an V R EF which is given by :

The foll owing design example is offered:

Given: V ' = + 15V
RLOAD = 100 krl

V A' = + 10V
V A2 = +5V

To f ind : R" R2, R3, R pUL L ~U P

Sol ut ion:

From equation (4) RpULL~UP < RLOAD

R pU L L ~U P < 100 krl

so let R pULL~UP = 3 kH

(9 )

( 10)

From equa tion (5) R3 > RLOAD

R3 > 100 krl

ro lM R3 =l Mrl

To mak e the comparator sw it ch back to its low
state (V o = GND ) V ON must go below V R E F

before V A wi ll again equal V RE F . Thi s lower trip
po int is now' given by:

From equat ion (7) n = l:,vA = 10-5 = 1
VA2 5 (11)

and since

thi s gives

R 1 = nR 3

R, =l R3 =l Mrl The hysteresis fo r this circu it, 6 V 'N, is the differ­
ence between V'N 1 and V 'N 2 and is given by:

From equati on (8)

V R E F (R , + R2) - Vee R,

R2

Th ese are the values shown in Figur e 7.

Th e ci rcuit show n in Figure 8 is a non-inverti nq

com parator w ith hysteresis w hich is ob ta ined w ith
only two resistor s, R , and R2. In cont rast to the
f irst method, howev er , th is circuit requ ires a sepa r­
ate ref erence voltage at the negat ive input . The
tr ip vo ltage, V A , at th e pos iti ve input is shifted
about V R E F as Va changes betwee n +Vcc and
ground.

or

Vee R,
6 V 'N = --R-

2
-

A s a design example consider the foll owin g:

(12)

Solution :

Agai n choose RpULL .UP < RLOAD to mi ni mi ze
loading, so let

Given: RLOAD = 100 krl

V'N ' = 10V
V 'N 2 =5V
+Vce = 15V

To f ind : V R EF , R " R2 and R3

RpULL.UP= 3 krl

~ = 6 V 'N
From equat ion ( 12) R

2
Vee

R, _ 10-5 1
R

2
- ~ ='3

R, = R2

3

10
VR EF = - - -

1+ ~
R2

V' NVR E F =--1- =7.5V
1 + -

3

From equation (9 )

VUHIGH "II LOW

. ~ cc v...,

I::,... 1::"·",,"lIT""I v "'
Rl Rl . . "- ,

FIGURE 8. Non -I nvert ing Co mparator wi th H ysteresis

Again for analys is, assume that the inp ut voltage,
V 'N, is low so th at the ou tput , V o , is also low

.,
11Il :
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To minim ize output loading choos e

R 2 > Rp ULL.UP

or

so let

The value of R, is now ob tained f ro m equa­
tion ( 12)

R2
R' =3"

l Mn
R, = -3- '" 330 kn

These are the values shown in Fi gure 8.

Limit Compa rato r with Lamp Dr iver

Th e limi t compa rat or show n in Fi gure 9 prov ides a
range o f input vo ltages between which th e output
devices of both LM139 comparators will be OFF .

RJ

FIGURE 9. limit Com parator with Lamp Dr iver

Th is wil l allow base current for 0, t o f low
th rough pull -up resisto r R4 , turn ing ON 0 , wh ich
light s the lamp. If the input voltage , V IN, changes
to a value greater than V A or less th an V B, one of
the com parators will swit ch ON, short ing the base
of 0 , to ground, causing the lam p to go OFF . If a
PNP tra nsisto r is subst itu ted for 0 , (w ith emi tter
ti ed to +Vccl the lamp wil l l ight when the input is
above V A or below VB ' V A and VB are arbitrarily
set by vary ing resistor s R" R2 and R3 .

Zero Crossing Detector

Th e LM139 can be used to symmet r ically square

up a sine wave centered arou nd zero volts by
incor porat ing a small amount of positive feedback
to improve sw it chinq t imes and centering the input
th reshold at ground (see ' Figure 10). . V ol tage
divid er R4 and Rs establi shes a refere nce voltage,
V" at th e posit ive j'nput . By makin g th e ser ies
resistance, R, plu s R2 equal to Rs, the swi tching
co ndition , V, = V 2 , w ill be satisf ied when
V 'N = O. The positi ve feedback resistor, RG, is

made ver y lar ge w i t h respect to R s
IRG = 2000 Rs ). The resultan t hysteresis estab­
lished by th is network is very small (6 V, < 10 mVI
but it is su ff icient to insur e rapid ou tpu t
vo ltage t ransit ions. Di ode 0, is used to insure th at

R6
R!l 2D~

'"

FIGURE 10. Zero Crossing Detector

the inver t ing input term inal of th e comparato r
never goes below approximately - 100 mV . A s th e
input terminal goes negativ e, D 1 wi ll forward bias,
clam pi ng the nod e between R, and R2 to approxi­
mately -700 mV. This sets up a vo ltage divider
w it h R2 and R3 preventi ng V2 fr om going below
ground . Th e max im um negati ve inpu t overdrive is
limited by the current hand l ing ability of D , .

Comp aring th e Magnitude of
Voltages of Opposite Polarit y

Th e comparator ci rcu it show n in Fi gure 11 com ­
pares the magni tud e of two voltages, V IN 1 and

v,,, o-"",.".......~H

v~'

FIG U R E 11 . Com paring the M agnitude of V oltages
of Opposite Polar ity

V' N 2 wh ich have opp osi te polarities. T he resul tant
input vo ltage at t he m inus input term inal to the
comparato r, V A, is a fun ctio n of the voltage
divider f rom V 'N , and V 'N 2 and the values of R 1

and R2 . Di ode connected tr ansistor 0 , provides
protect ion for the m inus input term inal by clamp­
ing it at several hund red m ill ivolts below ground.
A 2N2222 was chosen over a 1N914 diode
because of its lo wer d iode voltage. If desired,
a small amo unt of hysteresis may be added
using th e techn iques described previous ly . Correct
magn itude comparison can be seen as fo llo ws: Let
V 'N' be th e input for th e posi tive po lar i ty input
vol tage and V 'N 2 th e input for the negative polar­
ity . If th e magn itude of V ,N 1 is greater than that
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of VIN 2 the output wi ll go low IVa UT = G ND ). If
t he magn itu de of V 1N, is less than that of VON 2,

however, th e output w ill go high (Va u T = Vcc l -

Magnetic Transducer Amplifier

A circu it th at w ill det ect th e ze ro crossi ngs in th e
o utpu t o f a magnet ic tr ansd ucer is sho wn in F ig­
ur e 12. Resisto r div ide r, R, and R2 , b iases t he
pos it ive inpu t at +Vee/ 2. whi ch is well w ith in the
common mode o perat ing range. Th e minus input
is biased through the magn et ic tran sd uc er. Thi s

of the co mpa ra tor in add it ion to an y capacit ive
load ing at the o ut put which wo uld degrade t he
outpu t slew rat e.

To ana lyz e th is c ircu it assume th at the output is
in it ia lly high . For th is to be tru e, th e vo ltage at th e
negat ive input mu st be less th an th e vo lta ge at th e
po sit ive input . Therefor e, capacitor C, is d is­
charged. the vo ltage at th e po sitive input. V AI .

will the n be given by :

(13 )

whe re if R, = R2 = R3

(14)

(15)

2 Vee
VA' = --3-th en

Capacitor C , wil l ch arg e up throug h R4 so that
when it has cha rged up to a value eq ua l to VA"
the co m pa rator output wi ll sw itc h. With the ou t­
put Va = GND , the valu e of VA is reduced by
the hyst eresi s network to a val ue given by :

+VeeVA 2 = - 3-

RJ

"MR2
to,

....""IIPICK -UP'

AI
to,

FIGURE 12 . Magnet ic Transd uce r Ampl if ier

allows large signal swin gs to be hand led wi tho ut
ex cee d ing the input voltage lim its. A sy m met rical
sq uare wav e o ut pu t is .insur ed through th e po sitive
feedback resist o r R3 . Resist o rs R, and R2 ca n be
used to set th e DC bia s vo ltage at th e po sit ive
input at any desired voltage with in t he input
common mode voltage rang e of th e co m parator .

us ing th e same resistor valu es as be fo re . Capacito r
C , must now d isch arge th rou gh R4 towa rds
grou nd . The output will retu rn to its h igh state
(Va = +Veel whe n th e voltage across the capaci ­
tor has dis charged to a value eq ual to VA2' For t he
circu it shown, th e period for on e cycl e of os cilla­
t io n wi ll be twice the t ime it t ake s for a single RC
ci rcu it to ch arge up to one ha lf of its final value.
The period can be ca lculated from:

OSCILLATORS USING THE LM139

The LM139 len ds it self we ll to oscillator applica­
tio ns for frequ en cies be low several megacycles.
F igure 13 show s a sy mme tr ical square wave gen er ­
ato r using a minim um of co m po ne nts . T he output

V - V -' , IR e
1 - MA X e

wh ere

2Vee
VMAX = --3-

(16 )

( 17)

-,~

an d

..
''''

"''''

'.

VMAX Vee
V , =-2- = - 3-

On e pe rio d will be given by :

1
- =2t
freq . '

or calculat ing th e ex pene nti a l gives

(1 8 )

(19 )

FIGURE 13. Square Wave Generator

1

f
- = 2 (0 .6 94) R4C 1req .

(20 )

trequenc v is se t by th e RC ti me co ns ta nt o f R4

and C , and the to ta l hyste resis o f th e loo p is set
by R" R2 and R3 . Th e ma ximu m frequency is
lim ited onl y by th e large signal propaga t ion de lay

Resisto rs R3 and R4 m ust be at least 10 t imes
larger than Rs to insure tha t Va will go all th e
way up to +Vee in the high sta te . The frequ en cy
sta bility of this c ircu it sho uld str ictl y be a func­
tion o f th e ex te rn al components.

AN74-6



Pulse Generator with Variable Duty Cyc le t2 is th en given by :

T hese term s will have a sligh t e rror du e to the fac t
tha t V M A X is not ex actly equ a l to 2/3 Ve e but is
act ua lly reduced by th e d iode dro p to :

Th e ba sic sq ua re wave gen er a tor of Figur e 13 ca n
be modi fied to o btain an ad jus table duty cycl e
pul se generator . as shown in F igu re 14. by pro­
vidi ng a sepa rat e charge and d ischarge pat h for
capacito r C, . O ne path . th ro ugh R. and 0, w ill
charge th e capaci to r and set t he pu lse w idth (t ,).
Th e o t he r path . Rs an d O2. wi ll d ischa rge th e
ca pacito r and set t he t ime bet wee n pu lses (t 2 ). By
varying resis tor Rs . the t ime bet ween pul ses of th e
gen erator can be changed w it hout chang ing t he
pu lse widt h . S im ila rly . by va ryi ng Ra , th e pu lse
width wi ll be a lte red wit ho ut affecting th e ti m e
be twe en pulses. Both co ntrols will change th e fre·
qeuncy o f t he gen e ra tor . however . With t he va lues

2
V M A X =3" (Ve e - VeE )

th e refor e

(25 )

(26)

127)

and

2 (1 -VeE)
(28)

FIG UR E 14. Pulse Generator with V ariable D uty Cycle

given in F igu re 14 . t he pul se w idt h and ti me
bet ween pu lses ca n be found f rom:

V, = VM A X (1 - e-·, /R.e,) riset ime (2 1a)

n n r ' v",
.J LJ LJ __ 0

R.-ul l _"

"XTAL

FIGURE 15. Crystal Cont rolled Oscilla tor

.,
20011:

"2001<

A sim ple yet ve ry st able osc illator can be o btai ned
by us ing a q ua rt z cr ysta l resonator as th e feed back
e lemen t. Figu re 15 gives a t yp ica l c ircu it di agram

Cry stal Controlled Oscillator
Dl

.,I.

".."

"'I.

w here

(21b)

(22)

o f t h is. Th is va lue o f R. and R2 are eq ua l so th a t
t he co mparator will sw it ch sy m me trica lly ab out
+Veel2. Th e RC t ime constant of R3 and C, is set
to be seve ra l t imes greater than th e pe r iod o f th e
osci llati ng fr equency . insu r ing a 50% dut y cycl e by
ma inta ining a DC voltage at th e inve rt ing in put
equ al to t he absol u te average o f t he o u t put
wavefor m.

and

(23)

When specify ing t he c ry sta l. be sur e to o rde r series
reso nant a lo ng wit h th e des ired tem per at ur e coef ­
ficient and lo ad capaci t ance to be used .

MOS Clock Driver

wh ich gives

1

2
(24)

Th e LM139 can be used to pro vid e th e osc illator
and clock d e lay ti m ing for a two phase MOS cloc k
d rive r (see F igu re 16). T he osc illator is a standard
comparat or squ are wa ve gener ator sim ilar to t he
o ne shown in F igur e 13. Two o th er com par at o rs
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of the LM 139 are used to establish th e desired

phasing between th e two ou t puts to th e clo ck
dr iver. A mo re deta iled exp lanati on of t he delay
circuit is given in t he sect ion under " D igital and
Sw it ch ing Circ ui ts."

put device of comparator 3 will be OF F which
prevent s any curren t fro m fl ow ing through R2 to
ground . With a contro l volt age, V c , at th e inpu t
to comparat or I , a curr ent I , wi l l flow through
R, and begin di scharging capacit or C" at a l inear
rate . Th is d ischarge current is given by :

This in turn causes comparator 3 .to go to it s lo w
state where it s output device wi ll be in saturati on.
A current 12 can now f low throug h resistor R2 to

As capacitor C, d ischarges. the output voltag e
of com parat or 1 will decrease unt i l it reaches
th e lower tr ip point of comparato r 2. which
wi II t hen force the output of com parator 2 to
go to its low state (Vsa = GND).

6.V will be the max imum peak change in the
voltage acro ss capacitor C, whi ch wi ll be set by
the swit ch points of com parator 2. These t rip
points can be changed by sim ply alt er ing th e rat io
of RF to Rs . t hereby increasing or decreasing th e
amount of hysteresis around com parato r 2. Wit h
RF = 100 kQ and Rs = 5 kQ , the amou nt of
hysteresis is approx imately ±5% w hich w ill give
swit ch points of +V cc l2 ± 750 mV from a 30V
supply . (See " Com parato rs wi th Hysteresis" ),

(30 )

. (29)__ Y.S-
I,

2 R,

6 V
1, = C, t;("

and th e discharge t im e is given by :

F IGU RE 16. MOS Clock D river

Wide Range V CO

A simple yet very stable voltage controll ed oscilla ­
tor using a minimum of external com pon ents can
be r ea I ized using thr ee comparators of t he
LM 139. Th e schematic is shown in Figure 17a.
Comparator 1 is used clo sed loop as an int egrator
(for further discussion of closed loop operation see
sectio n on Operati onal Am pl i f iersl wi t h cornpara­
tor 2 used as a tr iangle to square wave convert er
and comparator 3 as t he switc h dri vin g t he int egra·
tor. To analyze t he circui t , assume that corn­
parator 2 is it s high state (V sa = +Vccl wh ich
drives compa rator 3 to it s high state also. The out ·

R1
lOOk:!

"'<

"''" ..
"I "''" '", r-,

lal

>--;>-....-O '~ .nr.:..

I I II

>-.....---O '~

-vee I

Ibl

F IGUR E 17. Voltage Contro lled Oscillator
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ground . If th e value of Rz is chosen as R, /2
a current equal to the capac itor d ischa rge curr ent
can be mad e to flow o ut of C, charging it at t he
same ra te as it was dis charged . By makin g Rz = R1 /2 ,
current lz w ill eq ua l tw ice I, . This is t he contro l
circ u itr y which guara n tees a constant 50 % duty
cycle os cillat ion independent of fr eq ue ncy o r
tem per ature . As ca paci tor C , char ges , the ou tp ut
o f compara to r 1 will ra mp up unt il it tr ips
co m para to r 2 to its h igh state (Vs a = +V c c )
an d the cyc le will repe a t.

can be selected by sett ing the Vc c to which the
pu ll-up res isto r is connected to any des ired level.

AND INAND Gat es

A three inpu t AND gate is shown in Figure 18 .
O perat ion of th is gate is as follo ws : resistor
d ivider R 1 and Rz establishes a reference vo ltage
at t he inver ti ng inpu t to the co m parato r. The no n­
inverti ng inp ut is t he sum of th e vo ltages at t he
inputs divi ded by the vol tage d ividers com pr ised of
R3 , R4 , Rs and RG . The o ut put w ill go hig h only

The circu it sho wn in F igure 17a uses a +30 V sup­
ply and gives a t ria ng le wave of 1.5V pea k-to -peak .
With a t im ing capacito r, C, eq ual to 500 p F , a
fre q uency ran ge from appr oxi ma tely 115 kHz
dow n to a ppro ximately 670 Hz was obtained wit h
a co nt ro l voltage rang ing fro m 50 V down to
250 m V. By red ucing the hyst e resis aro un d co rn­
pa r a to r 2 d o w n to ± 150 m V (RF = 100 krl ,
Rs = 1 krl) and redu cing the co m pen sat ing capaci­
to r Cz do wn to .00 1 IlF , freq uenci es up to 1 MHz
ma y b e ob t ain ed . F o r lo w e r frequen cies
(fo :S;: 1 Hz) the ti m ing ca paci tor , C" sho u ld be
increased up to approxi mate ly 1 /I F to insure that
th e ch arging currents, I, and lz , a re much larger
th an t he inpu t b ias currents o f co mparator 1.

"19'

JJ~ mV

v~,

VOUT • ... _ B . e

..,.,
!L ~:v

FIGURE 18. Three Inp ut AND Gate

when all three inpu t s are h igh , causi ng th e vo ltage
at t he non -inver ti nq inpu t to go abov e t hat at
inver t ing inp ut. T he cir cuit values show n wo rk fo r
a " 0" eq ual to ground and a "1 " eq ua l +15V. The
resis tor values ca n be altered if diffe re nt log ic
leve ls are desired . If mor e inpu ts ar e req uired ,
d iodes are rec om men ded to improv e the vo ltage
margin whe n all but o ne of th e inp u ts are the " 1"
state. T his ci rcui t with incr eased tan -in is shown in
F igure 19.

Figur e 17b sho ws ano the r inte resti ng appro ach
to provide the hyst eresis for co mparat or 2 . Two
ident ical Zener d iodes, Z, an d Zz , are used to
set th e t rip po ints o f co mpa rator 2 . When th e t r io
ang le wave is less t han th e va lue req uired to Zener
one o f the d iodes, t he resist ive ne twork, R , and
Rz , pro vides enough fee d ba ck to kee p th e cornpar­
ator in its pro per state , (t he input would other w ise
be float ing ). Th e ad vantage of th is circuit is t ha t
th e t rip poi nts o f co m para to r 2 will be complet ely
inde pende nt of su pply vo ltage f luc tua t ion s. The
d isadvantage is that Zen ers wit h less tha n o ne vol t
break do wn vo ltage are no t obta ina ble . Th is limits
th e maximum upper frequ enc y o bta ina ble becau se
of the larger am plit ude of th e tr iangle wave . If a
regu la ted suppl y is avai lab le, F igur e 17a is pre ­
fe rab le simpl y because of less part s co un t an d
lower cost.

Bo th ci rcuits prov ide good co nt ro l ov er at least
two decades in frequency with a tem perature
coeff icient largely dependent on th e TC of the
ex ternal ti ming resis to rs and capacitors . Re me mber
t hat good cir cu it layo u t is essenti a l a lo ng wi th
the .Ol Il F compe nsation ca paci to r a t t he output
of co m para to r 1 and th e series lOn , res istor and
O.l IlF capacito r bet ween its in puts, for proper
o per a ti o n . Co m par a tor 1 is a h igh gain am plif ier
used clo sed loo p as an int eg ra ter so lo ng leads
an d loo se layout sho u ld be avo ided .

I
I
I

All DIDOES
l Hllt

"'""

v·

..,.
,~,

DIGITAL AND SWITCHING CIRCUITS

Th e LM1391ends itsel f we ll to low spee d « 1 MHz)
high level log ic circuits . They have the ad vantage
of o perat ing wi t h h igh signal leve ls. giving h igh
no ise im muni ty. which is h ighly des ira ble for
indust rial appl icat ion s. The output signal level

FIGURE 19. AND Gate with Large Fan -Itt

To co nve rt t hese AN D gat es to NAND gates
sim ply inte rchange the inverting and non -inverting
inpu ts to th e com parator. Hyste resis ca n be added
to spee d up outpu t t ransit io ns if low spee d inpu t
signals ar e used .
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OR / NOR Gates

The thr ee input OR gate (pos it ive logic) shown in
F igure 20 is achieved f rom the basic AN D gate

+Vcc - 15V

gate having an uncom m itt ed co llector out pu t
(such as Nat ion al's DM5401 /D M740 11. In add it ion
ano the r co mparato r of the LM139 cou ld also be
used for o utput st ro bing, re placi ng 0 , in F igure
2 1, if desired . (See F igure 22 .1

One Shot Mult ivibr ators

' vee

FIG UR E 20 . T hre e Inp ut OR Gal e

.rt. >
"".

"o."'Odrl

'. cr--j >-.-~~

1'"

A sim ple o ne sho t mult ivib rat o r ca n be realized
using o ne co m pa rato r of th e LM139 as sho wn in
Figure 23. Th e o ut put pulse widt h is set by the

FIGURE 23 . On e Shot M ult ivibrator

valu es of C2 and R4 (w ith R4 > 10 R3 to avo id
load ing th e o ut put} . Th e mag nit ude o f th e inpu t
tr igge r pul se req uired is de term ined by the resist ive
d ivider R , and R2 . Te mpera ture sta bilit y can be
ach ieved by balancing th e temp er atu re coeffi cie nts
of R4 and C2 o r by usi ng co mpo ne nts w it h very
low TC . In addi tion, th e TC of resisto rs R 1 and R2
should be matched so as to maintain a f ixed ref er­
ence vo ltage o f +Veel2. Diode D2 provides a rap id
d ischarge pat h fo r capacitor C2 to reset th e on e
shot at t he end of it s pul se. It also prevents the
n o n-inver t inq inpu t fro m being d riven below
ground . The o utp ut pul se widt h is relat ively inde­
pe nde nt o f the magnit ude o f the sup ply voltage
and will change less than 2% for a five vo lt change
in +Vee.
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Outpu t St ro bing

The ou tput of the LM139 ma y be d isab led by
add ing a clamp trans istor as sho wn in F igure 2 1. A

sim ply by increasing R 1 thereby red ucing th e
refe rence vo ltage. A log ic " 1" at an y of th e inputs
will prod uce a logic " 1" at th e out put . Again a
NOR gate may be imp lem ent ed by sim ply revers­
ing th e com parato r input s. Resistor R6 may be
added for th e OR or NO R function at the ex pe nse
of no ise immuni ty if so desired .

