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Introduction

The purpose of this handbook is to provide a fully indexed
and cross-referenced collection of analog integrated circuit
applications using devices from National Semiconductor.
The printed handbook Includes application notes about
analog/linear devices that are currently available from Na-
tional.

Individual application notes are normally wntten to explain
the operation and use of one particular device or to detail
various methods of accomplishing a given function. The
organization of this handbook takes advantage of this innate
coherance by keeping each application note intact, arrang-
ing them by subject, then in alpha-numerical order. A de-
tailed Subject Index and a Part Number to Application Note
Crossreference are provided for quick reference, following
the Alpha-Numeric Index of all analog/linear application
notes.

Many of the application schematics refer to the generic
family, identified by either the industrial/commercial tempera-
ture range version or the military temperature range version
of the device. Generally, any device in the generic family will
work in the circuit. For example, an amplifier indicated as an
LM108 refers to any product contained in the LM108 family
datasheet (such as LM208 or LM308), and does not imply
that only military-grade devices will work