The one sho t m ul t ivib rat or shown in Figure 24 has
several characteristics which make it superior to
t hat shown in F igure 23. First , the pulse widt h is
ind epe ndent of th e magn itud e of the powe r supply
vol tage because the charging vo ltage and the inte r­
cept vo ltage are a fixed per cent age of " Vee- In
add it io n th is o ne -sho t is capa ble of 99 % d uty cycl e
and exhi bits inpu t t rigger lock-ou t to insure th a t
t he circu it w ill not re-t riqqe r bef or e t he ou t put
pul se has been co mpleted . The t rigger level is t he

...IL ~"<r.,
~.•" --V- ;'"

..
,,~

FIGURE 24 . M ult ivibrator with Input Lock-Out

JL,

>~~----c You'

FIGURE 22 . Outp ut Strobing wit h TTL Gate

l OGICtiATE OR
114 l MlJ.

If t he LM139 is being used in a d igita l sy stem th e
out put ma y be st robed us ing an y other type of

strobe cont ro l vol tag e a t th e ba se of 0 , wi ll clamp
the comparator outpu t to gro und , ma king it
immune to any input changes.

FIGURE 2 1. Outpu t Strob ing Using a Discrete Transistor

AN 74 -10



FIGURE 26 . Typical Outpu t Saturat ion Charact eristics

Time Delay Generator

10 14 II

1~I( (mAJ

Th e final circu it to be presented un der " Digita l
and Swit ching Circuits" is a t ime delay generato r
(or sequence generator ) as shown in F igure 2 7.

lvI I
- ~ 60 !l

"
I I /

I I ~:f'v
1 mVi! YI,,;t - I

Jf TA · 25',C

1200

1000

;;
-' SOD

j 600

<DO

200

1 mV at zero cu rrent along wi th an RSA T of 60 \1
shows w hy th e LM139 so easily ada pt s itsel f to
osc illator and d igital swi tching c ircu its by allo w ing
th e DC ou t put vol tage to go prac t ically to gro und
while in the ON state.

1400

voltage req uired at th e input to raise the volt age at
point A h igher than th e vol tage at po int B, an d is
set by th e resist ive d ivide r R4 and R,o and th e
net wor k R I , R2 and R3 . When the mult ivibrator
has been t riggered, th e output of comparato r 2 is
high caus ing the refe rence vol tage at th e non -invert ­
ing input of co mparato r 1 to go to +Vc c ' Th is pre­
vents any addit io nal input pul ses from d isturb ing
th e circuit un t il the out pu t pulse has been
co mp leted.

T he value of the t im ing capacitor , C" must be
kept sm al l eno ugh to allow co m parat o r 1 to corn­
pletely d isch arge C, before the feed back signa l
from co mp ara to r 2 (through R,o) switches corn­
para tor 1 OF F and allows C, to start an ex pone n­
t ial charge. Proper circu it act ion dep end s on
rapidly d ischarging C 1 to a valu e set by R6 an d Rg
at wh ich t ime co mparator 2 latches co mparator 1
OFF. Prio r to th e es tablishment of this O F F sta te ,
C, will ha ve been comp letely di sch arged by com ­
para tor 1 in th e ON state. Th e t ime delay. wh ich
set s th e output pul se width. results from C, re­
charg ing to t he referen ce vo ltage set by R6 and
Rg . When th e vo lta ge across C, charge s beyo nd
th is reference. the output pul se retu rns to ground
and the input is aga in reset to acc e pt a t rigger.

Bistable Mult ivibrator

Figure 25 is the cir cuit of on e co mparator of the
LM139 used as a bist ab le mu lt ivib rator . A refer­
ence volt age is provid ed at th e inve rti ng input by a
voltage d ivider com prised o f R2 an d R3 . A pulse
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FIGURE 27 . Time Delay Gen erator

FIGURE 25. Bistable Multivlb. ato.

applied to the SET term ina l will sw itch the ou t put
high . Resisto r divide r network R" R4 , and Rs
now clamps th e non -inverting inpu t to a voltage
greater than the reference volt age. A pul se now
applied to th e RESET input will pu ll th e out put
low. If both 0 and Q outputs are needed , ano t he r
co mpara to r can be added as show n d ashed in
F igure 25.

Figure 26 show s th e outpu t saturat ion vol tag e of
th e LM139 co mparator verses th e am ou nt o f
current be ing passed to ground . The e nd po int of

Th is t imer wi ll provide outpu t signa ls at prescribed
tim e intervals from a t ime reference to and wil l
automat ically reset w he n the input signal re turns
to gro und . For circuit evaluati on, first co nsider th e
qu iescent st at e (V'N = 0) wh ere th e ou t put of
comparator 4 is ON whic h kee ps th e vo ltag e across
C, at zero volts . Th is keeps the out pu ts of co rn­
parators 1, 2 and 3 in their ON state (VO UT =
GNDl. When an inp ut signa l is ap plied , co rnpara­
tor 4 turns OF F allowi ng C, to charge at an
ex ponent ial ra te th rou gh R I ' As this voltage rises
past th e preset t rip points VA . VB and Vc of
com parat or s 1, 2 and 3 respe ct ively , the out put
vo ltage of each of th ese co m para tor s w ill switch to
th e high state (VO U T = +Vc c l. A small amo un t of

AN74 -11



hysteresis has been prov ided to insure fast sw itch­
ing for the case w here the Rc time constant has
been ch osen large to give long de(ay ti me s. It is no t
necessary tha t all comparator ou t puts be low in
the quiescen t sta te. Several or all may be reversed
as desi red simply be revers ing th e invert ing and
no n-inver ting inp ut connect ion s. Hysteresis aga in
is o pt iona l.

LOW FREQU ENCY OPERATIONAL
AMPLI FIER S

Th e LM139 comparato r can be used as an o pera­
tional amp lifie r in DC and very low fre que ncy AC
applicati on s (::;:100 Hz) . An int erest ing combinat ion
is to use one of th e comparators as an op amp to
provide a DC refere nce vo ltag e fo r the other thr ee
comparator s in the same package .

111111 1111. 1!1!116 Vcc :·S\I
RESPONSE FOR CIRCUIT III

111 ISHOWN IN FIGURE30

~" I I
11111 n IIII!III

Illl!1 ,111'1 I II I II

1111 11 II , II I IiREsPONSEFOR
MCIRCUIT SHOWN

IHili F il ll l~; '"
10 100 1k 10k lOOk

FREQUENCY

F IG UR E 29 . Large Signal Frequency Response

t io n schem e also shown in F igure 30 . Th e DC level
shift due to t he VBE of Q , allows th e ou tput

....----<....'V'o,,.,,....---....--o V~,

Ano th er usef ul application of an LM139 has th e
int eres ting fea ture tha t th e inp ut co mmon mod e
vol tage ran ge includes ground even t hough th e
amp lifier is bia sed from a single su pply and
grou nd . Th ese op amps are also low po wer d ra in
devic es and will not driv e large load cu rre nts un less
current boost ed 'w ith an ex te rnal NPN tran sistor.
The largest appl icat ion lim itat ion co mes from a
relat ively slow slew rat e which restricts th e powe r
bandwid th and th e output volt age respo nse t ime.

'V~o--_--l

RI

"
Cl

lDOcIF

A" a. 100

Th e LM139 , like other co mparato rs, is not inte r­
na lly frequency compensat ed and doe s not have
int ernal provi sions for compensati on by ex te rna l
com po nent s. Th erefor e, com pe nsat ion must be
ap pl ied at eit her the inputs o r output of th e
dev ice . F igure 28 shows an o utput co m pen sat ion

FIGU RE 30 . I mproved Operat ional Amp lif ier

voltage to swing from ground to approx imate ly
on e vol t less than +Vc c ' A voltage offset adju st ­
ment can be added as shown in Figure 31.

Ay ~ I DO

R]

IS'
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.,
R2 100l( Cl
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-e- A,,-, .* "' 101 -=

FIGURE 28 . Non -Inve rting Amp lifi er

' JI.
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J ""
sch em e wh ich ut ilizes the ou tpu t co llector pull -up
res istor worki ng w ith a sing le compensation cap a­
citor to form a do m inant pole. The feed bac k net­
work , R, and R2 sets the clo sed loop ga in at
1 + R, /R 2 or 101 140 d BI. Figure 29 show s the
outpu t swi ng limit ati ons vers us frequ en cy. Th e o ut ·
put current ca pab ility of this amplifier is lim ited by
th e relat ively large pull-up res isto r (15 kn) so th e
output is shown boosted wi th an ext ern al NPN
transis tor in Figure 30 . Th e frequency respon se is
greatl y e xtended by th e use of the ne w cornpen sa-

AN74· 12

F IGUR E 31 . Inpu t Offset Null Ad justment

Dual Supply Operat ion

Th e appl icat ions presen te d he re have been shown
biased typically between +Vc c and gro und for
simplic ity . The LM139 , ho wever, work s equa lly
well from dual (plu s and m inus) sup plies co m­
monl y used wi th most indust ry sta nda rd op amps
and comparat o rs, wi th so me ap pl icat ion s act uall y
requ iring fewer parts than th e sing le supply
equ ivalent .



The zero crossing de tector sho wn in F igure 10 can
be imp lem ented wi th fewer pa rts as shown in F ig·
ure 32. Hysteresis has been add ed to insure fast
t ran sit ions if used wit h slow ly moving input siq­
nals. It may be o m itted if not needed, bringi ng th e
tot al part s cou nt do wn to one pul l-up resist o r.

FIGURE 32 . Zero Crossing Detec tor Using Dual Su pplies

Th e MOS clock dr iver shown in Figu re 16 uses
dual supplies to properly drive th e MM0025 clock
dr iver .

T he square wave gen era tor show n in F igure 13 can
be used with dua l supplies giving an out put that
swings sy mm etr ically above and belo w gro und (see
Figure 33), Operat io n is ide nt ica l to th e single
supply osci llator w it h th e o nly cha nge being in the
lower trip po in t .

RI
lOOK

R ..... lL _Ul'

"

- vcc

FIGURE 33 . Squ arew ave Generato r Using Dual Suppli es

Figure 34 sho ws an LM139 con nected as an oo
amp using dual supplies. Biasin g is act ually simpler
if full ou tput sw ing at low gain sett ings is requi red
by biasing the invert ing input from ground rat he r
th an from a resist ive d ivider to so me vol tage
bet ween +Ve e and ground .

All th e app lica tions shown w ill wor k equally wel l
biased wit h dual supplies. If th e to tal voltage
acr oss th e device is incr eased from t hat sho wn , the
out put pull-up resisto r sho uld be inc reased to pre­
vent the out put transistor from be ing pu lled ou t of

y OU !

R.

I .F

J
FIGURE 34 . Non-lrtv er-tinq Amplif ier Using Du al Supplies

satura t ion by dr awing ex cessive current, th ereby
preventi ng th e outp ut low state fro m going all th e

way to - Vee.

MISCELLANEOUS APPLICATIONS

The fo llowing is a co llec tion of various app lica­
t ion s intended pr imar ily to furth er sho w th e wide
versat ilit y that th e LM139 qu ad co mparator has
to offer. No new modes of operat ion are presented
here so all of t he previous for mu las an d circuit
descript ions will ho ld true . It is hoped that all of
the circu its presented in th is appl icat ion no te will
suggest to t he user a few of the ma ny areas in
wh ich the LM139 can be ut ilized .

Remote Temperature Sensor/Alarm

The circu it shown in Figure 35 shows a ternperatu re
over -range lim it sensor . Th e 2N930 is a National
pro cess 07 silico n NPN transistor connected to pro ­
duce a voltage reference equa l to a mult ip le of its
base emitter voltage along with a te mperatu re
coe ff icient equa l to a multiple of 2.2 mV f c.Th at
mult iple is det erm ined by the rat io o f R, to Rz.
Th e theory of operatio n is as fo llows: w it h tra nsis­
tor 0 , biased up , it s base to emitter voltage wi ll
appear acr oss resisto r R, . Assum ing a reasonab ly
high beta (Il > 10 0) t he base curre nt can be
neglected so that the current th at f lows th roug h
resistor R, must also be flowing thro ugh Rz. The
volt age d rop acro ss resisto r Rz wi ll be given by :

and

so

(31)

As stated previously this ba se-em itt er vo ltage is
st rongly te mperature dep endent , minu s 2.2 mVrc
for a silico n t ran sisto r. This temperature co effi­
cien t is also mu lt iplied by th e resist o r rat io R, / Rz .
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Th is provides a h igh ly linear, var iab le tem perature
coefficient refe ren ce w hich is idea l for use as a
te mperat u re se nsor ove r a te mperature ran ge from
ap prox imate ly -65° C to +150°C. When t h is tern ­
per atu re senso r is con nected as show n in Fig ure 35
it can be used to ind icat e an alarm cond iti o n of
ei t her too h igh o r to o Iow a temperatu re ex cu rsio n .
Resisto rs R3 and R4 se t th e tr ip po int refere nce
vo lt age , VB, w it h sw it chin g oc curing w hen VA =

VB' Resisto r Rs is use d to bias up 0 , at so me
low va lue of curren t simply to ke ep q u iescent
power d issipatio n to a m in imum . An 10 near
lOJlA is acceptabl e .

Using on e LM139 , fou r sepa rate sen se po int s ar e
avai lab le. Th e ou tputs of th e fo u r co m parators
ca n be used to indicate fou r sepa ra te alarm condi­
t ions or t he o ut puts ca n be O Wed together to
indicate an alarm condit io n at anyone o f t he
se nso rs. Fo r th e circuit shown th e o ut put wil l go
HIGH w he n the temperature of th e se nso r go es
abo ve t he pr eset leve l. Th is co uld eas ily be inverted
by simply reversing t he inp ut lead s. For o pe ra tion
over a narro w temperature range, the resisto r rat io

R2 / R , should be la rge to make the ala rm mo re
sens it ive to temperatu re var iat ions . T o var y t he
t rip po int s a po tent io meter can be su bst itu ted
fo r R3 and R4 . By th e add ition of a single feed ·
bac k resisto r to t he no n-invert inq in pu t to pr o vide
a slight amo u nt o f hyst e resis, t he sensor could
fu nct ion as a t her mos tat. Fo r driving lo ad s grea ter
than 15 mA , an o ut put current bo ost e r t ransis to r
could be use d .

Fou r Ind ep end entl y Va riabl e, Tem perat ur e
Compensated, Ref eren ce Supplies

The c ircu it show n in Figu re 36 pro vides fou r
inde pend ent ly varia b le vo lta ges that co u ld be used
fo r low cu rren t sup p lies for po weri ng additional

eq ui pment or for generating th e referen ce voltages
need ed in so me o f t he previo us co m pa rator appl i­
cat ions . If th e prope r Zener d iode is chosen, t hese
four vo ltages will have a ne ar zero tem pe rature
coe ffi cie nt. For ind ustry sta nda rd Zeners, thi s wi ll
be so mew he re bet wee n 5.0 an d 5 .4 V at a Zener
cu rre n t o f appro x imately 10 m Ao An alte rna tive
so lut io n is off er ed to red uce t h is 50 mW qu iescent
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FIGURE 35 . T emperatur e Al arm
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FI GU RE 36 . Four Variable Reference Supplies
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power dra in. Experimenta l data has shown that
any of Nat io na l's process 21 transi sto rs which have
been selected for low reverse beta (~ R < .25) can
be used qu ite satis fac torily as a zero T .e . Zene r.
When connect ed as shown in Figure 37 , th e T. e .

QI ' HATlOUl HIOCESSll
$fLEeTED FOR lOW
A(V ( RSE ~

LEAVE BASE
LEAOOPEN 1','"mA

0 '

..v

.\
1O.

FIGURE 39 . Paper Tape Reader With TTL Output

FIGURE 37 . Zero T.e . Zener

of th e base-em itt er Zener voltage is exactly can·
celled by the T.e. of th e fo rward biased base­
collector junct ion if biased at 1.5 mAoTh e dio de
can be properl y biased fro m any supply by adj ust­
ing Rs to set 1

0
eq ual to 1.5 mAo The out puts of

any of th e refere nce supp lies can be cu rrent
boosted by using the circuit shown in Figu re 30 .

Digital Tape Read er

Two circu its are presented here - a tape reader for
both magnet ic tape and pu nched pap er tape . The
circui t shown in Figure 38 , t he magnet ic tape

-sv

Pulse Width Modul ator

Figure 40 shows the circu it for a simple pulse
width modulat or circu it. It is essent ially the same
as that shown in Figure 13 with the add itio n of an
input co nt rol volt age. With t he in put contr ol

.,
'00'

·v,

"'1O' v~

OJ

'00'

FIGURE 40 . Pu lse Widt h Modu lato r

FIG U R E 38 . M agnet ic Tape Reader wi th T TL Outp ut

voltage equal to +Vcc/2, o pera tion is basically the
same as tha t descr ibed previously . If th e input
control vol tage is moved above or below +Vcc /2 ,
however, th e dut y cy cle of th e out put square wave
will be altered . Th is is because th e addi tio n of th e
co ntr o l vo ltage at the inpu t has now altered the
tr ip point s. These tr ip points can be found if the
circu it is simplif ied as in Figure 41. Equat ions 13
th rough 20 are still applicable if th e effect of Rc
is adde d , with equations 17 through 20 be ing
altered for t he cond it ion where Vc 0# +Vc c /2.

.,
l OOK R4,...

"' V.
1I1l. RJ

lOOK

.,
'OOK A4

'00'
"' V.

111( RJ

'00'

read er , is the same as Figure 12 wi th a few resisto r
values changed . With a 5V sup ply, to mak e the
ou tpu t TT L com pat ible. and a 1Mn feedback
resistor , ±5 m V of hyst ere sis is pro vided to insure
fast switch ing and h igher no ise immunity . Using
o ne LM139 . fo ur ta pe cha nnels ca n be read
simultaneously .

FIGURE 41 . Simp lif ied Circu it For Calculat ing Tr ip
Points of F igure 40 .

Pulse width sens it ivit y to input voltage variat ions
will be increased by reducing th e value of Rc
from 10 kn and alternately, sens it ivity will be

The paper tape rea der show n in Figure 39 is
essen tially th e same circuit as Figur e 38 wi t h the
on ly ch ange being in the type o f transducer used .
A phot o-d iod e is now used to sense th e presence or
absence of light pass ing thro ugh ho les in the tape .
Again a 1Mn feedbac k resist or gives ±5 mV o f
hysteresis to insure rapid sw itching and noise
immunity .

v,.. UPfEATIl I"OINT V. · LOWE ATRlPl"QlllT
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red uced by increasing th e value of Rc . Th e values
of R1 an d C, can be varie d to prod uce an y
desired cente r frequency from lessthan one hert z
to th e maximu m freq uency of the LM 139 which
will be limited by +Vc c an d th e output slew rate .

Posit ive and Nega ti ve Pea k Det ectors

Figures 42 and 43 show th e sche ma t ics fo r simple
positive o r negative peak ..det ecto rs. Basica lly the

'---------.... - ...--o v~,

foll ower to avo id load ing the output 01 the peak
de tector .

v..

FIGURE 43. Negative Peak Detector

Fo r th e negat ive peak detect or , a low impedance
curr ent sink is required and the output t ransistor
of the LM 139 works qu ite we ll for th is. Again
the only d ischarge path wi ll be th e 1MI1 resistor
and any load imp edan ce used . Decay tim e is
changed by varyi ng th e 1MI1 resistor .

FIGURE 42 . Positive Peak Det ec to r

LM 139 is oper ated closed loop as a uni ty gain
fol lower witha large hold ing ca pac itor fro m the
output to gro und . For t he posit ive peak detector a
low impedance curre nt source is needed so an
additional tr ansist o r is adde d to the ou tput. When
th e o ut put of th e comparator goes high , current is
passed t hrough Q 1 to cha rge up C, . Th e only
d isch arge pa th w ill be th e 1MI1 resistor shunt ing
C1 an d any load that is co nnecte d to VO U T ' Th e
decay t ime can be a lte red simply by chang ing the
1MI1 resist or high er or lower as desired . Th e out ­
put sho u ld be used thro ugh a high impedance

Cllo..F "J '2
I Mn

Concl usion

Th e L M1 39 is an extre mely versati le co mparator
pac kage offering reasonably h igh spee d whi le operat ­
ing at power levels in th e low mW region . By
offer ing fou r independent comparators in on e
pac kage, many log ic and o the r funct ion s can no w
be performed at su bstantia l savings in circu it
complexity , parts count , overall ph ys ical d imen­
sions, an d power co nsum pt ion .

Fo r limite d temperatu re rang e applica t ions, th e
LM239 or LM339 may be used in p lace of the
LM139.

It is ho ped that thi s app licati on note will pro vide
th e user with a guid e fo r using th e LM 139 and also
offer so me new app licat ion ideas.
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APPLICATIONS FOR A HIGH SPEED FET INPUT OP AMP

INTRODUCTION

Th e principal lim itations in speed and bandwidth
in IC F ET input op amps have been redu ced by
over an orde r of magn itude wit h the int rod uct ion
of th e LH0062/ LH0062C. Internal co mp ensat ion
assures un ity ga in stability with ban dwidths in
excess of 15 MHz. Vo ltage fo llower slew rate is
typ ically 75 V/p.s and is ' guaranteed in excess o f
50V //l s. Fu rt hermo re . exte rna l co mpo nents ma y
be used to ex te nd th e slew rate to 120V II's and
sett ling t imes un der 1p.s. The LH0062H (TO -51 is
pin co mpat ible wi th LM101 . LM74 1 and LH0022.
A summary o f the LH0062's perfo r mance char­
acterist ics is given in Table 1.

PARAMETERITA . 25"CI MIN TV. MAX UN ITS

In l)lJl O tt \t' t VolI . 9\" '0 SO mV

InPUI B,. \ CU"~"' 1 20 p A

Vot l <J~Ga,n so 100 Vim V

Sle w ROlle SO 15 V/j.lS

B. nd w ,dt h 15 MH,

TAB L E 1. Summary of LH 0062 Characteristi cs

CIRCU IT DESC RIP TION

The LH0062 is bas ica lly a tw o stage amplifier
(Fig ure 1) consisting of a N channel junct ion F ET
input sta ge (Q, and Q 2 ) and a PNP o utput sta ge
(Q 4 an d Q s ). Q , an d Q 2 are a we ll matched

B. Siegel

December 1972

interdigita te d mono lit hic pair th at provide h igh
co mmon mod e reject ion an d input o ffse t voltage
tr acking usual ly asso cia te d o nly with bipolar
de signs. Th e curre nt mirro r lOu and Q 7 1 co nvert s
to single ende d ope ra tion in add it ion to prov id ing
act ive high impedance load for Q4 and Qs th us
prov id ing high gain. Q3 and D, provides a tem­
pe rat ure co mpen sate d curren t sou rce fo r th e input
stage an d Q a. Q 9 . D2 and D3 for m a class AB

FIGU RE 1. Sim plified LH0062 Circuit Schematic

ou tpu t buffer. Detailed sche mati c is illus tr a ted in
Figure 2_ Not e that the FET inpu ts are prot ected
by 5V zener d iod es and input curre nt under
tr ansient co nd it ions sho uld be limited by inser t ing
a 1k ohm o r larger resist o r in ser ies wi th one of the
inputs .
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FIGURE 2. Co mp lete LH0062 Sc he mati c
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COMPENSATION CONSIDERATIONS

As noted earl ier, the LH0062 is inte rnally com­
pensated for un ity gain stability . However , a few
precaut ion s are adv ised . Like mo st wide band
ampl ifier s, the LH0062 is sensitive to po we r su pply
inductance, and de coupl ing th e supplies w it h O.lIlF
ceram ic d isc capa citors with in an inc h or two of
th e dev ice will prevent spuri ous o scillati o ns and
save a fa ir amount of grief . Th e device is capable

",.,

FIGURE 3. Isolating a Capacitive Load up to 500 pF
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FIGURE 5. Feed Forwa rd Compensation

no t required, th e devi ce may be over -com pen sate d
as shown in Figure 6 to red uce ba ndw idt h to
5 MHz. Th is tec hn ique improves phase marg in
and reduces suscept ibility to spuri ous oscillat ions
in app licat ions wh ere speed is less cri t ica l.

2"

of dr iving 50 to 100 p F loads ; for larger loa ds , an
isolation res istor, R3 as shown in Figure 3 is
recommended. Alternatively, a current buffer such
as the LH0002 o r LH0033 may be used for loads
in exce ss of 500 p F w ith no degradat ion in slew
rate as shown in Figure 4 .
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FIGURE 4 . Driving Capac itances in Excess of

500 pF and Load s

The LH0062 may be feed -fo rward compensated
in invert ing mode applicat ions as shown in Figure
5. Th is boosts slew rate to over 120Vlus and
bandwidth to over 30 MHz. When full bandwidth is

AN75·2

FIGURE 6 . Overcompensat ion

Minimum settling ti me of less than 11ls to 0 .1%
for a 20V input ste p is obta ined as illust ra ted in
Figure 7. A small tweak ca pacitor , C, is recom­
mended to cancel str ay board layou t capacitance,
Cs . Onc e best value of trimmer capacitor C, is
determ ined for a particular layout , it may be
replaced with a fixed value.

"""

FIGURE 7 . Compensat ion for Minimum Se tt ling Time
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FIGURE 8. High Speed Sample & Hold
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APPLICATIONS

Th e circuit of Figure B is a h igh speed sample and
hold with sample acqu isition t ime of 10J.ls for
0.1% accuracy and apert ure t ime of approxi ­
mat ely 25 ns, Resisto r, Rs , is used to limit input
curren t duri ng power on and off t rans ients.
Alt ho ugh t he inputs of the LH0062 are protected
by back-to -hack d iode s exce ssive input current
could damage t he device. Resistor Rg and th e po t,
Rs , allow null of the o ut put of fset wi th negligible
effect on o ffset drift .

The peak detecto r of Figure 9 will acqu ire a +10V
peak signa l in under 4J.1s wit h d roop rates und er
20 mY/sec. Reversing th e po larity o f d iodes D,
and D2 will allow peak det ect ing negat ive signa ls.
Any ult ra-low leakage diod e may be subst ituted
for the 2N930 collector -base junction .

' ( 11100
SHECT

"n •

FIGURE 9 . High Speed Peak Detector

The circu it of Figure 10 is a programmable inte ­
grato r with a range in period fro m l J.1 s to 1 ms. For
best resu lts C, t hro ugh C4 should be low leaka ge
construct io n such as po lyca rbonate or po lyst yrene.
A simp le method of implementing the off set
adju st ment is to momentar ily insert a l OOk ohm
resistor between pins 2 and 6 of the LH0062.
With th e swit ches of the AH5009 off , the output
may be set to zero with R2 .

"""

Eo ' 6 ft..,
WH ERE: CoC, .C, .tl .C.

•1II'UT "",...... -'

FIGURE 10 . Programmable Integ rator
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FIGURE 11 . Wide Band AC Vo ltm ele'

The circ uit of Figure 11 is a wide band AC volt me ter
capable of mea suring AC signals as lo w as 15 mV
at frequenc ies from 100 Hz to 500 k Hz. Full scale
sens it ivity may be changed by altering th e valu es
R, t hrough R6 (R =; V, N/l00iJA).

OUTPUT

HEAT SINKING, GUARDING,
AND BOOTSTRAPPING

The LH0062 is spe cified for operation wit hout an
external heat sink. However, sta nd by power is
typically 24 0 mW caus ing a junction rise of approx­
imately 60°C. A clip-o n heat sink ca n reduce
internal heat ing hence reduce input bias cur rent
f ro m 20 pA at 25°C ambient to 2 or 3 pA .

Guard ing input leads is recom me nded in st ringent
applications. An exce llent discu ssion on guardi ng
is given in AN-63 and the tech niqu es d iscu ssed are
d irectly applicab le to th e LH0062. Another ben efit
of guard ing is reduce d input capac it ance. By boot­
str apping the inputs, as show n in Figu re 12, th e
appare nt in put capacit anceIs redu ced to fract ions
of a pico -farad .

AN75·4

FIGURE 12 . Guard / Bootst rap for Unity Gain

Fu rthermore, t he case of the LH0062 is elect rica lly
iso lated, and the output ma y be t ied to case in
order to elimi nate st ray capacitance int roduced
by the header .

REFERENCES
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FET Op Amps: ' Nat iona l Sem icondu ctor A N·
63 , March 1972.

2. R. C. Dobk in, " LM 118 Op Amp Slews r o v /us,"
National Semiconductor LB·17, September 19 71.



INSTRUMENTATION AMPLI FIER

The different ial inpu t sinqle-ende d output inst ru ­
mentat ion ampl if ier is one of the most versat ile
signal processing ampl if iers available. It is used for
precision amplif icat ion of d i f ferentia l dc or ac
signals while rejecti ng large values of common
mod e no ise. By using integrated circui t s, a high
level of perf orm ance is obtained at minimum cost.

Figure 1 shows a basic instru menta tion ampl ifie r
which provides a 10 volt output for 100 m V input,
while reject ing greater than ±11V of com mon
mode noi se. To obta in good input characterist ics,
two voltage followers buffer the inpu t signal. T he

Robert C. Dobk in

March 1969

LM 102 is specif ically designed for vol tage fo llower
usage and has 10,000 MS1 inpu t im pedance with
3 nA input currents. Th is high of an input imped·
ance provi des two benef it s: i t allows the instru ­
mentati on ampl ifier to be used wi th high source
resistances and st ill have low erro r; and it all ows
the source resistances to be unbalanced by over
10,000 oh ms wi th no degradat ion in com mon
mode reject ion. The fo ll owers drive a balanced di f­
ferent ial ampli f ier , as shown in Figure I , wh ich
prov ides gain and rejects the comm on mo de vol t­
age. The gain is set by the rat io of R. to R 2 and
Rs to R, . Wit h the values shown , the gain fo r
different ial signals is 100.
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FIGUR E 1. Differential-Input Instrumentat ion Amplifier
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Figure 2 shows an instrumentat ion amp lifier where
the gain is l inearly adj ustable from 1 to 300 with a
single resistor. A n LM101A, connected as a fast
inverter, is used as an attenuator in the feedback
loop. By using an active attenuator, a very low
impedance is always presente d to the feedback
resistor s, and common mod e rejec tion is' unaf ­
fected by gain changes. The LM 10 1A , used as
shown, has a greater bandwidth than the LM 107,
and may be used in a feedback network wi thout
instability. Th e gain is li nearly dependent on R.
and is equal to 10-' R• .

To obtain good common mode rejection rat ios, it
is necessary that the rat io of R. to R2 match the
rat io of Rs to R) . For example, if the resisto rs in
circu it shown in Figure 1 had a total mismatch of
0 .1%, the common mode rejecti on would be 60 dB
times the closed loop gain, or 100 dB . The circuit
shown in Figu re 2 wou ld have constant common

+

-GAIIlI AOJUST
Ay • 10'" AI

mode reject ion of 60 dB , independent of gain. In
either circu it , i t is possibl e to trim anyone of the
resistors to ob tain com mon mo de rejection rat ios
in excess of 100 dB .

For op timum perfo rmance , several items should be
considered during con struction. R I is used for
zeroi ng the output. It should be a high resolution,
mechanicall y stable potent iometer to avoid a zero
shift from occurring with mechanica l d isturba nces.
Since there are several ICs operati ng in close pr ox­
imi t y, th e power suppli es should be bypassed with
.0 1 p F disc capaci tors to insure stabili ty . The resis­
tor s should be of th e same type to have the same
temp erature coefficient.

A few appl ications fo r a differential inst rumenta ·
tion amplifier are: di fferen t ial vol tage measure­
ments, bridge outputs, strain gauge outputs, or low
level vol tage measurement.

">.:...------..._ OU11'UT
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FIGURE 2. Variable Gain, Diff erent ial-Input Instrumen­
tation Amplifier
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FIGURE 3 . Ope n Loop Respo nse for Both Frequency
Com pensat ion Network s

I'" l OOk 1M 1l1M 100M

FREQUENCY IHrl

FIGURE 2. Feedforward Frequency Compensation

CI · O' TlO.... LTO'Wf'OVERESPOllSE
1sa " WITH f AST·'t1SUIGI"NT STEP'S.

nals, Pin I , as shown in Figure 2. This eliminates
the latera l PNP's fro m the signal path at high tre­
quencies. Unity gain band widt h is 10 MHz and
the slew rate is 10V/j.ls. The diode can be added to
improve slew with high speed input pulses.

Figure 3 shows th e open loop response in the high
and low speed con figurat ion . Higher open loop
gain is realized with the fast compensat ion , as the
gain rolls off at abo ut 6 dB per octave unti l a gain
of un ity is reached at about 10 MHz. Figures 4
and 5 show the small signal and large signal tran­
sien t response . There is a small amou nt of ringing;
however, the amp lifier is stabl e over a - 55°C to
+125°C temperature range. For compa rison, large
signal trans ient respo nse with 30 pF frequency
compensation is show n in Figure 6.
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FIGUR E 1. Stand ard Frequency Compensation

In order to achieve uncondit ional closed loo p sta­
bility for all feedback con nect ions. the gain of an
operational amplifie r is rolled off at 6 dB per
octave. with the accompanying 90 degrees of
phase shift , unt il a gain of unity is reached. The
freque ncy com pensat ion networks shape the open
loop response to cross unity gain before the arnpl i­
fier phase shift exce eds 180 degrees . Unity gain for
the lM l 01A is designed to occur at 1 MHz. T he
reason fo r this is the lateral PNP transistors used
for level shift ing have poor high frequency re­
sponse and exhibit excess phas e shift about
1 MHz. Therefore, the stab le closed loop band ­
width is limited to app roximately 1 MHz.

A feedforward co mpensat ion method increases the
slew rate of the lM l 0 1A from 0.5/j.ls to 10V/j.ls as
an invertin g amplifier. This extends the usefulness
of the device to frequencies an order of magnitud e
higher tha n the standard compensation network.
With t his speed improvement. lC op amps may be
used in applications that previously requ ired dis­
cretes. The comp ensation is relat ively simple and
does not change the offset voltage or current of
the amplifier .

Usually, the l Ml01A is frequency compensated
by a single 30 pF capacitor between Pins 1 and 8.
as shown in Figure 1. Th is gives a slew rate of
0.5V/j.ls. The feedforward is achieved by connect­
ing a 150 pF capacito r between the invert ing
input , Pin 2, and one of the compensation term i-

FEEDFORWAR D COMPENSATION
SPEEDS OP AM P

,---------- ------ ----- ---- --- ---- - ---....., r-
CJ',
N
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by the addi t ion of 3 pF between Pins 1 and 8. A
small capacit or C, is needed as a lead across the
feedback resistor to insure that the roll off is less
than 12 d B per octave at unity gain . The capacitive
reactance of C, shou ld equal the feedback resis­
t ance between 2 and 3 MHz. For integrat or appli­
cati ons. the lead capacitor is isolated from the
feedback capacit or by a resistor . as shown in
Figure 8.

FIGURE 4. Small Signal Tran sient Response with Feed­
for ward Compensation

Feedforward compensat ion offers a mark ed irn­
prov ement over standard compensation. In addi ­
t ion to havin g higher bandwidth and slew. there is
vanishi ngly small gain error from DC to 3 kH z, .and
less than 1% gain error up to 100 kHz as a un ity
gain invert er . The pow er bandwi dth is also ex ­
tended from 6 kH z to 250 kHz. Some app lic at ions
for this type of amp li fi er are: fast summin g arnpli­
tie r, pu lse amp li f ier. DIA and AI D systems. and
fast integrator.
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FIGU RE 7. Capacitive Load Isclatlcn
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FIGURE 5. Large Signal Transient Response with Feed­
forw ard Compensation

FIGURE 6. Large Signal T ransient Response with Stan­
dard Compensation

As wi th all h igh fr equency , high·gain ampl ifie rs,
cert ain pr ecaut ions shou ld be taken to insure
stable operati on . The pow er supplies should be
bypassed near the amplif ier wi th .01 I-lF di sc ca­
pacitors. Stray capacitance, such as large lands on
printed circuit boards, shoul d be avoi ded at Pins 1,
2, 5, and 8 . Load capacitance in excess of 75 pF
should be decoupled , as shown in Figure 7; how­
ever. 500 pF of load capacitance can be tolerated
without decoup lin g at the expense of bandwid th FI GURE 8. Fast Integrator
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FIGUR E 1. Circuit Used in the Solution of Question 1.
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2. Wha t is the ' maximu m allowab le sho rt -circu it
cu rren t for an LM104 regu lat or ci rcu it , wit h a
2 N2905A se ries pass transisto r (witho ut a hea t
sink ) whe n the wo rst case inpu t is 20 V at an
ambie nt o f 85° C?

The 2N2905A, wi thout a heat sink, can d issi ­
pate a maximum of 0 .6W at 25 ° C. However,
this mus t be d erat ed by 3. 42 mWt C for opera ­
ti o n at h igher temperatures. Si nce an 85°C
ambie n t is 60° C h ighe r than th e tem perat ure at
which th e tr ansist ors are spec ified, the ma xi ­
m u m p o w er ra t ing m ust be red uced by
205 mW, to 395 mW: With a sho rted o u tp u t ,
th e vol tage dr op ped across the cu rren t limit
sense resi sto r is 0 .5V, so the voltage across the
ex terna l pa ss transisto r wil l be 19.5 V for 20V
inpu t. T his mean s that the 39 5 mW maximu m
d issipati on rat ing wi ll be ex cee de d fo r sho rt ­
circu it cu rren ts great er than 20.2 rnA .

The divider resistor s requi red o n th e LM100
feedback to give a 24 V o ut pu t are 26 .6k and
2.1 k. Fo r a 1.8V sense vo ltage on the feedba ck
ter minal, the divi der cu rren t wil l be 0 .8 5 mA .
Sinc e th is curren t must be supplied by the inte­
gra ted ci rcu it , it mu st be su b trac te d from the
availa ble load cu rren t . Hence the maximum
outpu t cu rrent, ta k ing int o accoun t wo rse case
con di tio ns, is 2./ mA o

3 . In the previous example , what is the maximum
cu rrent when th e ca se temper ature of the
2N 2905 A is he ld to 100° C?

WORST CASE POWER DISSIPATION
IN LINEAR REGULATORS

1. What is the power limited full -load curren t for
a 24 V regula tor using the LM10 0 (wi thou t a
hea t sink) when the worst ca se o pe ra ting condi ­
ti o ns a re 125° C a mb ien t and 40V input
vo lta ge?

The ma xim u m ch ip temperature of the LM10 0
is 150° C, an d th e therma l resist ance of the
TO -5 package is 150°C/W when no hea t sink is
u se d . The permissable , junc t io n-to -amb ien t
tem perat ure rise is 25°C wi th a 125°C ambien t ,
so the maximum allowab le pac kage di ssipation
is 16 7 mW_

The wo rst case q uieseent curren t o f the LM100
is 3 _0 mA . With a 40V inpu t vo ltage, th is pr o­
duces an int ernal dis sipa tion o f 120 mW, even
with no load . Therefore, t he device ca n o nly
d issipa te an o ther 47 mW in supply ing the load
curren t . With 40 V in and 24V o ut, the inpu t ­
ou tpu t voltage di ffere nt ial is 16V _ This means
that 2.95 m A can be supplied through th e in­
te rna l pass tra nsistor witho u t exceed ing the
ra ti nqs.

The mo st frequ ent ca use o f fai lur es of vo ltage
regulat o rs is exc essive dissipati o n in the semico n­
ductor compon ents. Regulat or s using integra ted
circuits ar e no excep t io n to th is, In fac t, IC regu ­
lators are more prone to overdissipation because
t hey are not gen erall y ava ilable in po wer packages,
because complet e int egrate d circui ts must be oper­
ated at a lower, ma ximum junct ion tempera tu re
than silico n power tran sistor s, and because the
pac kage mu st be able to d issip at e th e q u ieseent
o pe ra t ing power of the con trol ci rcui t ry in add i­
ti o n to the power in the pass transist or .

The pro blems and so lu t io ns presented he re give
exa mp les of the wo rst ca se calculat ion s tha t
sh o uld be used in designi ng voltage regula tor s with
ICs . These qu esti on s we re used in a con te st span:
so red by Nati o nal Se miconducto r. The en t ries
received clea rly sho wed th a t engineers have a
mar ked tend ency to be ove rly o p ti m ist ic abo u t the
d issipat io n capabi lity of the IC regu lat or s as we ll
as the power rat ings of the ex terna l powe r transis­
tor s used wi th them . In a surprising number of
cases the errors we re of such a magnitude to cause
a lmost certa in , prema tu re failure of the regula tor
under th e co ndition s speci f ied . Th e q uest ion s and
ans wers fo llow :

LB3- 1



The ma ximum d issipation of the 2N2905A is
3W at 25

cC
case temperature , but th is must be

derated by 17.2 mWtC for higher ca se tem ­
per atures. With a 100°C case temperature, the
allowable di ssip ation is redu ced by 1.29W to
1.71W.

As in the previou s exampl e, th e voltage across
the pa ss transistor will be 19 .5 V. This gives a
dissipat ion-l imited short -circu it current of
88mA.

+
C1
U,.f

Tuv II)

I

FIGURE 2. Circu it Used in the Solut ion of Quest ions 2
and 3.

4 . In the negat ive regula tor with fo ldback current
limit ing, what will be the wo rst case diss ipa tion
in the PNP dr iver, Q" with full load and a 24V
input vol tage?

The 2N3772 is specified to have a mi nimum
current gain of 15 at lOA and 25°C . It wou ld
be reasona ble to assume a minimu m curr ent
ga in of 15 at 5A for eleva ted temperatures

-= ......

.,
U K..

U1 u
I<' t

'(

OJ
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wh er e di ssipation is most significant. T his
mean s that the base curre nt for a 5A load cur­
rent will be O.33A . The worst case em it te r-base
vol tage of the 2N 3772 at 5A w ill be abo u t 1V,
so th e curre nt thr ough th e 68~2 emit te r-base
resist or w ill be 15 mA o Hence , th e PNP dri ver
mu st supply a tot al cu rre nt o f 345 m Ao

The voltage dropped ac ross the PNP d river will
be th e 12V input output vo ltage d iffe renti al ,
less th e 1V d ropped across the curre nt sen se
resistor and th e 1V dropped across the emi t te r­
base junctio n of th e 2N 3772. Theref ore, the
PNP d river o pe ra tes wit h 10V ac ross it and d is­
sipa tes ab out 3.5W.

5. Co uld a 2N2905A be used in the ex amp le
ab ove if th e maxi mu m ambi ent we re 85 ° C?

Even with an infinite heat sink , t he 2 N29 05A
ca n di ssipate o nly 2W at 85 °C. Therefore, it
canno t be used.

The answers to th ese questions show that th e
ma ximum outpu t cu rren t of a regulato r can be
substan ti a lly less than might be ex pec ted from a
curso ry analys is of the ci rcu it . Detailed analysis
under worst case condit ion s is nec essary to insur e
a rel iabl e design . T hese ca lcu lati ons a re mor e
impo rtan t than mo st o the r design ca lcu lations
becau se erro rs do not resul t in so me what degrad ed
performance that usuall y shows up in checking o ut
th e eq ui pme nt. Ins tead , these errors ca use failures
th at d o not always sho w up du ri ng Checkout , bu t
can oc cur in field operation .

Addit ional info rmat io n o n the design of re liab le
vo ltage regu lators is given in app licati o n notes
AN -21 and AN -23 , avai labl e from Nat ional
Sem iconductor .
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FIGURE 3. Circu it Used in the So lut ion of Questions 4 and 5 .
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FAST COMPENSATION EXTENDS
POWER BANDW IDTH

r--------------------------------,r-
0'
.i:a

In all IC operational ampl ifiers th e power band­
width depends on the f requency com pensat io n.
Nor mally, compensat ion for un ity gain operati on
is accomp anied by the lowest powe r bandwidth. A
techn ique is presented which extends the power
bandwidth of the LM 10 1A for non -inv ert ing gains
of unity to ten, and also reduces the gain error at
mod erate fr equencies.

In ord er to ach ieve uncondi tiona l stabili ty , an
operat ional ampl ifi er is rolled off at 6 dB per
octave, with an accompanying 90 degrees of phase
shif t , unt il a gain of un ity is reached. Un ity gain in
most mo noli th ic operational ampli fie rs is limi ted
to 1 MHz, because the lateral PNP's used for level
shift ing have poor f requency response and exh ibi t
excess phase shi ft at f requenci es above 1 MHz.
Hence, for stable operat ion, the closed loop band­
widt h must be less than 1 MHz where the phase
shi ft remains below 180 degrees.

For hi gh clo sed loop gains, less severe fr equency
comp ensat ion is necessary to roll the open loop
gain off at 6 dB per octave until it cro sses the
clo sed loop gain. The fr equency where it crosses
must , as previously mentioned, be less th an

1 MHz. For closed loop gains between 1 and 10,
mo re fr equency compensation must be used to
insure that the open loop gain has been roll ed off
soon enough to cross the clo sed loop gain before
1 MHz is reached.

The po wer bandwidth of an operati onal ampl if ier
depends on the current available to charge th e fre ­
quency compensat ion capaci tors. For unity gain
operat ion, where the compensation capacitor is
largest , the powe r bandwidth of the LM 101A is
6 kHz. Figur e 1 shows an LM101 A wi th uni ty gain

FIG URE 1. LM101 A With Sta nd ard Frequency Com·
pensati on.
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th an the impedance of the 300 pF capaci to r and
the gain ro lls off at 6 dB per octave. Th e open
loop gain plo t is shown in Figure 3. To insure sut­
fi ci ent dr ive to the 300 pF capacito r , it is con ­
nected to the outp ut . Pin 6, rath er than Pin 8.
With thi s freq uency compensation met hod , the
power bandwidth is typ icall y 15-20 kHz as a fol ­
lower, or un it y gain invert er .

L~,
"'~ ~>';;'i-~-'-"""~-~:':U'

C2 Rl
JOpF 10K

A two-pole f requency compensat ion net work , as
shown in Figure 2, provid es more than a fact or of

compensat io n and Fi gure 3 shows the open loop
gain as a funct ion of fr equency .

FI GURE 2. LM1 0 1A with Frequency Compensati on to
Extend Pow er Bandwidth .

two improvement in powe r bandw id th and reo
duced gain erro r at moderat e fr equencies. T he net ­
wo rk consists of a 30 pF capacitor, which sets the
unity gain fr equency at 1 MH z, alo ng with a
300 pF capacitor and a 10k resistor . By dividing
th e ac output voltage wit h the 10k resistor and
300 pF capaci to r, there is less ac volt age across the
30 pF capacitor and less current is needed for
charging. Since the vo ltage division is fr equency
sensit ive, th e open loop gain roll s off at 12 dB per
octave un til a gain of 20 is reached at 50 kHz.
Fro m 50 kHz to 1 MHz the 10k resistor is larger

FIGURE 3. Open Loop Response fo r Both Frequency
Compensation Netw orks.

Th is fr equency compen sati on, in addi t ion to ex­
tending the power bandwidth , provid es an order of
magnitu de lower gain erro r at fr equencies fr om DC
to 5 kHz. Som e appl ications where it wo uld be
helpfu l to use the compensat ion are: differenti al
amplifie rs, audio amp l ifie rs. oscilla tors, and acti ve
filters.
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HIGH Q NOTCH FI LTER

FIG URE 1. High a Not ch Filt er

Fi gure 1 shows a tw in " T " network connec ted to
an LM102 to form a high Q , 60 Hz notch f ilter .

FIGURE 2. Response of High and Low a No tch Filt er

The juncti on of R3 and C3 , which is norma ll y
connected to ground, is boo tstrapped to th e out ­
pu t of th e fo llo wer. Because the out put of the
fol lower is a very low impedanc e, neit her the
dep th nor the frequency of the notch change;
however, the Q is raised in proportion to the
amou nt o f signal fed back to R3 and C3 . Figure 2
shows the response of a normal tw in " T " and the
response with the follower added.

In applicat ions where the rejected signal might
deviate slightly from the null of the not ch net ·
work , it is advant ageous to lower t he Q of the
network . This insures some reject ion over a wider
range of input fr equencies. Figure 3 shows a cir ­
cu it wh ere the Q may be varied from 0.3 to 50. A
f ract ion of the output is fed back to R3 and C3 by
a second voltage fo llower, and the notch Q is
dependent on t he amou nt of signal fed back . A
second foll ow er is necessary to dr ive the twin " T "

Ie · r.kr
. II",
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The twin " T" network is one of the few RC f ilter
networks capabl e of providing an inf init ely deep
notch . By combining the twin "T" wi th an LM 102
voltage fo llower, t he usual drawbacks of the net ­
work are overcom e. The Q is raised from the usual
0.3 to something greater than 50 . Further, the
voltage follower act s as a buffer, prov id ing a low
output resistance; and the high input resistance of
th e LM 102 mak es it possibl e to use large resistance
valu es in the "T" so that only small capacitors are
required, even at low frequencies. The fast re­
sponse of t he fo llower allows t he notch to be used
at high f requencies. Neither th e depth of the notch
nor the freq uency of th e notch are changed wh en
the follower is added.
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from a low-resistance sou rce so that the notch fre­
quency and depth will not change with the poten-

">~__"' VOUl

v,. ..-'\I\,.,....-'\I\,.,.._~

..
"'

FIGURE 3. Adju stab la a Notch Filta ,

tiom eter setti ng. Depending on the potentiometer
setting, the circuit in Figure 3 will have a respon se
that falls in the shaded area of Figure 2.

LB5-2

An interesting change in the high Q tw in "T"
occurs when components are not exactly matc hed
in ratio . For example, an increase of 1 to 1a per­
cent in the value of C3 will raise the Q , whi le
degradin g the depth of th e notch. If the value of
C3 is raised by 10 to 20 percent , the network pro­
vides voltage gain and act s as a tuned amplifi er . A
voltage gain of 400 was obtained dur ing testi ng.
Further increases in C3 cause t he circu it to oscil­
late, giving a clipped sine wave output.

The circ uit is easy to use and only a few items
need be co nside red for prop er ope ration . To mini­
mize not ch freq uency shift with temperatu re,
silver mica , or polycarbonate, capac ito rs should be
used with precision resistors. Not ch depth depends
on component match, ther efor e, 0.1 percent resis­
tors and 1 percent capacitors are suggested to
minimize th e trim ming needed for a 60 dB notc h.
To insure stability of the LM102, the powe r sup­
plies should be bypassed near the integrated circuit
packa ge with .01 tJF disc capacitors.



FAST VO LTAGE COMPARATORS
WITH LOW INPUT CURRENT

Monoli th ic voltage comparat ors are availab le today
wh ich are both fast and accur ate. Th ey can detect
the height of a pu lse with a 5 mV accuracy wit hin
40 ns. However, these devi ces have relati vely high
input current s and low input im pedances, which
reduces their accuracy and speed when operat ing
f rom high source resistances. Th is is probably a
basic limitation since the inp ut trans istors of the
in tegra ted cir cuit must be operated at a relatively
high cur rent to get fast operati on. Furt her, the
ci rcui t must be gold doped to reduce sto rage t ime,
and th is l imits th e curren t gain that can be
ob taine d in the t ransisto rs. High gain tr ansistors
operat ing at low co llec tor cur rents are necessary to
get good input character ist ics.

One way of overcoming thi s difficulty is to buffer
the inpu t of the compa rato r . A vol tage follower is
available which is ideally sui ted for this job. T his
device, the LM 102 +, is both fast and has a low
input current. It can reduce the ef fecti ve inp ut
cur rent of the comparator by mo re than three
ord ers of magnitud e without great ly reducing
speed.

A comparator ci rcui t fo r an AI D convert er wh ich
uses this technique is shown in Figure l a. A n
LM 102 voltage follower buffers the output of a
ladder network and drives one input of the corn­
parato r. The analog signal is fed to the other input
of the compa rator . It shou ld com e from a low
impedance source such as the output of a signal
proc essing ampl i f ier, or anothe r LM 102 buffe r
ampl ifier .

Clamp di odes, D I and D2 , are inc luded to make
the ci rcuit faster . These diodes clamp the ou tput
of the ladder so that it is never mo re than 0.7V
different f rom th e analog input. This reduces the
voltage excursion that the bu f fe r must hand le on
the most significant bi t and keeps it f rom slewing.
If fast , low-capaci tan ce di odes are used, the signal
to th e comp arator w i ll stabi li ze appro xi mately
200 ns af te r th e most significa nt bit is sw itched in .
Th is is about the same as the stabi lizat ion ti me of
the ladder network alone, as its speed is limi ted by
stra y capaci tances. The dio des also limi t t he volt·
age swi ng across the inputs of the compa rator,
inc reasing its operat ing speed and insuring that the
device is not damaged by excessive different ial
input vol tage.

Th e buffer reduces the loading on the ladder f rom
45 JlA to 20 nA, maxim um , over a _55° C to
125°C temperature range. Hence, in most appl ica­
ti ons the inpu t current of the buffe r is tota ll y
insigni ficant. This low curre nt w ill oft en permi t

May 1969

a. Using a Ladder Netwo rk

b. Using a Binary-Weighted Network

FI GURE 1. Comparator Circuits for Fast AID Converters

the use of larger resistances in the ladder whic h
simpli f ies design of the swit ches dr iv ing it .

It is possible to balance out the offse t of the
LM 102 wi th an external 1 kn potent iom eter , R9 •

The adjustment range of this balance contro l is
large enough so that it can be used to null ou t the
of fset of both the buf fer and the comparator. A
10 kH resistor shou ld be install ed in series with
the inpu t to the LM 102, as shown. Th is is requ i red
to make th e short ci rcuit pro tecti on of the device
ef fect ive and to insure that it w i ll no t oscill ate.
This resistor should be located clo se to the inte ­
grated cir cui t .

A similar technique can be used with A I D con­
verte rs employing a binary-weight ed resisto r net ­
wo rk . This is shown in Figure lb. Th e analog inpu t
is fed into a scalin g resisto r, RI ' This resistor is
selected so that t he input vol tage to th e LM 102 is
zero when the ou tput of th e DI A network corre­
sponds to the analog input voltage. Hence, if the
01A output is too low, the output of the LM106
will be a logical zero ; and the out put will change
to a logical one as the DI A ou tp ut exceeds the
analog signal.

T he analog signal must be ob tained f ro m a source
imp edance wh ich is low by comparison to R I '

Th is can be either ano the r LM 102 buffer or the
output of the signal-processing amp lifier. Clamp
diodes, D I and D" restr ict the signal swi ng and
speed up the ci rcuit. They also lim it the inpu t
signal seen by the LM 106 to protect if f ro m over-
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loads. Operating speed can be increased even
furt her by using silicon backward d iod es (a degen­
erate tunnel diod e ) in place of the d iodes shown .
as they will clam p the signal swing to abou t
50 mv . The offse t voltage of both the LM102 and
the LM106 can be balanced out. if necessary.
with R•.

The binary weighted network can be driven with
single po le. single-throw switch es. This will result
in a chang e in the outpu t resistance of the network
when it switches, but circu it performance will no t
be affec ted because the inp ut cu rren t of the
LM102 is negligible. Hence. using the LM102
greatly simplifies switch design.

Altho ugh it is possible to use a 710 as the voltage
comparato r in these circu its. the LM106 offers
several advantages. First . it can drive a fan ou t of
10 with standard . integrated DTL or TTL . It also
has two stro be terminals available wh ich disable
the comparator and give a high ou tp ut when eithe r
of the terminals is held at a logical zero. This adds
logic capabi lity to the compa rato r in that it makes
it equivalent to a 7 10 and a two-input NAND gate .
If no t needed , the strobe pins can be left unco n­
nected without affecting perfo rman ce. The voltage
gain of the LM106 is abou t 45.000. wh ich is
30 times higher than that of the 7 10 . The in­
creased gain reduces the error band in mak ing a
com parison . The LM106 will also operate fro m the
same supp ly vo ltage as the LM102. and other oper­
at iona l amplifiers, for ±12V supp lies. However . it
can also be op erated from ±15 V supplies if a 3V
zener diod e is connec ted in series with the pos itive
supply lead .

It is necessa ry to observe a few precauti ons when
wor king with fast circuits operating from relati vely
high impedances. A good ground is necessary. and
a grou nd plane is advisab le. All the ind ividual
poin ts in the circuit which are to be grounded ,
including bypass capacitors. should be returned
sepa rately to the same poin t on the ground so that
voltages will not be developed across common lead
indu ct ance. The powe r supply leads of the in te­
grat ed circuits should also be bypassed wit h low
induc tanc e 0.01 IlF capaci to rs. These capacitors.
preferably disc ceramic, should be insta lled with
short leads and locat ed close to the devices. Last ly.
the outpu t of the com parator shou ld be shielded
from the circuit ry on the inpu t of the buffer . as
st ray cou pling can also cause oscillat ion .

Alth ough the circuits shown SO far were designed
for use in AI D converte rs, the same tech niqu es
ap ply to a number of o ther applica tion s. Figure 2
gives exa mples of circu its which can put strin gen t
input current requ irement s on th e com parato r.
The first is a co mparato r for signals of opposite
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3 . Com parator for Signals of Opposite Polarity

.~.

b. Zero Crossing Detector

c. Comp arator for AC Coupl ed Signals

FIGURE 2. Applicatio ns Requiring Low Input Current
Comparat ors

pola rity . Resistor s (R, and R, ) are req uired to
isolate the two signal sources. Freq uentl y, these
resisto rs must be relat ively large so tha t the sig"al
sources are not loaded. Hence. the input current of
th e com parato r must be red uced to prevent inac­
curacies. Ano ther exa mple is the zero -cross ing
det ector in Figure 2b . When the inpu t signal can
exceed the common mode range of the co mpara­
tor (±5V for th e LM106 l, c lamp diodes must be
used . It is th en necessary to isolate the co mpa rator
from the input wit h a relat ive ly large resistance to
preven t loading. Again. bias currents should be
red uced . A thi rd exa mple. in Figure 2c, is a com­
parat or with an ac co upled in put. An LM106 will
draw an input cu rrent which is twice the speci fied
bias cu rrent when th e signal is above the compari­
son threshold . Yet , it draws no curren t whe n the
signal is below t he threshold . This asym metrica l
current d rain will cha rge any coup ling capaci tor on
the input and produc e an erro r. This probl em can
be eliminated by using a buffer , as th e input cur ­
rent will be both low and cons tan t.

The for egoing has shown how two integrated
circuits can be co mbined to provid e sta te-o f-the­
art perform ance in both speed and input current.
Eq uivalent results will pro bably no t be achievable
in a single circuit for some time, as the techn o lo­
gies required are no t parti cularly co mpa tible.
Furt her . co nsidering the low cos t of monolith ic
ci r c u i t s , a p p roaches like this are certainly
eco no mical.
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regulators are adjusted. Tbe bottom resistor of the
div ider , R2 , is fi xed at 2K . Th e top of the divider,
RI , is then calcul ated fo r the output voltage using
1.6V as the reference vol tage. To help compensate
for the inaccuracies in the adjustment, output vo lt ­
ages are calcu lated slight ly off from th e desired
values. For the 5 and 15V regulators, RI is calcu­
lated to give a 2% low ou tpu t vol tage on the 5V
regulator and a 2% high output vol tage on the 15V
regulator .

Rs will now adjust both regulators to within 2% of
the desired output for ref erence varia tions from
1.6V to 2.0V . From th e previous calcu lat io ns, a
1.6V ref erence y ields outputs of 4.9V and 15.3V .
If the refe rence is 2.0V, Rs is adjus ted to
324 ohms and the output vol tages are 5.1V and
14.9V. I f the reference is near the typ ical value of
1.8V, both ou tputs are with in 1% of nominal.

These calcu lations do not account for resisto r in­
accuracies. If 1% resisto rs are used there is an
additional wo rst case error of 2% fo r each regula­
tor. Resisto r errors are inh erent in any t ype of
track inq regulator system, even if the adjustment is
theoret icall y exact .

A ct uall y , any number of regulators may be con­
nected to a single adjustment resistor. The adj ust­
ment accuracy of th is technique depends on the
ou tp ut vo ltage diff erences amon g the regulators.
The previous examp le was a severe difference, and
had only 2% accuracy. With close ou tput vol tages,
such as 12V and 15V, the err or is much smalle r .
Th e 12V regulator is calculated to 1/2 % low and
15V regulator 1/2 % high wi th the 1.6V reference.
Bo th regulat ors are then wi thin 1/2 % for reference
variat io ns o f 1.6 to 2.0 vol ts. Thi s adju stment
meth od is, o f course, exact if two regulators have
the same output.
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- R. J. Widl ar. " T he LM105- A n Imp roved Positive Regu­
lator," N ational Semico nductor Corporation, AN 23,
January. 1969.

TRACKING VOLTAGE REGULATORS
Integrat ed circuit vo ltage regulators are available
today wh ich are economi cal and offer a high
degree of performance. There are both positive
and negative regula to rs capabl e of achieving better
than 0.1% regulat ion under normal fluctuat ions in
input supp ly and load. Due to production varia­
t ions, the internal reference voltage in these requla­
to rs may vary as much as 10% f rom uni t to unit.
No rmally , this causes no problems as most power
supply cir cuits have an adjustment pot entiom eter
wh ich is varied to obtai n the correct outpu t vol t­
age. In systems with more than one regulated out­
put voltage, i t is sometimes desirabl e to adjust all
supp lies with a single pot entiometer. Thi s result s
in savings by eli mina t ing one or mor e poten tio­
meter s as well as eli minatin g the need to adjust the
supplies individually.

Figure 1 shows a 5V and a 15V regulator with
both outputs adjus ted wi th a single potent io met er.
Al though the technique is not exact , the erro r is
t ypically under 2%. A s shown in Figure I, the
inte rnal reference voltages fo r the LM 105' regula·
to rs, availabl e at pin 5, are t ied together. This
insures that both regulators operate with the same
reference vol tage. The lower resistor s of the out ­
put d iv ider, R2 , are connected t hrough a comm on
adjustment potentiometer to ground. Rs adjusts
both regulator s fo r var iations in the 1.8V refer­
ence. Note tha t the wiper of Rs is connected to
one side of the potent iom eter. If a rheostat con­
nection were used, the arm might open ci rcu it
dur ing adjustmen t, causing large t ransients on the
output .

Th e calculat ions of resistor values for the outp ut
d ivider resistors are made with the consideration
tha t the adjustment is not exact and tha t two
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FIGURE 1. Tracking Posit ive Regulato rs
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t A. J. Wid lar, "Designs for Negative Regulators," Nat ion­
al Semiconductor Corporat ion, AN·21 . December, 1968 .
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typic ally ma tched to 1%. This means that the ou t­
put of both regulators may be adjusted wit h 1%
accura cy by changing R, in Figure 2 .

The LM 104 may also be used with invert ing gain
for nega tive output vol tages greater than the posi ­
tive reference voltage. Figure 4 shows a circuit
whe re the - 15V supply tracks a +5V supply . In
th is configuration the non -invert ing inp ut is not
grou nded , but tied to divider , Rs , R6 , bet ween the
negat ive output and ground . The outpu t voltage

eq uals _ + [Rs+ R6 ]

VO U T - V R
6

- Rs

where V+ is the posit ive reference.

The line regulation and temp er atu re drift are
determ ined prima rily by the posi t ive refere nce,
with the negat ive output trac king. The refere nce
must be a low impedance source , such as an
LM 105 regulator, to insure that current drawn by
pin 9 of the LM104 does not affect the reference
voltage. Sinc e th e LM 104 is connected to a pos i­
t ive vo ltage inste ad of ground, it sees a tota l volt­
age eq ua l to the sum of the unregulat ed negative
input and the pos it ive reference voltage . Th is
reduces the maximum un regulated negat ive input
vo ltage allowable, and sho uld be considered dur ing
design . If the negat ive output voltage mus t be less
than the positive reference or the decrease in max i­
mum un regulated input vol tage cannot be to le­
rated , an alternate method of cons tructing track
ing regu lators is given elsewh ere t . Of cou rse, man y
nega tive regulators may be slaved to a single posi ­
tive regulator.

Using standard linea r integrated circuits, mu ltip le
output posi t ive and negat ive suppl ies may be ad­
justed to with in 2% or less by a sinqle resisto r.
Althoug h the abso lute ou tput is not exact, the
regulation accuracy is sti ll within 0.1%. The se
techni ques can result in savings by the eliminat ion
of both time and materials when used .

FIGUR E 4. T rack ing Regulator s Wit h Different Outpu t
Voltages
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FIGURE 3. Funct io nal Diagram of the l Ml04 Used as
an Amplifier

Using a negative regu lator to track a posit ive regu­
lator is a somewhat easier t ask. An invert ing
operational amp lifier may be used to provide a
negat ive ou t put vo ltage wh ile using a posit ive vo lt­
age as a refe rence . The LM 104t negative regu lator
is easily adapted for use as an inve rt ing amplifier
and pro vides several advan tages over co nventional
operational amp lifiers. It is designed to dr ive boos t
transistors for higher outpu t current as well as
providing a conve nient met hod of current limit ing
the output. Further, the frequency co mpensat ion
used on the LM104 is opt imized for transient
response to line and load chang es. Figure 2 shows
tracking ±15V regulat ors.

FIGURE 2 . Track ing Posit ive and Negativ e Regulators

Operati o n is most eas ily unde rstood by referr ing
to th e functiona l schematic of the LM104 in
Figure 3. The non-inv er tin g input of the internal
amplifier, pin 1, is connected to ground . The posi ­
t ive 15V reference is connected through an inter­
nal 15K ohm input resistor, RI 6 , to the inverti ng
input. Feed back resistor , RI S ' is also 15K ohm.
This fo rms a un ity gain invel t ing ampl ifier wit h a
negative output voltage equa l to the positive input
voltage. The 15K ohm resisto rs in the LM104 are
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PRECISION AC/DC CONVERTERS

Alth ough semiconductor d iod es availabl e to day
are c lose to " idea l" devices, they have severe limi­
tations in low level ap plicat ions. Silico n d iodes
have a 0.6V thresho ld wh ich must be overcome
before appreciab le con duct io n occu rs. By placing
th e d iode in th e feedback loop of an ope rat ional
ampl ifier , th e th reshol d vo ltage is d ivided by the
open loop gain of the am plif ier. Wit h the threshold
v irtu ally elimina ted , it is possible to rectify
mil livo lt signals. .

Figure 1 shows the simplest configuration for elim ­
inat ing d iode threshold potent ia l. If the vo ltage at
the non-invert lnq input of th e amp lif ier is positive,

r------~~Eouy

'..

FIGURE 1. Precision D iode

th e output of the l M101 A swings posit ive. When
the amplif ier ou tpu t swings 0.6V posit ive, 0 ,
becomes forward biased ; and negat ive feed ba ck
through 0 , for ces th e invert ing input to fo llow
t he non -inverting input. Therefor e, the circuit acts
as a vo ltage fo llower fo r positive signals. When th e
inpu t swin gs negative , the outpu t swings negat ive
and 0 , is cut off. With 0 , cut o ff no current
flo ws in the load except the 30 nA bias cu rren t of
th e lM 10 1A. The co nduct ion threshold is very
small since less than 100 JlV change at th e input
will cause th e ou tput of th e l M10 1A to swi ng
from negat ive to posit ive.

A useful var iatio n of this circui t IS a precisron
clamp, as is shown in Figure 2. In th is circuit the

R••
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Robert C. Do bkin
August 1969

output is pr ecisely clamped from going mor e pos i­
tive than th e reference voltage. When E'N is mor e
posit ive th an ER EF, the lMl01A function s as a
su mming ampl ifier with th e feedback loop closed
throug h 0, . Neglect ing offsets, negat ive feedb ack
kee ps the summing node , and th erefo re th e out­
put , within 100 JlV of the voltage at the non ­
inverting input. When E'N is about 100 JlV more
negat ive t han ER E F ' the out pu t sw ings posit ive,
reverse biasing 0 , . Since 0 , no w preve nts negat ive
feed back from co nt ro lling the vol tage at the
inverti ng inpu t, no cla mp ing action is obtained. On
both of the circui ts in Figures 1 and 2 an output
clamp diod e is adde d at pin 8 to help speed
respon se. The c lamp prevents the ope rat iona l
amp lif ier from satu rat ing when 0 , is reverse
biased .

Whe n 0 , is reverse biased in eithe r circu it, a large
d iffe rential volt age may appear between the inputs
of the lM l 0 1A. Th is is necessa ry fo r proper op er­
at io n and does no damage since the l Ml 0 1A is
designed to with stand large input voltages. These
circuits wi ll not wor k with ampl if iers protect ed
with back to back dio des across the inputs. Diode
protection conducts when the differen tial input
vo ltage ex ceeds 0.6V and wo uld con nect the input
and output to gethe r. Also, unprotected devices
suc h as th e lM 709, are damaged by large d ift eren­
tial input signals .

Th e circu its in Figures 1 and 2 are relat ively slow.
Since there is 100"A. feed back for positive inpu t
signals , it is necessary to use unit y gain frequ ency
compensati on. Also, whe n 0 , is reve rse biased , the
feedb ack loo p around th e ampli f ier is opened and
th e input stage satu rates. Both of these co ndi t ions
cause errors to appea r when the inpu t frequ ency
exceeds 1.5 kHz. A higher pe rforma nce precision
ha lf wave rect if ier is shown in Figure 3. This cir­
cuit will pro vide rec t ification wit h 1% accuracy at
frequencies from de to 100 k Hz. Further, it is easy
to ext end th e operat ion to fu ll wave rect ificat ion
for precision ac/dc co nverters.
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Th is precisio n rect if ier fun ct io ns somewh at differ­
ent ly from th e circuit in F igure 1. T he inpu t signal
is appl ied th rou gh R I to the sum m ing nod e of an
invert ing opera t io nal ampli fier. When th e signa l is
negat ive , DI is forwa rd biased an d develops an
o u tp ut signal across R2 . As with an y inverting
am p lifie r. the gain is R2 / R 1 . When the signal goe s
positive , D I is non-co nducting and ther e is no out­
put. However, a negat ive fe edback path is prov ided
by D 2 • Th e.path through D2 redu ces the negative
ou t put sw ;'n g to -0.7V , and pr event s the amp li­
fier fro m saturati ng.

Since the LMlOlA is used as an inverting am plifie r ,
feedforward ' compensation ca n be used . Feed ­
forwa rd compensation inc reases the slew rat e to
10V /p s an d reduces th e gain erro r a t high fr e­
qu encies. T his compen sat ion allo ws t he ha lf wave
rectifier to op erate at h igher frequ en c ies tha n the
previou s ci rcuits with no loss in accu racy.

Th e add it io n of a seco nd amplif ier co nve rt s th e
half wave rectifier to a full wave rectifie r. As is
sho wn in F igure 4, th e half wave rect ifier is con­
nec te d to inverting ampl ifier A2 • A, sums the ha lf
wa ve rect ified s igna l and t he inpu t signal to
provide a full wa ve output . For ne gat ive inpu t
signals th e output of A , is zero and no curren t
flo ws through R3 . Neglect ing fo r t he moment C"

* R. C. Dobkin, " Feedforward Compensation Speeds Op
Amp," National Sem iconductor Corporat ion. L8-2, Ap ril,
1969 .

"' OK

"

R
th e output of A2 is - R: E I N ' For pos itive input

signals, A, sums the currents through R3 and R6 ;

and

EO UT = R, [E~: -E~~].
. R,

If R3 is 1/2 R6 , the output IS R
6

EI N • Hence , t he

output is a lway s the absolute va lue of the input.

Filter ing, or averaging, to obtain a pure d c output
is very easy to do. A cap acitor, C2 , pl aced acr oss
R, ro lls o ff the fr equency resp o nse of A, to give
an output eq ual to th e average val ue of th e inpu t .
Th e fi lte r t ime consta nt is R,C" and must be
mu ch greater than th e ma ximum period of th e
inpu t signal. For the values given in Figur e 4 , the
t ime constant is abo ut 2.0 seconds . Th is co nverter
has better than 1% conversion acc urac y to ab ove
100 kHz and less than 1% rippl e at 20 Hz. Th e
outpu t is cal ibra ted to read th e rms value of a sine
wave input.

As with any high fr equ en cy circu it som e ca re mu st
be. ta ke n during co nst ruc t io n. Lead s sho uld be
ke pt sho rt to avo id st ray ca paci ta nce and po wer
supplies bypassed wit h .0 1 pF d isc cer amic cap ac­
ito rs. Capacit ive loadi ng o f th e fast rect ifier
c ircuits must be less than 100 p F o r decoupl ing
becomes ne ce ssary . Th e d iodes should be rea­
so nably fast and f ilm type resistors used . Also, t he
amp lif iers mu st have low bias currents.

"'OK

"
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fiGURE 4 . Prec ision AC to DC Convert er
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This adj ust ment method is also useful when the
feedback element is a capacito r or non-lin ear
device.

RJ

R4

FIGU RE 2. Off set Voltage A djustment for In vert ing Am­
plifie rs Using Any Type of Feed back Ele­
men t

OUTPUT

Rl · 2000 Rl IR4
R4 I RJ< l DU l

RANGE :- !Y ( R3~ lR4)

UNIVERSAL BALANCING TECHNIQUES

IC op amps are widely accepted as a uni versal
analog com ponent . Al though the ci rcuit designs
may vary, most devices are fun ct ionally int er­
changeable. However, offset vo ltage balancin g
remains a personal it y tra it o f t he part icular arn­
plifier design. The techniques shown here allow
of fset vol tage balaacinq wi thout regard to th e
internal circuitry of t he amp li f ier .

FI GURE 1. Off set V ol tage Adjustment fo r Inverting A m­
plif iers Using 10 kfl Source Resistance or
Less

The circu it shown in Figure 1 is used to balance
out the off set vo ltage o f invert ing amp l if iers hav­
ing a source resistance of 10 kn or less. A small
current is inje cted int o the summi ng node o f t he
amplifie r through R I . Since R I is 2000 t im es as
large as th e source resistance the vo lt age at th e arm
of the pot is attenuated by a factor of 2000 at the
summing node. With th e values given and ± 15V
suppl ies the ou tput may be zeroed for offset vo lt ·
ages up to ±7.5 mV .

I f the value of the source resistance is mu ch larger
than 10 kn , the resistance needed for R I becom es
too large. In th is case it is much easier to balance
ou t the o ff set by supplyi ng a small vo ltage at th e
non-invert inq in put of the ampli f ier. Figure 2
shows such a scheme. Resistors R I and R, d ivide
the vol tage at the arm of the po t to supply a
±7.5 mV adjus tmen t range wit h ± 15V suppl ies.

Th is techn ique o f supply ing a small voltage eff ec­
t ively in seri es with t he input is also used for
adjusting non-inverti ng ampl if iers. A s is shown in
Figure 3, div ider R

"
R, reduc es the voltage at the

arm of the pot to ! 7.5 mV for of f set adjustmen t.
Since R, appears in ser ies with R4 , R, should be
considered when calcul ating the gain. If R4 is
greater than 10 kn the error due to R, is less
th an 1%.

RS

·v RI
200K R4

RJ
SDK

R2
100

FI GURE 3. Offset Vo ltage Ad justment for No n-In vert ing
Am plif iers
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F IGURE 4. O f fs et Voltage Adjustment for Voltage
Followers

A vol tage fo ll ower may be balanced by the tech­
nique show n in Figure 4. RI injects a cur rent
which produces a vol tage drop across R3 to cancel
the off set voltage. The add ition of the adjustment
resistors causes a gain error , increasing the gain by
0.05 %. T his small error usuall y causes no prob lem,
The adjustmen t cir cuit essent ially causes th e offset
vo ltage to appear at fu ll outpu t , rat her than at lo w
output levels, where it is a large percentage error .

(~)

OlH PUT

R2 ~ Rl + R4

RANGE'O!V (~)

GAIN :::~

' v

R'
'0

R!

RI

Rl

FIGURE 5. Offset Vo ltage Adjustment fo r Differential
A mpl if iers

R2

1 krl. If R3 is less than 1K the shunti ng of R4 by Rs
must be conside red when choosin g th e value of

R3 ·

INPUTS

'2 ;::+""",""'~.-1

OUTPUT

RANGE.. -v (~)

RJ,.

INPUT

R2
l OOK

Diff erent ial ampl if iers are somewhat more difficult
to balance. Th e offset adjustment used for a differ­
ent ial ampl if ier can degrade the common mod e
reject ion rat io. Figure 5 shows an adjustment ci r­
cui t wh ich has mi nima l effect on t he common
mod e reject ion. Th e voltage at the arm of the pot
is di vided by R4 and Rs to supply an offset cor­
rect io n of ±7.5 m V. R4 and Rs are cho sen such
that the common mode reject ion rat io is limited
by the amplifier for values of R3 greater than

Th e techniques descr ibed fo r balancing of fset volt ­
age at th e input of th e amp l if ier offer two main
advantages: First , th ey are uni versally applicable
to all operat ional ampl ifiers and allow device inte r­
changeability w it h no mod if icat ions to the balance
circui t ry. Second , they permi t balancing withou t
in terf er ing wit h the inte rna l circui t ry of the am­
plif ier. The elect ric al paramete rs of the amplif iers
are t ested and guarant eed w ithout balancing .
A lt hough it doesn't usually happ en, balancing
could degrade perf ormance.
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rc REGULATORS SIMPLIFY
POWER SUPPLY DESIGN

Alth ough power su pply requ ireme nt s vary, IC
voltage regulator s can fulfill th e majo rity o f needs.
Power su pplie s designed with ICs can give predict·
able regu lat ion better than 0.1 % with a min imum
of engineering effo rt. Out put vo lta ges bet ween 0
and 40 V at currents o f l OA are easily achi eved .
Furt her, with a min imum of changes, a single
regulator circuit can be used for a wide variety o f
ou tpu t volt ages and cu rren ts.

A basic 200 mA pos it ive regulato r circuit is shown
in Figure 1. The LM10S ' co ntai ns the voltage
reference and co ntro l ci rcu it ry whi le the ex te rnal

FIGUR E 1. 200 rnA Positive Regulator

components set the outpu t volta ge, curre nt limit
and increase powe r handling ca pac ity of th e IC.
The output voltage is set by R, and RJ . A fracti on
of th e output vol tage is co mp ared by an erro r
ampl ifier with an interna l 1.8V reference. Any
error is amplified and used to drive the 2N3 740
power tran sisto r. Since the o pen loo p gain is large,
there is litt le error and a high degree o f regulat ion .

Curr ent limiting is set by R, . The voltage drop
across R I is appli ed to the em itter base juncti on of
a t ransisto r in th e IC. When the t ransistor is tu rned
on, it remo ves drive from the series pass t ransistor;
and th e regul ator output exhibi ts a cons tant cu r­
ren t charac terist ic. Sinc e the turn on voltage of a
t ran sisto r is temperature dep endent , so is th e cur­
rent limit. The current limit sense voltage is abo ut
O.4V at 2SoC decrea sing linearly to 0 .3V at 12SoC.
Therefore, th e current limit resistor must be
cho sen to prov ide adeq uate outp ut cu rre nt at the
max imum ope rat ing temp erat ur e.

Ro bert C. Dobkin
Jan uary 1970

T o regulat e negative voltages, th e c ircuit in
Figure 2 is used . An LM104 2 con ta ins th e voltage
reference and con tro l cir cuitry while an externa l

"ou. · ·u\'

FIGURE 2. 200 mA Negative Regu lato r

transistor is used to increase the power hand ling
ca paci ty . A refe rence vo ltage is gene rated by
driving a co nsta nt cu rren t , det ermined by R I ,

through R2 • Th e voltage ac ross this resistor is fed
into an error amplifier. Th e error amp lifier co n­
trois the ou tput volta ge at twice th e voltage across
R2 • Th e output voltage is resistor pro gramm able
with R2 and ad justa ble down to zero.

Current limi t in th e LM104 is similar to the
LM10S. Voltage across RJ turn s o n an interna l
tran sist or that decreases dr ive to the ou tp ut tr an­
sistors. Th is curren t limit sense vo lta ge is also
temp erat ure dep endent, decreasing from 0.6SV at
2SoC to O.4SV at 12SoC.

Boo sti ng th e availab le output cu rre nt from
200 mA is relat ively simple. Figure 3 shows posi-

F IGUR E 3a. 2A Posit ive Regulator

tive and negative 2A regulators. An add itiona l
power tr ansistor increases the cu rrent hand ling
ca pability o f the regu lat or . Add ing the boost t ran -

LB10 - 1

r­
OJ,...
o

o
::c
m
C)
c:
r-
l>
-Io
::c
en
en
s:
"'C
!:
-n
<
"'C
o
~
m
::c
en
c:
"'C
"'C

~
C
m
en
C)
z



"'""

FIGURE 3b . 2A Negative Regulator

sistors incr eases t he output current without
'increasing the minimu m input-ou tp ut volt age
different ial. The minimum differentia l wi ll be 2 to
3V, depend ing on the dri ve current required fro m
the integrated circuit and op erat ing temp erature.
Low input-o utput voltage differential allows more
efficient regu lation .

Alth ough th e regulators are relatively simple, some
precaut ions must be taken to eliminate possible
prob lems. First , when the regulato r is used with
boo st tran sistors, a so lid tanta lum output capa ci­
tor is need ed . Unlike electrolyt ics, so lid tan ta lum
capacitors have low int ernal impedance at high
frequ encies. Thi s sup presses possible high fre­
q uency minor loo p osci llations as we ll as providi ng
low output impedance at high frequ ency. Also, fo r
the LM104 , the output capacitor frequency co rn­
pen sate s t he regulato r and must have good
frequency cha rac te rist ics.

The power t rans istor s reco mmended are sinqle­
diffused , wide- base devices. These devices have
fewer oscillation problems th an double-d iffused,
planar tran sistors. Also, the y seem less prone to
failure under overload co nd it ions. Of cou rse, like
th e power transistors in any regulat or , adeq ua te
heat sinking is necessar y. The heat sink shou ld
keep the t ran sisto r junction temp erature at an
acceptable level for worst case con di t ions of
m a x im u m input vo lta ge, maximum ambi ent
te mpe ratu re an d sho rted out put . By far , th e major
cause o f regu lato r failur es is inadequate heat
sinking.

Good construct ion techniques ora also important
fo r regulator performance. If pro per ca re is no t
taken, gro und loop erro rs an d lead resistance drops
can easily become great er than regulator errors.
For exa mple, 0.05" wide , 2 oz. print ed circu it
conductor has a resistance of about O.OOnl per
inch. For a 200 mA, 15V regulato r, ten inch es o f
conducto r would dec rease th e regula tion by a
factor of 2.

LB10-2

Ground loop s are wo rst yet, since volt age dro ps
can be amplified and appear at th e regulator's out­
put. In Figure 3, voltage drops between Pin 4 of
the LM105 and th e bottom of R, are ampl ified by
th e ra t io of R, /R , and app ear at the out put.

When the regulat or is powered fro m ac that is
recti fied and filter ed, current flowing in the filter
can so meti mes ca use an unusual ground loop
probl em. For ca pac ito r input filter s, the peak
charging current is many times the average load
current. Even a few milliohm s of resistance can
cause apprec iable voltage drop du ring the pea k o f
th e cha rging. When th e charging current produ ces
a voltage drop between R., and Pin 4 of the
LM105, it app ears as excessive rippl e on the ou t ­
put of the regulator.

Of course, single po int ground ing eliminates th ese
probl ems, but this is not alway s possible. Usually
it is suff icient to insure that load current does not
gener at e a vol ta ge d rop between th e ground side of
th e voltage sett ing resistor and th e ground of the
IC.

In most cases, short circuit protect ion is the only
fault protect ion needed. However, for so me requ­
lator circui ts, such as posit ive and negative requ­
lators used together, addit iona l protect ion is neces­
sary. If th e po sitive and negativ e sup plies are
shorted toge the r, it is possib le to cause th e ou tp ut
vo ltage of one of th e supplies to rever se, blowi ng
the IC. Th is is especially true if th e curre nt cap a­
bilit ies are diffe ren t, such as a 200 mA negat ive
supply and a 2A positive supply. A cla mp d iode
between the outp ut and ground o f each supply
will prevent suc h polarit y reversals. Also , clamp
diodes shou ld be used to prevent input po lar ity
re versal and input-output vo ltage different ial
reversa l.

The use of ICs in regulator circuits can enhance
power supply performance while minimi zing cost
and eng ineer ing t ime. Since only o ne IC is needed
for a wide range of outputs, th e part cos t , bo ard
space and pu rchasing problems are less whe n com­
pared to d iscrete designs. Also enginee ring t ime is
saved since typi cal and wor st case perfo rma nce
data, as well as applicat ion data, is available from
the manufac turer before design is begu n.

REFERENCES:

1. R.J . Widlar, " An Improved Posit ive Regulator,"
Na t io n al S emiconduc tor A N·23 , January,
1969 .

2. R.J . Widlar, " Designs for Negativ e Regulators,"
Na ti o n al S e miconductor AN·21 , October,
1968.



THE LM11O- AN IMPROVED
rc VOLTAGE FOLLOWER

There are quite a few app l icat ion s wher e op amps
are used as vo ltage fo llowers. Th ese include sample
and ho ld circu its and acti ve fi lt ers as well as
general purp ose buffers for tr ansducers or other
high·impedance signal sources. The general use­
fu lness of such an amp lifier is part icul arly en­
hanced if it is bo th fast and has a low inpu t bias
current. High speed permits inc lud ing t he bu ffe r in
the signal path or w ith in a feedback loop withou t
signi f icantly affec tin g response or stabi li ty . Low
input current prevents loading of high impedance
sources. which is th e reason for using a buff er in
the fi rst place.

The LM 102, int roduced in 1967, was designed
specif ically as a vo ltage follower. Therefor e, i t was
po ssib le to optimize perfo rm ance so t hat i t
wo rk ed better than general pur pose IC amp l ifie rs
in this applicat ion. This was particu lar ly tru e with
respect to obtaini ng low inpu t currents along wi th
hiqh-sp eed operat io n.

One secret of th e LM 102's performance is th at
followers do no t requ ire level shif ti ng. Hence,
lateral PNP's can be elim inated from th e gain path .
This has been the most sign ificant lim ita t ion on

LM1 02

March 197 0

the f r equ ency response of general purpose
amp li f iers. Secondl y , it was the fi rst IC to use
super-pain tr ansistor s. With th ese devices, h igh
speed operat ion can be real ized along with low
input currents.

The LM 110 is a vo ltage fo llower th at has been
designed to supersede the LM 102. It is consi der­
ably mo re flex ib le in it s application and offers
substantially improved performance. In part icular,
the LM 110 has lower of fset-vol taqe dr i ft, inpu t
current and noi se. Fur t her, i t is faster, less pron e
to oscilla t ions and operates over a wider range of
supply voltages.

The advantag es of th e LM 110 over the LM 102 are
describ ed by the foll owi ng curves. Improvements
not included are increased ou tp ut swing under
load, larger small ·signal band width, and elimina­
tion of oscil lations with low-impe dance sources.
The perf orm ance of the se devices is also compared
w ith qeneral-purpose op amps in Tables I and II.
The advantages o f optimi zing an IC fo r thi s par­
ticu lar slot are clearl y demonstrated. Lastly, some
typical app li cations for voltage fo l lowers with th e
perform ance capabil ity of th e LM 110 are given.
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Biggest design difference between th e LM 102 and LM110 is the elimination of the ze ner diodes (0 1
and 0 2 1 in the biasing c ircu it. This reduces no ise and perm its operat io n at low supply vo ltages.
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PoWfrbandwidth of the lMll0 is five times larger
than the lMt 02.

Elimin.uinq zeners 'e duces typical high frequency
noise by ne.rl y a teeter of 10. Worst clSe nOiseIS

reduced lNen more. High frequency norse of
lM102 h~ caused problems when It WIS Included
inside feedback loop with othe' Ieop .mp s

l.rge signal pulse response shows 40V/.lJS stew fOf
lMll0 .nd 10V11JS for lMl02 . l eading edge:over
shoot on lMlfO is virtually eliminated. so exte,
nal c1.mp diode frequently requin d on tne LM102
is not nH ded.

OFFSEP" BIAS"· SLEW t SUP9lY·
DEVICE VOLTAGE CURRENT RATE BANDWIDTH ' CURRENT

ImV) (nA) IV/~1l (MHz) ImAI

LM110 60 10 40 10 55
lMl02 1.5 100 10 10 5 5
MCI5 56 60 30 ' .5 1 15
~A715 15 4000 10 10 1.0
LM108 30 3 0.3 1 0 8
LMIOBA 1 0 3 0.3 I 06
lMI01A 3.0 100 0.6 1 30
~A741 6.0 1500 0.6 I 3.0

OFF SET" BIAS " SLEW' SUPPL Y"
DEVICE VOLTAGE CURRENT RATE BANDWIDTH T CURRENT

ImV) InA) IVl~sl IMH z) ImA)

lM 310 15 1 0 40 10 55
LM302 15 30 10 10 5.5
MC1456 10 30 1 .s 1 1.5
~A1 1 5C 15 1500 '0 10 10
lM 308 1 5 1.0 03 1 0 .8
LM308A 0 ; 1.0 0.3 1 0 8
LM301A 1 5 '50 06 1 3.0
~A 7 41 C 6.0 500 0 6 1 3 0

· · MUI",um fo r - SS"C 'ST• .; 125·C

· M . lIllm um at 25· C

' T YP IC•• at 25"C

Table I. Comparing Per fo rm ance of Mil itary Grade IC
O p Am ps in the Vo lt age -Fo llo wer Connect ion .

"M.i ...m um at 25"'C

'TYPiCal at 25'"C

T able II. Comparison of Commercial G rad e Device s,
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lI.

FI GU RE 2. Illus trating the Influ ence of Source Resis­
tance on Worst Case, Equivalent Input Offset
Voltage.

Table I gives the import ant elect rica l characte r­
istics o f the LM 111 and compares th em wi th th e
specif icat ions o f o lder ICs.
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voltag e. The PNPs drive a standard di ff erent ial
stage. The output of this stage is further ampli f ied
by the Os-0 . pair . This feeds a lateral PNP, 0 9 ,

tha t provides addi tional gain and dri ves the output
stage.

Figure 2 shows how th e redu ced erro r curren ts of
the LM 111 improve circuit performance. With the
LM710 or LM 106, th e offset vo ltage is degraded
for source resistances above 200 n . The LM 111,
howeve r, works well wi th source resistances in
excess of 30 kn . Figure 2 appl ies for equal source
resistances on th e two input s. I f th ey are unequal ,
the degradat ion wi ll become prono unced at lowe r
resistance levels.

Th e ou tput tran sistor is 0 " which is dr iven by
th e level shi ft ing PNP. Current lim it ing is prov ided
by R. and 0;0 to protect the circu it from inter­
mi tt ent shorts. Bot h the output and the gro und
lead are iso lated from other po ints w ithin the cir­
cui t, so either can be used as the ou tp ut . The V ­
termina l can also be ti ed to ground to run the
circuit fr om a single supply . The comparator w il l
work in any con figurat ion as long as the groun d
termin al is at a pot ential somewhere between th e
supply voltages. The output terminal , however,
can go above the posit ive supply as long as the
breakdown vol tage of 0 I I is not exceeded.

Anoth er useful feature of th e ci rcui t is that it can
be powered fro m a single 5V supply and dr ive
DT L or TTL in tegrated circu its. T his enables the
designer to perfo rm linear fun cti ons on a digita l­
circui t card without using extra supplies. It can,
for example, be used as a low -level photodiode
detector , a zero crossing det ect or for magneti c
tr ansducers, an in terf ace for high -level logic or a
precision mu ltivib rato r .

ANIC VOLTAGECOMPARATOR
FOR HIGH IMPEDANCE CIRCUITRY

This new com parato r is consi derably mor e fl exible
than the old er devices. Not on ly wi ll it drive RTL,
DT L and TTL logic; but also it can interface with
MOS logic and FET analog switches. It operates
f rom standard ± 15V op amp suppl ies and can
switch 50V , 50 mA loads, mak ing it usefu l as a
dr iver fo r relays, lamps or light -emitt ing d iodes. A
un ique output stage enables it to dri ve loads refer­
red to eith er supply or ground and provide ground
isolati on between th e comparator inputs and the
load.

The IC voltage comparators available in th e past
have been designed primar i ly for lo w vo ltage, high
speed operat ion . As a result , th ese devices have
h igh input error curre nts, which limit th eir useful­
ness in high imp edance ci rcuit ry . An IC is de­
scr ibed here tha t drastically reduces th ese error
curre nts, wi th on ly a mod erat e decrease in speed.

FIGUR E 1. Simpl ified Schemat ic of the LM 111

Figure 1 shows a simpli f ied schematic of this
versat i le comparato r . PNP t ransistors buffer the
differenti al input stage to get low input currents
w ithou t sacri ficing speed. Because th e emi tte r base
breakdown voltage o f th ese PNPs is typicall y 70V,
they can also withstand a large different ial input

A few, t yp ical applicati ons of th e LM 111 are ill us­
trated in Figur e 3. The fi rst is a zero crossing
detector driving a MOS analog swit ch. The ground
terminal of the lC is connected to V-; hence, w ith
± 15V supplies, the signal swing del ivered to the
gate o f 0 , is also ± 15V. Th is t ype of circui t is
useful where th e gain or feedback con fi gurat ion of
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Table I. Comparing the LM111 w ith earlier Ie compare-
tors. Values given are worst case over a _55°C to
125°C temperature range , except as noted.

Parameter LMll1 LM106 LM710 Units

Input Off set
4 3 3 mV

Vo ltage

Input Offset
0.02 IlACurrent

Input Bias
0.15 45 45 Il ACurrent

Common Mod e
! 14 ! 5 ! 5 V

Range

Diff erent ia l Inp ut
Volt age Range ! 30 ! 5 ! 5 V

Vol tage Gain t 200 40 1.7 V/mV

Response Time t 200 40 40 ns

Output Drive
Vol tage 50 24 2.5 V
Current 50 100 1.6 mA

Fan Out
8 16

IDT UTIL)

Power
80 145 160 mW

Consumption

tTypica l at 25° C.

an op amp circuit must be changed at some pre­
cisetv -deterrnined signal level. In cidentall y, it is a
simp le matter to modif y th e ci rcu it to wo rk wi th
ju nct ion FETs.

Th e second circui t is a zero cros sing detect or for a
magneti c pickup such as a magnetom et er or sha ft ­
posi t ion pi ckoff . It deli vers th e ou tput signal
di rect ly t o DT L or TTL logic circuits and operates
fr om the 5V lo gic supply . T he resist ive d ivi der, R J

and R" biases th e inputs O.5V above ground,
within the co mmon mod e range o f the device. A n
opt io nal offse t balancing circu it, R3 and R" is
included .

T he next circu it shows a comparato r fo r a low ­
level pho tod iod e op erat ing w ith MOS logic. T he
output changes state when the d iod e curren t
reaches 1 p A . At the switching point , t he vol t age
across the photod iode is nearl y zero, so its leakage
current does no t cause an erro r. The output
switc hes bet ween ground and - 10V, dr iv in g the
data inputs of MOS logic d irec t ly .

T he last ci rcu i t shows how a grou nd -referr ed load
is dr iven f rom th e ground terminal of t he L M 111.
Th e input po lari ty is reversed because th e ground
t erm inal is used as th e output. An inc and es-

LB12-2

cent lamp , wh ich is th e load here, has a cold resis­
tance eight t im es lower than it is during norm al
operat ion. Th is pr odu ces a large in ru sh current ,
w hen it is switched on , th at can damage the
swi tch. However , th e current limiting of th e
L M 111 holds this cu rr ent to a safe value .

~
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\"'"
1 _ G'

3 . Zero Crossing Det ector Driving Analog Sw itc h

TII ' H
105't

b. Det ector for M agneti c Tr ansducer

c. Co mparator fo r l ow Lev el Photodiod e

-~. . ,-
,. ·uu· I'"'' '

. "
.....'_.,, ~ .....lQ..... . -....... ... .....' " -

d . Driv ing Groun d-R eferred Load

FIGURE 3. T yp ical A pplic ations of the LM111 .

T he applicat ion s descr ib ed above show th at th e
output-c ircu it f lex ibilit y and wi de sup ply -vo lt age
range of the LMll1 op ens up new f ields for tC
comparators. Further, it s low error currents perm it
its use in circuits w it h impedance levels above
I k!L Al though slowe r th an o lder devices, it is
more th an an orde r of magni t ude faster tha n op

amps used as comparato rs,

T he L M 111 has the same pi n conf igurat ion as the
LM7 10 and LM106. It is in terchang eab le wi th
these devices in appl icat ions wh ere speed is not of
prime conce rn.



APPLICAT IONS OF TH E
LM 173/LM273/LM373

The LM17 3 fam ily of mult i-mode IF amplifier/
detecto rs has been designed for AM, FM and SSB
app l icat ion s in the communicat ions market. It con­
sists o f two ampli fie r sect ions, a gain cont ro l stage,
a fu ll y balanced FM/ SSB detector , and an act ive
AM/SSB peak detector whose outpu t mat ches th e
A GC input characterist ics.

November 1970

FM OPERATIO N

Grounding th e AG C input , pin 1, closes the
switch connect ing th e quadratu re capaci to r to the
quadr ature netwo rk term ina l pin 6. This networ k ,
tun ed to th e nom inal center frequenc y o f the IF
st r ip gives a phase shi ft that var ies wi th frequency
at pi n 6 (input A of the quadratu re detector ) wi th
respect to th e signal at in put B. This produ ces a
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FI GU RE 1. Bl ock Diagram of LM1 73

To convert between mod es of operation, one
simply makes the appropr iate de connections and
takes the recovered signal trom the out pu t of the
desired detecto r . Two pins are invo lved in pro­
gramm ing the mode of operat ion. pin 1 and pin 6.
Since A GC is not nor mally used for FM, ground ing
pin 1 clo ses the quad capacitor swi tch to enable
the balanced mixer to funct ion as an FM
quadrature detecto r . Since the balanced mixer is
not requ ired fo r AM, connect ing a resistor fr om
pi n 6 to ground unbalances th e mixe r allowin g it
to pass signal. Al so, th is t ransfers the balance
sensing circui t r y f rom the input of the balanced
mixer in FM (or SSB) mode to th e input o f the
AM detector . For examp le, FM operat ion is
achieved as shown in Figure 2.

pulse dura t ion modu lati on of the detecto r output
current which is integrated by th e capacitor on
pin 7. This capacito r may also be used for
de-emph asis, A considerable range for comp romise
exists in t he cho ice o f Q o f th e quadrature
netwo rk. Increasing the Q result s in greate r output
level and di storti on for a given fr equency devia­
tion. Al so, the parall el resonant imp edance of the
netwo rk shou ld be such th at 2:50 m V rms signal
appears on the qu adratur e phase term inal to ensure
swit ch ing act ion of the detect or and maximum
outpu t. An alternate higher level aud io signal may
be taken from the peak detec tor outp ut pi n 8.

Precise de balance of input B o f the qu adratur e
detector is main tained by an activ e dc feedback

, -- ---- ---- - -- - - -------- - - - - l
I r -- - -- -, II : I

I
I
I
I

FIGURE 2 . FM I F Connection
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network . The dc feedback bypass pin must be
decoupl ed at lo w fr equenci es to ensure stabili ty of
this loop. A 1.0 p F shunted by a .01 p F for good
high frequency decoup l ing is qu it e adequate . Note
that a dc path th rough the input or interstage f ilter
is not necessary (or desirable).

AM OPERATION
In Figure 3, the LM 173 funct ions as an A M IF
amp li fie r and detector by unbalancing the bat­
anced mixer and conn ect ing the peak detector

network to th e input of th e act ive peak detector
for optimum AM performance. Pin 6 should not
be grou nded directly or excessive device cu rrent
drain may result. L i ft ing the A GC input from
gro und opens the quad capacito r switch , as
descr ibed earl ier .

An improvement in signal to noi se rat io may be
obta ined when interstage f iltering is not used, or is
fairl y broad, by conn ect ing a parall el resonant
ci rcui t in shunt with the signal pat h at pin 7.

'-----------~~~~~~~~~~----- ----------- ----i

ii' I
I I

I
I
I
I
I

.:.;<>0- - - -+

FIGURE 3 . AM IF Connection

output to the A GC input through an RC network
with a suit able attack /decay time con stant. De­
creasing the value o f R, w i ll increase th e A GC
range o f the system at th e expense of recovered
output level due to th e reduced dc drop across R I .

Th is vo ltage dr op result s fr om th e AGC bias
curr ent .

The balanced mixer is disabled by apply ing an
o ffset vo ltage to input A wi th resistor R, to
groun d. Th is also tran sfers the act ive dc balance

SSB OPERATION

In single sideband oper ation, we require both AGC
and balanced m ixer fun ct ions and therefore we do
not ground pin 1 or pin 6. By inject ing 25 m V rm s
or greater BFO signal into balanced m ixer input A
at pin 6, the mi xer acts as a pro duct dete ctor, and
we obtain our recovered audio at pin 7_Th e peak
detector may th en be used to generate an aud io
der ived AGC vol tage as shown in Figure 4 . The
connect ion of a manual gain cont ro l for CW oper a­
t ion is also illus trated .

,- - - - - - - - - - --- - - - - - - - - - - - - - - - ,
I 1-- ------: I

I I
I
I
I
I

FIGURE 4 . SSB and CW IF Connection
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to insure stabi l ity . If load capacitanc e is greater
than about 75 to 100 pF , it must be isolated as
show n in Figu re 3. A small capaci tor is always
needed to pro vide a lead across the feedback resis­
tor to compensate fo r st rays at the inpu t . Abou t 3
to 5 pF is the mini mum value capacitor . Care must
be taken to mi nimize stray capaci tance at Pins 1, 2
and 8 when feedforward compensa tion is used.
Ad dit ionall y , when the source resistance on the
non inverti ng inpu t is greater than 10k, it should be
bypa ssed with a .01 p F capacitor .

When th e LM 108 is used wi t h feedf orward com­
pensat ion , it is less tol erant of capacit ive loading
and st ray capacitance. Precautions must be tak en

10 100 I. I lIII I ltOtI 1M 10M

FREQUE NCYIHlI

FIGURE 2. Open Loop Vo ltage Gain

OUTPUT

Figure 1 shows a schemat ic of an LM 108 usin g the
new compensat ion . The signal f rom the invert ing
input is fed for ward around the inpu t stage by a
500 pF capacitor, C, . At high frequenci es it pro ­
vid es a phase lead. Wit h this lead, overall phase

"5,'

INPUT-'W ........=-t

CI
~OD pF

Feedforward fr equency compensati on of opera­
ti onal amp li f iers can provid e a signi f icant increase
in slew rat e and bandwidth over standard lag com ­
pensation . When feedfor ward compensation is
applied to th e LM 101A operational ampl ifier, ' an
order of magnitude increase in bandwid th result s.
A simple feedf orw ard network has also been devel­
oped for use wi t h the LM108 mi cropower ampli ­
f ier to give a facto r o f f ive im provement in speed.
It uses no act ive components and does not degrade
the excellen t de characterist ics of the LM 108 .

SPEED UP THE LM108 WITH
FEED FORWARD COMPENSAT ION

FIGU RE 1. LM108 with Feedforward Compensation R'
""

FIGU RE J. Oec oupling Load Capac itance

A s wi th any extern all y compensated ampli f ier,
increasing the compensation of th e LM 108 in ­
creases the stability at th e expense o f slew and
bandwid t h. The circuit shown is fo r the fastest
response. Inc reasing th e size o f C2 to 20 or 30 pF

shift is reduced and less compensat ion is needed to
keep th e amp l if ier stab le. The C2 - R, network
provides lag compensat ion, insur ing that th e open
loop gain is below unity befo re 180

0
phase shi ft

occurs. The open loop gain and phase as a fun ction
of fr equency is compared with standard compensa­
ti on in Figure 2.

The slew rate is inc reased fro m 0.3V/ps to about
1.3V /ps and the 1 kHz gain is increased from 500
to 10,000. Small signal bandwidth is extended to
3 MHz. The band width must be li mited to 3 MHz
because the phase shift through the lat eral PNP
tran sistor s used in the second stage becomes exces­
sive at high er fr equencies. Wit h the LM 101 A,
10 MHz bandwidth was possibl e since t he signal
was by passed around t he low f requency lateral
PNP's. Non etheless, 3 MHz is very respect able fo r
a mi cropower ampli f ier drawing on ly 300 p A qu i­
escent cu rrent.

CI.....

R'...
c.J a
..

a
,, ",

. tl >";;O\F
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wi ll prov ide 2 or 3 t imes greater stabil it y and
capacitive load tol erance. Therefo re, the size of
the compensati on capacito r shou ld be opt imized
for the bandwidth of the part icular applicat ion .

Th e stabili ty o f the LM 108 wi th feed forward co rn­
pensation is ind icated by th e small signal tr ansient
responses shown in Figure 4. It is qui te stable since
there is l ittle overshoo t and r inging even though
the amplifier is loaded wit h a 50 pF capacito r.
Large signal t ransient response for a 20 V square
wave is show n in Figure 5. The small posi ti ve over­
shoot is not severe and usually causes no prob lems.

FIGURE 4 . Sm all Signal Transient Response of lM108
wit h Feedfo rward Comp ensation

Th e LM 108 is unusuall y insensitiv e to pow er sup­
ply bypassing with the new com pensation. Even
wi th several feet of wi re between the device and
power supply, it does no t becom e unstable. How-

LB14- 2

FIGURE 5. Large Signal Transient Response of LM108
wi th Feedforward Compensation

ever, i t is st i ll wi se to bypass the supplies fo r dri l l
since noise on t he V + Iine can be injected to the
summing jun ct ion by the 500 pF feedf orward
capacitor .

Th e new feedforward compensat ion is easy to use
and o ffe rs a factor of fi ve improvement over sta n­
dard co mpensation. Slew rate is inc reased to
1.3V IllS and power bandwid th extended to
20 kHz. A lso, gain erro r at h igh fr equenci es is
reduced. Th is makes th e LM 108 mor e usefu l in
precision appli cat ions where low de erro r as well as
low ac erro r is desir ed.

REFERENCE:

1. Robert C. Dobk in , " Feed forward Cornpensa­
t ion Speeds Op Amp," National Sem iconductor
L8·2, March, 1969 .



HIGH STABILITY REGULATORS

:::t
C)
:::t
CJ)
-4
:x>
l:D
r-
=i
-<
::D
m
C)
C
r-

~o
::D
CJ)

r­
l:D,...
CJ1

A lthough the regulators are relativ ely simp le. some
precaut ions must be taken to el imina te possib le
prob lems. A sol id tantalum ou tpu t capacitor must
be used. Un li ke elect ro lvtics. soli d tant alum capac­
ito rs have low interna l imp edance at high fre­
quencies. Low impedance is needed bot h fo r
fr equency compensat ion and to eliminate possible
minor loo p oscillations. The power t ransistor
recommended for th e negative regulat or is a
single-d i ff used w ide-base device. Th is tr ansistor
ty pe has fewer oscil lat ion prob lems than doub le
di ff used tr ansistors. A lso, it seems less pron e to
failure under overloa d condi tions.

The negat ive regulator shown in Figure 2 operates
sim i lar ly, except tha t discret e t ransistors are used
for the pass element. A transisto r , 0 " level sh if ts
th e ou t put of th e LM 1OB t o dri ve out put t ransis­
tors, 0 , and 0 • . Curr ent lim iting is provided by
0 ,. Capacitors C, and C. frequ ency compensate
the regulat or.

In the positi ve regulator the use of an LM1 09
instead of d iscrete power t ransistors has several
advant ages. First , the LM109 contains all the bias­
ing and curr ent limit circ ui try needed to supply a
l A load. This simp l if ies th e regulator. Second, and
pro bably most importa nt, th e LM109 has t hermal
overload pro tect ion, making th e regu lator virtu all y
burn-out proo f. If the power dissipat ion becomes
excessive or if there is inadequa te heat sink ing, the
LM 109 wil l turn of f wh en the chi p temperature
reaches 175°C , prevent ing the device from being
destroyed. Since no such device is available for use
in th e negative regulator , t he heat sink should be
large enough to keep the jun ct ion temperatur e of
the pass trans istors at an acceptable level fo r worst
case condi ti ons of maxim um ambi ent temperature,
max imu m input voltage and shorted out pu t .

Robert C. Dobk in
January 1971
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Precision regulator s can be bu i lt using an IC op
amp as th e cont ro l ampl i f ier and a discrete zener
as a reference, wh ere t he performance is dete r­
mined by th e refer ence. Figures 1 and 2 show
schemat ics of simp le posit ive and negat ive regu­
lators . They are capabl e of prov iding bett er tha n
0.0 1% regulati on for worst case changes of line,
load and temperat ure. Ty pically, the li ne rejection
is 120 d B to 1 k Hz; and t he load regulat ion is
better t han 10!J.V for a 1A change. Temperatur e is
the wo rst source of err or ; however, i t is possible to
achi eve less th an a 0.0 1% change in th e out put
vol tage over a _55°C to +125° C range.

Monol ith ic Ie' s have greatl y simpl if ied th e design
of general purpose power suppli es. With an IC
regulator and a few externa l components 0.1%
regulati on with 1% stabili ty can be obtained. How­
ever, if th e appl icat ion requir es bett er perfor­
mance, it is advisable to use some ot her design
approach.
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FIGURE 1. High Stabil ity Positive Regulator

Some unusual pro blems are encountered in t he
const ruc ti on of a high stabi li ty regulator . Co m­
ponent choice is most impor tant since th e resis­
tors, amplifier and zener can cont r ibute to
temperature dr ift. Al so, good circu it layout is
needed to elimi nate t he effec t of lead drops,
picku p, and therm al gradient s.

The operat ion of bot h regulator s is straight ­
forward. An int ernal voltage reference is prov ided
by a high -stabil ity zener d iod e. The LM 108A'
operat ional ampl if ier compares a fracti on of t he
output vo lt age wi th reference. In the posit ive regu­
lato r. th e ou tput of th e op amp cont rol s the
groun d terminal of an LM109 ' regulator through
source foll ower, 0 , . Frequency comp ensat ion fo r
th e regulator is pro vided by both th e R, C, combi ­
nati on and output capaci tor, C, .

The resistor s must be low-temce rat ure-coetfi cient
w irewound or precision metal fi lm . Ordinary 1%
carbon f ilm , t in oxide or metal f ilm unit s are no t
suitab le since they may dr ift as much as 0.5 % over
temperature. The resistor accuracy need not be
0.005 % as shown in the schematic; however , th ey
shou ld tr ack better than 1 ppm;"C. Add it ionall y,
w irewound resisto rs usuall y have lo wer thermo'
elect ric effec ts than f ilm types. The resistor dr iving

LB15- 1
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FIGURE 2. High Stability Negat ive Regulato r

the zener is not qu ite as crit ical; but it shou ld
chan ge less than 0.2% over tem perature.

The excellent dc charac ter istics of th e LM108 A
make it a good choice as the co nt rol amp lifier. The
off set voltage dr ift of less than 5 I1Vrc con­
tributes littl e error to the regulator output . Low
input current allows standard cells to be used for
the volt age reference inst ead of a reference d iode .
Also the LM108 is easily frequency compensated
for regula tor appl icat ions.

Of course, t he most impo rta nt item is the refer ­
ence. The IN829 d iode is representat ive of th e
better zeners availab le. However, it still has a
tem perature coeff icient of 0.OO05%t C or a max i­
mum dr ift of 0 .05 % over a _55°C to 125°C
temperature range. The drift of the zener is usually
linear with temperature and may be varied by
changing the operat ing current from its nom inal
value of 7.5 mA o The temperature coefficient
changes by abo ut 50 l1VtC for a 15% change in
op erating cu rre nt . Therefore , by adj usti ng the
zener curre nt, th e t emperatu re drift of the
regulat or may be minimized .

LB15- 2

Good construction techniques are important . It is
necessary to use remote sensing at t he load , as is
shown on the sche matics . Even an inch of wire will
degrade th e load regulat ion . The voltage setti ng
resistors, zener , and the ampl ifier should also be
shielded. Board leakages or st ray capacitance can
easily int roduce 100 I1V of ripple or dc error into
the regulator. Generally, sho rt wire length and
single-point ground ing are helpful in obtai ning
proper operation .

REFERENCES:

1. R.J . Wid lar, " IC Oo Amp Beats FET s on Inp ut
Curr ent ," National Semiconductor AN-29,
December , 1969.

2. R.J . Widlar , " New Development s in IC Volt age
Regulators," in 1970 Internat ional Sol id-State
Cir cuits Conference Digest of Techn ical Papers,
Vol. XIII, pp , 158·1 59 .



am plit ude of th e squa re wave fed back to th e filte r
input. Starting is insured by R6 and Cs which pro ­
vide dc negat ive feed back around th e comparator.
Th is keeps the comparator in the act ive region .

If a lower distortion osci llator is needed, the cir­
cuit in Figure 2 can be used. Instead of d riving the
tu ned circ ui t wit h a square wave. a symmetrical ly
clipped sine wave is used. Th e clipped sine wave.
of course. has less distortion than a square wave
and y ields a low distortion ou tput when filtered.

EASI LY TUNED
SINE WAVE OSCILLATORS

One approac h to generati ng sine waves is to filter a
square wave. Th is leaves only th e sine wave fu nda ­
menta l as the output. Since a square wave is easily
ampl itude sta bilized by cl ipping. the sine wave
ou tput is also ampl itude stabilized. A cl ipping os­
cillator elim ina tes the problems encount ered with
age stablized oscill ators suc h as those using Wein
br idges. Additionally, since ther e is no slow agc
loo p, the oscillator starts qu ick ly and reaches final
ampl itude within a few cycl es.
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FIGURE 1. Easilv Tuned Sine Wave Oscillator

The circuit in Figure 1 will provide both a sine and
square wave output fo r frequencies from below 20
Hz to abo ve 20 kHz. The frequency of oscillat io n is
easily tuned by varying a single resistor. Th is is a
considerable advantage over Wein br idge ci rcuits
where two elements mu st be tu ned simu ltaneously
to change freque ncy . Also, the output ampl itude is
relat ively stab le when the freq uency is ch ange d.

An operationa l amplif ier is used as a tuned ci rcu it .
dr iven by square wave from a vo ltage comparator.
Freq uency is controlled by RT• R2 • CT, ~, and
R3 • wit h R3 used for tuning . Tuning t he fi lter
does not affec t its gain or bandwidth so the ou tput
amplitud e does not change with frequency. A
comparator is fed with th e sine wave o ut pu t to
obta in a square wave. The square wave is th en fed
back to the input of the tuned circu it to cause
osci ll ation . Zener d iode . Dt • stabi lizes t he

This circu it is not as tolerant of component va lues
as t he one shown in Figure 1. To insur e oscillat ion .
it is necessary that sufficient signal is applied to
the zeners Tor cl ipp ing to occur. Clipp ing abo ut
20% of the sine wave is usu ally a good value. The
level of clipping must be high enough to insure
oscillation ove r the en tire tuning range. If th e cli p­
ping is too sma ll, it is pos sib le fo r th e circuit to
cease oscillation due to tuning, co mponent aging.
or temperature chang es. Higher clipp ing levels in­
crease distort ion. As wit h th e circuit in Figure 1,
this circu it is self-startin g.

Tab le 1 show s th e compo nent va lues for th e
various frequency ran ges. Distort ion from th e cir­
cu it in Figure 1 ran ges between 0.75% and 2%
depend ing on the sett ing of R3 . Although grea ter
tuni ng range can be acc omplished by increasing
the size of R3 beyond 1kH. distortion becomes
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FI GURE 2. Low Distort ion Sine Wave Oscillator

excessive. Decreas ing R3 lower than son can
make the filter oscillate by itself. The circui t in
Figure 2 varies between 0.2% and 0.4% disto rtion
for 20% clipping.

About 20 kHz is t he highest usable frequ ency for
the se osci llators. At higher frequenc ies the tuned
circuit is incapable of provid ing the high Q band­
pass characteristic needed to filter th e input into a
clean sine wave. The low frequ ency end of os­
cillation isnot limited exce pt by capac ito r size.

TABLE 1

MIN. MAX.

C" Cz FREOUENCY FREOUE NCY

0.47 JlF 18 Hz 80 Hz

0.1 JlF 80 Hz 380 Hz
.022 JlF 380 Hz 1.7 kHz

.0047 JlF 1.7 kHz 8 kHz

.002 JlF 4.4 kHz 20 k Hz

In bot h osci llators, feedforwa rd com pensation? is
used on t he LM10 1A ampl ifiers to increase their
bandwidth. Feedf orward increases the band width
to over 10 MHz and th e slew rat e to be tte r than
1OVlu s. , With sta n da rd co m pensation th e
maximum output frequ ency would be limit ed to
about 6 kHz.

Although th ese oscillat ors are not part icular ly
trick y, good co nstr uct ion techn iques are im­
por tant . Since the am plifiers and the com parat o rs
are bot h wide band devices, prop er power supply

LB16-2

bypassing is in orde r. Both the positive and
negat ive supplies shou ld be by passed with a 0.1JlF
disc ceram ic capacito r. The fast t ransition at th e
outpu t of t he com parator can be coupled to the
sine wave out put by stray capacita nce, causing
spikes on the output. Ther efore the output of the
comparat or with th e associated circu it ry should be
shielded from th e inputs of the op amp .

Com ponent choice is also import ant . Good qua lity
resistors and capac itor s must be used to insure
temperature stabi lity. Capacitor should be my lar ,
po lycarbonate, or polystyrene - electr olytics wi ll
n ot work. One percent resistors are usua lly
adequa te.

The circuits shown prov ide an easy method of
generating a sine wave. The frequ ency of os­
cilla t ion can be varied over greater than a 4 to 1
range by changing a single resistor . The ease of
tun ing as well as the elimina tion of critica l agc
loops make these oscillators well suited for h igh
volume product ion since no com po nent selectio n
is necessary .
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LMl18 OP AMP SLEWS 70 V/ IJ. S

One of th e greate st limitat ions of tod ay's mono­
lithi c o p am ps is speed . With unity gain frequ ency
co mpe nsation , general pur pose op amps have
1 MHz bandwidth and 0.3 V/IJ. S slew rate. Op t i­
m ized compe nsatio n as we ll as feedf or ward com ­
pensatio n can imp rove op am p speed for some
app lications. Spec ialized devices such as fast ,unity­
gain buf fe rs are avai lable which provide part ial
solut ions . Th is paper will descri be a new high
speed monolithic amplif ier that offers an orde r
of magn itud e increase in speed w ith no loss in
flexi b ility over general pu rp ose devices.

Th e LM118 is co nst ructe d by th e sta nda rd six
mask mo no lithic process and featur es 15 MHz
band width and 70 V//1s slew rat e. It o pera tes over
a ±5 to ± 18V supply ran ge with litt le change in
speed. Add it io nally, the device has int erna l unity­
gain frequency co mpensat ion and need s no ex te r­
nal compo nent s for operat ion. However, unl ike
other internally co mpen sate d am plifier s, external
feed for ward compensa t ion may be added to ap­
pro ximately double the band width and slew rate .

DESIGN CONCEPTS

In genera l pu rpo se amp lifiers the un it y-ga in band ­
width is limit ed by the lateral PNP trans isto rs used
for level shi fting. Th e respo nse abo ve 2 MHz is so
poor th at they cannot be used in a feed bac k
amplifie r. If th e PNP tra nsisto rs are used fo r level
shift ing o nly at DC o r low frequencies and the
signa l is fed for ward around the PNP transistor s at
h igh frequ enc ies, wide bandwid th ca n be obtained
wi th out the excessive phase sh ift of th e PNP
transistors.

Robert C. Dobkin

Septem ber 1971

Figur e 1 shows a simpl ified schemat ic of th e
LM118 . Tr an sisto rs a, and O2 are a co nventiona l
d ifferent ial input stage with em itt er d egenerat ion
and resist ive co llector load s. 0 3 and 0 4 form th e
seco nd stage wh ich fu rth er am plify th e signa l and
level shi ft th e signal towards V- . T he co llec to rs of
0 3 and 0 4 dr ive a curre nt inverter, a 10 an d a"
to conve rt fro m d ifferentia l to single ended . Og,
which has a current source load fo r high gain,
drives a class B ou tput . The collecto rs of the inpu t
stage and th e base of 0 9 are ava ilable fo r offse t
balan cing and ex te rna l com pe nsat ion.

Fr equ ency co mpe nsat io n is acco mplished with
three int ern al capacitors. C, rolls off o n half the
d ifferent ial input stage so that th e hig h frequ ency
signal pa th is single-end ed . Also, at high fre­
qu encies, the signal is fed for ward aro und the
latera l PNP transistors by a 30 pF ca paci tor, C2 .

T his elim inates the exc essive phase shift. Overall
frequ ency respon se is then set by ca pac ito r, C3 ,

which ro lls off th e amp lif ier at 6 dB /oct ive. As
previously men t ioned feed for ward co mpensa t io n
for invert ing applicat ion s ca n be applied to the
base of 0 9 , F igure 2 sho ws the ope n loop fre­
quency response of an LM118. Table 1 gives
ty pica l specificat ions for the new amplifier.
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TABL E 1. T ypical Sp ec if ica t io ns for the LM 118

FIGUR E 2 . Open Loop Vo ltage Gain as a Fu nct ion of
Frequency for LM118 .

-ze
10 100 n 1011 lOOk 1M 10M 100M

FREQUENCY(H!]

2mV
200 nA

20 nA
200 K

±11.5V
±13V

15 MHz

70 V//1S

Input Offset Vo ltage
Input Bias Current
Offset Current
Voltage Gain
Co mm on Mod e Ra nge
Ou tput Vo ltage Sw ing
Small Signal Ba ndwid th

Slew Ra te

AI

"

F IGU R E 1. Simpli f ied Circuit of the lM1 18
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OPERATING CONFIGURATION

Althou gh con siderable effort was tak en to make
the LM118 t rou b le free . high frequ ency am pli·
f iers are more pro ne to osc illatio ns th an low
frequency devices such as th e LM101 A . Care must
be taken to minimize the st ray capaci ta nce at th e
inverting inpu t and at the out put ; however the
LMl1 8 wi ll d rive a 100 pF load . Good power
supp ly by pa ssing is also in orde r-O.l Il F disc
ceramic capacitors sho u ld be used wi thin a few
inches of th e amplifier. Ad d it io na lly, a small
ca paci tor is usually necessary across th e feed back
resistor to c om p ensat e for un avoidabl e stray
ca paci tance.

Figure 3 show s feed for ward compe nsat ion of th e
LMl 18 for fast invert ing app licat ions . Th e signal
is fed from the summi ng junc t ion to th e ou tput
stage dr iver by C 1 and R4 . Resistors Rs. Rs and
R7 have two purposes: th ey increas e t he internal
o perat ing current of the output stage to incr ease
slew rate and they provide offset ba lanc ing. Th e
current boost is necessary to d rive in terna l st ray
capacitance at the h igher slew rate. Mismatch of
the ex terna l resistor s can cau se large volt age off sets
so offset ba lancin g is necessar y. Fo r supply volt­
ages other th an ±15V, Rs and Rs sho u ld be
selected to draw about 500 IlA from Pins 1 and 5.

Rl

"

R1
SK

FIGURE 3. Feedforward Compensat ion for Greater
In vert ing Slew Rate t

When using feedforward, res isto r R4 shou ld be
opt imized for the application. It is necessary to
have ab out 8 kQ in the path from th e out put of
th e amplif ier thro ugh th e feedba ck resisto r and
th rou gh feed fo rwar d network to Pin 8 of t he
device. T he ser ies resistance is needed to limit the
bandwidth and prevent minor loo p oscillation.

LB17 - 2

At high ga ins, o r with high value feedback resistors
R4 can be qui te low-bu t not less th an 100 f!.
When th e LM118 is used a fast integrator, wi th
a large feedback capac ito r or with low values
of feed bac k resistance . R4 must be increased to
8 kQ to insure stability over a full - 55°C to
125°C te mperature range.

One of the mor e import ant consi derations for a
high speed amplif ier is settl ing t ime. Poor sett ling
time ca n can cel the advantages of having high slew
rate and band width . Fo r exam ple-an a mplifier can
have seve re ringing after a step input . A relat ively
lo ng t ime is the n needed before th e output vo lt·
age can be read accurately. Sett ling t ime is the
ti me necessa ry for th e output to slew thro ugh a
defined volt age chang e and sett le to wit hin a de­
fined error of its f inal output vo ltage. Figure 4
shows opt imized compensati on for sett ling to

Rl

"

R1
SK

t~ .nd.llh", h_lo D.1 '"

IlIf. , DV,tfp C....... 11 800'"

C2
00 1~ f

FIGURE 4 . Comp ensation for Minimum Settt ingt Time

wit h in 0 .1% erro r. Typ ically th e settl ing t ime is
800 ns fo r a simple invert er circu it as shown.
Sett ling time is, o f cou rse. sub ject to operat ing
co nd itions ex ternal to th e IC suc h as closed loop
ga in, circuit layou t . st ray ca pac itance an d source
resistance. An optional off set balan cing circu it ,
R3 and R4 is includ ed .

The LM118 ope ns up new field s for IC o perati o nal
ampl ifiers. It is mor e th an an ord er of magnitude
faster th an general purpose amp lifiers while ret ain ­
ing the ease of use fea tur es. It is ideally su ited for
analog to dig ital co nverters, activ e fil ters, sample
and ho ld circuits and wide band amplificat ion .
Further, the LMl 18 has t he same pin conf iguration
as the LM10 1A or LM741 and is interchangeable
wit h th ese devices when speed is o f prime co ncern.
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+5 TO - 15 VOLTS DC CONVERTER

INTRODUCTIO N

It is frequ entl y necessary to convert a DC vol tage
to anothe r higher or lower DC·vol tage while maxi ­
mi zing effic iency. Conv entional swi tching requ la­
tors are capable of converti ng from a high input
DC voltage to a lower outp ut voltag e and sat isfy ing
the eff iciency criteria. The problem is a l itt le more
troublesome if a h igher outpu t vo lt age than the
input volt age is desired. Par t icu lar ly , generat ing
DC voltage with opposite po lar it y to th e input
voltage usuall y involves a complic ated design.

Th is br ief demonst rates the use of th e switc hi ng
regul ator idea for a +5 vol ts to - 15 volts conve rter.
Th e conver ter has an appl icati on as a power supply
for MOS memories in a log ic syst em where on ly
+5 volts is available. However , the principle used
can be app lied for almost any input out put corn­
bination.

voltage minus VSAT' The current ch ange in th e
indu ctor is given by :

Turn ing OFF th e tra nsistor th e induc tor curre nt
has a path through the catch di ode and this in
turn builds up a negat ive vo ltage across RL.

The figure also shows the cur rent and voltage
levels versus time. A capacitor in parall el to the
resistor will prevent the vo ltage from dropping
to zero dur ing the transistor ON t ime.

A ssuming a large capaci to r, we can also wri te th e
current change as:
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OPERATION
VOUT - V D VOUT

~I = L X TOFF '" -L- X TOFF (2)

The total inductor current du r ing the OFF ti me
can be wr itten as:

The capaci tor vo ltage will be restored wit h a
average curren t given by:

(41

(3)

(5)

In ord er to get a general idea of the operat ion fo r
certain input output conditions, we will develop
a set of equat ions.

TOFF

Drop in capacit or voltag e:

~V X C ILOAD X V OUT
lc = T

OFF
= V

ss

Dur ing th e TOFF ti me the stored energy in the
indu ctor is trans ferred to the load and capacitor.
A rough esti mate o f TOFF can be ex pressed as:

ILOAD X TON
~V = C

During th e t ransistor ON t ime, energy is loaded
into the induc tor . In the same t ime int erval, th e
capacitor is drained due to the load resistor RL.

---d
v"

0...
....

I e
v"",

I l A,

I4:- -::-

I I ~DUC TO"

The method by which the regulator generates the
oppos it e po lar itv is explai ned in Figure 1. The
tr ansistor Q is t urned ON and OFF wi th a given
duty cyc le. If the base dr ive is suf ficient the vo lt ·
age across the inducto r is equal to th e supply

FIGURE 1. Switching Circuit for Vo ltage Conversion I,NDUCTOR = I LOAD + lc (6 )
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F IGU R E 2 . Sw itching Regulator fo r Vo ltage Conversion

w hich y ields:

Inspect ing F igure 1. We f ind :

6 1
2"

Vss X TON
- 2YL- (71

By sett ing the dut y cy cle hi gher than fir st calcu­
lated, the output vo ltage w il l tend to increase
above th e desired out put vo lt age of 15 vo lt s.
How ever , an ext ra loop perfor med by 0 , and
the zener diode in co njunct ion w ith th e resistor
netw ork w ill mod i f y the osci ll ator duty cyc le
until t he desired ou tput level is obtained.

2 X L X ILOAD X V OUT

VSS
2

(8 ) The out pu t vo ltage is given by :

Tak ing in to accoun t th at th e ef fi c iency is in the
order of 75% th e fi nal ex pression is:

Th e above equ at io ns wi II be appl ied to the regu­
lato r show n at Fi gure 2. The regulator mu st delive r
- 15 vo lt s at 200 mA fro m a +5 vo lt supply . Using a
1 mH indu cto r the T ON time for 0 2 is 0.18 ms
fro m equati on 9_ To FF is 60 /.lS fr om equat ion 4
and th e oscilla tor f requ ency to :

T he LM3 11 perf orms a fr ee runn in g m ult ivibrato r
w ith high duty cyc le. The IC is designed to operate
fr om a standard single 5 vo lt supply and has a h igh
output curr ent capab il it y f or d riv ing the switch ing
tr ansistor 0 2. The du ty cy cle is given by the vo lt­
age d ivider R3 and R4 and the fr equ ency of C,
in co njunct io n w ith Rs.

REFERENCE

Data and result s obtained w it h the design :

5 volts

- 15 vo lt s

max 200 mA

75%

V 'N

VOUT

lOUT

Eff iciency

Frequency 6 k Hz 80 % duty cy cle

VR' PPLE - 100 mV @ 200 mA load

line regulation : V 'N = 5V to 10 V < 3% VOUT

I LOAD = 200 m A

Load regulat ion : V 'N = 5V < 3% V OUT

ILOAD = 0 - 100 mA

Wid lar, R. J., " Designing Sw itching Regulators"
AN2, Nat ional Semiconductor Corp .

19)
2.:5 X L X ILOAD X VOUT

VSS
2

T ON + T OFF
F
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F IGU R E 1. Open and Closed Loo p Freque ncy Response
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(5 )

(4 )

(3 )

=~fm ax
27T v;

dV
a I- = 27T f Vdt p

t=O

wher e : va = o ut put volt age

Vp = peak out pu t volt age

. dVa
S, = ma ximum dl

Equat ion 5 dem on str ates th at th e border line be­
tween small signa l respon se and slew ra te lim ited
response is not just a functi on of th e peak o utput
signa l bu t th at by t rad ing off either frequ e ncy o r
peak amplitude on e can continu e to ha ve a distor ­
t io n free ou tput. F igure 2 sho ws a qu ick referen ce
graph ical presentati on of equa tio n 5 w ith th e area
above an y VPEA K line rep resent ing an undi storted
small signa l response and th e area bel ow a given
VPE A K line represen t ing a distor ted sine wave re­
spo nse du e to slew rat e lim it ing.

The ma ximum sine wave freq uency an amplif ier
w ith a given slew rat e will sus tain w ithout causing
th e output to tak e on a triangular shap e is th erefo re
a function of th e peak amplitude of th e outp ut
and is ex pressed as:

I I
1'-1
I 1"",-

+t '"Tl r-,
I I i'\. 1
I I "i\

20

~ 10.
~ sn

11.

- 20

1 HI 100 H 10k lOOk 1M 10M

fREQUENCY (Hr)

Th e foll owing ana lysis o f sine and step vo ltag e
responses appl ies to a ll sing le domina nt pol e op
amps such as the LM10 1A, LM107, LM10 8A,
LM11 2, LM1 18 and the LM741 . Each of th ese
o p amps has an open loop response cur ve with a
sha pe sim ilar to th e one shown in Figure 1. The
d ist ingui sh ing fea tu re of th is cu rve is th e single
low frequ en cy turnover fro m a flat response to
a un iform - 20 dB per decad e o f frequency (-6 d B/
octave) d rop in gain, at least unti l th e cur ve passes
through th e 0 dB line . Closing the loop to 40 dB
(Xl 001 as show n with a dotted line on Figure 1
does not cha nge t he sha pe of the cu rve, but it doe s
mov e the turnover to a high er frequ enc y. Th ese
open loop and close d loop response curves det er ­
mine the gain applied to small signal inputs. Th e

logica l qu est ion th en ar ises as to when a signa l
can no long er be treated as a sma ll signa l and th e
amplifie r respon se begins to deviat e from th is
curve.

"0

PREDICTING OP AMP SLEW RATE
LIMITED RESPONSE

< ..

10k IOOle

SINEWAVE FREQUENCY (Hrl

SMAll SIGNAL "RESPONSE AREA

III ,
V"'''I< - 16V , I
V' EAI( _ IV

V'lA,, -4V I
V"' ''' 1l .2V~ I ....., I

V' Eu · 1V ,

- SLEW RATE
llMITIPIlG AREA

""0

100

7

"~
~.

<

~
0.1

The answe r lies in th e slew rat e limit of the op amp.
The slew rate lim it is the maximum rat e of cha nge
of the amplif ier' s out put vo ltage and is due to th e
fact that th e co mpe nsa tio n capacitor inside th e
am plif ier only has f init e cur rents " available fo r
cha rging and disch arg ing. A sinuso ida l output sig·
na l wi ll ceas e being small signal w he n its maximum
rate of chang e equals th e slew rat e lim it S, o f th e
amplifier . Th e max imum rate of change for a sine
wave occu rs at the ze ro cross ing and may be de­
rived as fo llows:

va = Vp sin 2n It (1)
FIGUR E 2. Sine Wave Response

dVadt = 27T f Vp cos 27T f t (2)

As a matter of con veni en ce, am plifier rnanu tac­
turers o ften give a " full-powe r ba ndwid th" or
" large signal response" on th eir speci f icatio n sheet s.
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Sub st it ut ing eq uat ion 6 into equa tion 7 gives th e
critical va lue of VST EP d irectly in ter ms of f3d B :

wi ll go into slew rat e limiting . The out put wil l then
be a ram p functio n with a slope of S, and a rise t ime
equal to :

wh ich can be graphed as shown in Figu re 4. An y
po int in the area abov e a VST EP line repre sen t s
an und isto red low pass filter typ e response and any
po int in th e area below a given VST EP line repre ·
sents a slew rate limited response.

This fre quency can be der ived by insert ing th e
amplifier slew rate and peak rat ed output voltage
into equat io n 5. Th e bandwid th fro m DC to th e
resu lting fm a• is th e full-powe r bandwidt h or " la rge
signal respo nse" of the amplifier. For example th e
full-power bandwidt h of th e LM741 with a 0.5V IlS
S, is approximately 6 kHz while th e full-po wer
bandwidth of t he LM118 wit h an S, of 70 V/Ils is
approx imately 900 kHz.

Th e step voltage response at the output of an op
amp can also be d ivided int o a small signal response
an d a slew rate limited response. Th e sing le turnover
and un iform - 20 d 8 /decade slo pe shown in the
small signal fre quency respon se cu rve of Figure 1
are also characterist ic of a low pass fi lter and one
can in fact mo del an op amp as a low pass RC
filter foll owed by a very wideband am pl ifier . F igu re
3 shows a model of aX 100 c ircu it wit h a 3 d 8 down
ro lloff freq uency of 10 kHz. Fro m basic filter

t' = VST EP
, S,

VST EP f3d B
0.35 ?: S,

(8 )

(9)

J dBDOWN FREQUENCY, IWl (Hz)

SLEWRATE
W,IIITINGAREA

10M 100M

l OWPASSFll TER
RESPONSEAREA

"1k

'''iiiB-a II

~
,,;

c
=

~ ~"~
FIGURE 3. Small Signal Op Amp Model

I,.. . l~~C
1,.. - 'Olltt,

t heo ry2 t he 10% to 90% rise t ime of single po le
low pass filt er is:

FIGURE 4 . Step Vo lta ge Respo nse

Th is means tha t as soon as the amplitude of th e
out put step vol t age div ided by th e rise tim e of the
circu it exceeds the S, of th e amplif ier, th e am plifier

wh ich fo r th is exam ple wou ld be 35 IlS. Again th is
small signal or low pass filt er respon se ceases when
th e req uired rat e of change of th e out put vo lt age
exceeds th e slew rate limit S, of the am pl if ier.
Mat hemat ically stated :

0 .35
t =-­, f

3d B
(6)

(7)

Th e a bo ve equat ions and graph s should allow o ne
to avo id the pitfalls of slew rat e limiti ng and also
prov ide a means of using enginee ring tradeoffs to
ex te nd t he respo nse of the single dam inan t po le
typ e o f am pl ifier .
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A FULLY DIFFERENTIAL INPUT VOLTAGE AMPLIFIER
(INSTRUMENTA TION AMPLIF IER)

INTRODUCT IO N

BASIC AMPLIFIER OPERATION
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(1)

Co nstant
+ - - - -

R
Av

Lil = LiV1N

R,

Th is mea ns t hat th e min im um gain of uni ty is
obta ined if R is left ou t (R = 00)' No te t hat t h is is
d iff erent fro m th e resu lt indi cated in equati on (3)
w her e uni ty gain is o bta ined for

At t h is point it is con ven ient to eva lua te th e
resu lt obta ined . The ga in ca n be est ab lished by
on e resisto r (R,) accord ing to eq uat io n (3 ).
Co nven t ional ins tr um entat io n am plif iers usually
have a gain given by :

to y ield a gain ,

LiV1N
LiVo = 2Lil X R3 = 2 X -- X R3 (2 )

R,

current s of the transist or s are well mat ched fo r a
OV d iffe rent ial inp ut signal. The cu rr en t so urces
wh ich b ias 0 , and O2 , are cho sen to be 100pA
each to gua ran tee h igh (3 and low offset voltage in
0 , and O2 •

The gain o f t he am plif ier is ca lcu late d as follows :
An y d iffe rent ia l input vo lta ge , LiV 1N , app ear s
across R1, and produces a cu rr ent chan ge Lil, which
is given by :

Th is curre nt chan ge wi ll sho w up in th e coll e or s
of 0 , and O2 wi t h o p posi te po larit y. Th e in put
mirror o f th e LM3900 ret u rn s Lila, to th e
inverti ng in put t e rm inal w he re it is ad de d (w it h
sign ) to Lil0 2 y ie ld ing a total cu rre nt chan ge of
2Lil. Th is current flows t h ro ugh th e feedback
res ist o r, R3 , w hic h ca uses an ou tput vo lta ge
cha nge , LiVo , which is given by :

(3 )

v,

' AJ
Av • R1

AJ,.

L-----o v- · _15V

Th e inst rumentati o n am plifie r is usefu l for ampl i­
fy ing small d iffe ren t ial signa ls whi ch may be
rid ing o n h igh co mmo n mode vol tage levels. These
amplifie rs are part icularly usefu l in am plify ing
signa ls in t he m illi-volt range wh ich a re su p plied
from a h igh im ped ance source (> 2k fl).

This br ief wi ll demonstrat e ho w a low co st , high
pe rformance instrumentation amplifier can be
bu ilt usin g t he new ly int ro d uced LM3900 q uad
am plif ier . It is a lso ind icated ho w a compac t
t ran sducer bridg e amplifier system can be dev eloped
to take adv antage of t he ver sat ility of th e LM3 900.

"

FIGURE 1. Basic Instru mentation Amp lif ier.

Figu re 1 shows th e ba sic operat io n o f t he ampl if ie r .
Th e b ias o f t he LM39 00 is set by th e resist o rs R2
and R3 (neglect ing for now , th e transistors 0 ,
and O2 ). Current w hic h enters th e non -inver t inq
input of t he LM3900 w ill be " m irro red" abo ut

V and t hen will be drawn into t he invert ing
inp ut te rm inal. Th is causes t he cu rr ent to f low
t hrough t he feedbac k res istor, R3 , w hi ch est abl ishes
t he output voltage leve l. If R2 = R3 and further, if
R2 is co nnected to ground (OVI. th en th e ou tput
vo lt age b iasing leve l will al so be ex act ly zero vo lts .
It sho u ld be not iced th at an OU TPUT OFFSET
CONTROL can be im plemented by su pply ing a
ref er en ce vo lta ge , ER , bet ween R2 an d gro und .

Add ing t rans istors 0, and O 2 , as show n in Figur e 1
will not d ist urb th is biasing if th e tw o co llector R, (5)

LB20·1



only the procedure for null ing the amplifi er w ill
be included .

Lett ing R, go to zero cau ses the amplifier to
operate in the open-loop mode. Th e ma in offset

and rmrurnum gain (or maximum attenuation) is
o btained if R, is left o ut (R, = 00 )' This suggests
th at t he am plifie r can be t urne d O F F w ithout
d ist ur b ing the output voltage de bias.

Th e two current sources for Q, and Q2 are
im ple mented with a du al t ra nsist or (Q3 and Q4 )
in co nju ncti on w it h an addi t iona l amp lifie r of the
LM3900 as shown in Figur e 2. The operat ion can
be easily understood if R4 and Rs are incorpo­
rated within the ampl ifier , whic h the n takes the
form of a co nve n tio na l o pamp close d loop requl a­
tor which maintains a reference voltage (the d rop
ac ross R6 ) at the em itter of Q4 '

PER FO RMANCE
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Th e performance of the co m plete instrumentat ion
amplif ier o f F igure 2 is out lined below (Table 1
an d F igure 3 1.

TABLE 1. Typical Performance Ch aracter ist ics
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voltage source is now the VBE mismatch of Q,
and Q2 ' The output ca n be nu lled by the OUTPUT
OFFSET CONTR OL (the ref ere nce volt age for R2)
o r by ad just ing th e value o f R2. With R, = 00, th e
main offset vo lta ge so urce is the mism at ch in t he
co llecto r currents of Q3 and Q4' Th is is easi ly
ad justed via R' 2 ' These first and sec o nd adjust­
ments interact , however, after repeat ing the pro­
ced ure a cou ple of t ime s a good resu lt is o btained.

TRANS DUCER BIAS SOURCE

Since quantitative d iscussion of the sources of
off set vol tage is be yond the sco pe of th is brief,

FIGURE 2. Bridge Amplifier

LB20 -2

Having in mind th at th e LM3900 cons ists o f fo ur
independent amplifiers makes it re lati vely ea sy to
bia s a transducer br idge wi th a constant current
so urce using only one more of the amplifiers and
o ne res isto r. Th e techn iqu e is se lf-ex pla na torv and
is also shown in Figure 2.

CONC LUSION

A brief review of a ne w concept for an inst ru men­
ta t io n amplifier has been pr esented . Many applica­
tions can be derived fro m t his bas ic con nection
which require amplify ing t he low level d ifferential
signa ls which are obtaine d from senso rs such as
strain gages, pressure transducers, and therm o­
co uples . The perf or mance of th is instrumentation
am plifier is ade quate fo r ma ny sys te m applications .
(See National Semico nd ucto r Applicat ion Note 72,
"The LM39 00 - A New Current-Differencing Quad
of ± Input Ampl ifie rs" for fu rther infor mat ion .1



ACKNOWLEDGMENTS

Editor

Marvin K. Vander Koo i

Authors

J. E. Byer ly

G. Cleveland

R. C. Dobkin

T. M. Frederiksen

T. Hanna

R. Hirschfeld

W. M. Howard

E. L. Long

T. B. Mills

W. B. Mitchell

H. H. Mortensen

D. Mrazek

W. S. Routh

B. Siegel

R. S. Sleeth

T. Smathers

R. Stump

R. K. Underwood

L. VanDer Gaag

M. K. Vander Keei

R. J. Widlar

C. M. Wittmer

D. L. Wellese n

M. Yama take



HAM-SWL-CB

GENERAL ELECTRONICS
Guldeto VOM's and VTVM 's. Use your meter to service radio. TV. ru­
Amateur an d CB rad io s , St ep- by-s tep d ire ct io ns. 112 page
62·2039 ", . .. .. . .. 1.:
Oscilloscopes. How to use osc illoscopes for wave-for m ana lyst
freq uency response curves . serv icing , 96 pages 62·2050 ... . . 1.:
Introd ucti on to Antennas. Explains how CB . TV, rad io , snortwa­
antennas are designed. How to choose and mstau the antenna best I<
your needs .Accessories fo r better recept ion . 128 pages . 62·2051 1.:
Understanding So lid-State Ele ctron ics . Twe lve lessons. sel
teaching course in semic ondu cto r th eory. Prepared Oy Texas tnstn
me nts Lea rning Center . With qu izz es and glossa ry. 242 page
62·2035 . . .. 1.S

Shortwave Listener's Gu ide . Lists sta tio ns by country , city . call I,
ters . frequenc y. power. transmission t imes, With log. Get extra e
joyment from any radi o equipped with Shortwave bands . 128 pag l
62·2032 .. .. .. .. .. . .. 2.
CB·HAM·SWL Log Book . Keep an accurate reco rd of stations hear
Tables for reco rd ing frequency . call letters. date . li me. 80 pagE
62·2034 . . . . ...... .. 1:
CB-HAM-SWL MinI-Log. Compact. spiral-bound book keeps a pe
manent record of stat ions received. Easy to use.•62·2036 . . , .. 71
Cit IZens Band Rad io . Tells the history and many uses of CB , How
get started In CB. choose you r equipment. set up and operate
station . Covers equ ipment and ant enn as. servicin g. more' 96 page
62·2044 ... 9!
Pollee . Fire & Airc raft Rad io. How to enjoy real-l ife drama of "publ
service " rad io .Choosing a rad io and antenna . 112 pag es.62-2053 9!
Fro m 5 Walls to 1000. A progra mmed cour se to take you from CB
Ham rad io . Theory. t ips to learn code. ,!,ore. 62·2056 . . , 2.1

'. ~ -

PROJECTS

-, .... . '
~ -. _ . ~EFERENC~

Integrated Circuit Pro je ct s. Vol. III. E,ght proje ct s. Instru ctions a
discussions on sequence generators. mu sic machine . pow er supc
computer circuits . others . 96 pages. 62·209 2 . .. 1.

Tube Substitution Handbook. Up-to-date DIRECT tube.su~st 'tUllon Integrated CirCUit Pro je ct s. Vol. IV. Assemble 8 types of operatroi
gU'de Includes more than 12.000 subslttultons for picture ub s. ampl ifier experi ments including op-arnp mete r eliminator. brid
rad io TV. special-purpose. foreign' and domesltc tubes. 96. ages.a'rnp. aud io -f ilter . comparator cir cui t. cli pping amp . 96 pag '
62·2030 . . . . . . . . . . . . . . . . . . . . . . . . . . 1.95. • 62-2093 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . . . . . . . 1.
TV Tube Symptoms and Troubles. .Trouble-shoot ing gu id llos.hOWS Build ing Speaker Enc lo sures. Get extra value by buil di ng you r 0'
hund reds of common problems : tells how to isolate. test and r.eplace spea ker system - bass-refl ex. infin ite baffle . many more designs.
suspected tubes. Fully ill ustrated . 96 pages. 62·2033 . . 2.25 pages . 62· 2055 .. 9
Eiect ronlcs Data Book. Handy reference for elect ron ics inf ormat ion Computer Circuits for Experimenters . How to mak e anc use " AN
- formulas . laws. mat!, . bro adc ast stand ards . resist or and capacitor gates. " OR" gates. fl ip-flops. logic cloc ks. rnu ltivib rator ci rcu:
code s. symbols. more. 112 pag es. 62·2040 ,. , , ,1- 50 counting circuits. more. 96 pages . 62·2058 ' , 1.
Elactronlcs Dic tionary . Very readable definit ions and ill ustrations tor Secu rity fo r Your Home. How to seiect the prop er alarm system I
more than 4800 ele ctron ics terms. 112 pages. 62-2047 .. . . 1.25 you r valuables. Install at ion. tamper-proo fin g . test ing . 96 pagl
Math for the Electronics Student. Pnncip tes essential to acq uir ing a 62·2059 . . 1.
knowl edge of elect ron ics . How to solve prob lems in circuits . indue­
tion . capacitance. RMS-.peak power. power factor . resonance. 112
pages. 62·2057 . . . . . . .. •. . . . . . . . . .. . . . . : . . . . .. . . . .. . 1.50
Fingertip Math. Beg ins where your elect ron ic calculator's manu al
ends, Tells how to use it for powers. roots. squares. logs . metr ic
con versions. tr ig . inlerest - MUCH more ! 264 pages . 62·2024 . 1.95
Practi cal Electronics . Vol. I. Simple to understand approach to DC
circuits and theory. Silt up numerous experiments and gain work ing
knowledge of electronics . 160 pages . 62·2037 . . . . 1.95

Optoelectronic Pro jects. Vol. I. ,Thorough introducti on to pnncip tes
01 opti c elect ron ics, Includes in structlo ns for solar battery. power
sup ply. d ig ita l clock and more . 95 pages. 62·2060 1.25
Semiconduct or Projects. \ '01. I. How to construct valuable educa­
uonal circuit " li ke volt age reference source. vollage multipl iers . LED
flash er clrcu i and others. 96 page s. 62-2070 1.25
Transistor Projects. Vol. I. Twelv e educationat pro jects- CB crystal.
oscill ator. power supp lies. siren. slave flash un it . light meter. electric
~h5r.mometer . elect ric metronome. mo re. 96 pag es. 62·2080 . .. 1.25
" ,onslstor Projects. Vol. II. Cons truct in tere sting and use ful projects.
Ill cluding po wer meg aphone. light mete r. elect ro nic organ . neon
lamp " id iot bo x." LED flasher . voltmeter. 96 pages. 62·2081 .. 1.25
'Translstor Projects. Vol. III . How to bu ild 8 exc it ing proiects. Op­
toe lectronic log ic circuits . LED switcn . battery charger. str obe un it.
phot orelay. burglar alarm . more . 96 pages . 62·2082 1.25
Integrated Circuit Projects. Vol. t. How to bu ild lamp driver. b inary
decimal decod er . d ig ital counter. audi o amp . dig ita l osc illa tor. tone
steppe r. square-wave generator. more' Explains how integra ted cir­
cui ts wor ~ and ho w they are manufactured . 96 pages . 62·2090 1.25
Integrated Circuit Proje cts . Vol. II. Construct a frequency-select ive
op-amp audi ble I>g ht sensor. moncstaote. mu ttrvibrator. 555 1Ctime r.
l -watt aUdio amp lifie r. 96 pages . 62·209t 1.25

Cross Reference to Integrated Circuits
LINEAR IC ..

VOLTAGE REGULATOR DIGiTAL IC..
RS II NATIONAL RS II NATIONAL RS II NATIONA

276-007 LM741CN 276-009 LM723CH 276-1801
..

SN7400
276-009 LM723CH 276-801 LM78L12CZ 276-1802 SN7404
276-010 LM 741CH 276-802 LM78L15CZ 276-1803 ." SN7473

- 276-017 LM709CH 276-1740 LM723CN 276-1804 SN7441
276-038 t, LM1458N 276-1770 LM340K·5 276-1805 SN7447
276-1711 LM224N 276-1771 LM340K-12 276-1806 SN7475
276-1712 • LM339AN 276-1772 LM340K-15 276-1807 SN7410
276-17 13 LM3900N 276-1808 SN7490
276-1720 LM565CN 276-1809 SN7420
276-1721 LM567CN ?76- 1811 SN7402
276-1723 LM55 5CN 276-1813 SN7476
276-1724 LM566CN 276-1814 SN74121
276-1725 LM380N 276-18 15 SN7413
276-1726 LM308N 276·1816 " . SN7448
276-1728 LM556CN 276-1817 SN74 1?3
276-1731 LM386N 276-1818 SN7474
276-1732 LM425 0CN 276-18 19 SN7492
276-1738 LM703LH 276- 1820 SN74193
276-1739 LM709CN

~

276-1740 LM723CN
276-1741 LM741C N-14

II, ..~ -
-

t . : ·,,;....*;t"t r
..

~ 1,""-, - _ I- .&... ,,-~ - ..- . - - . . .


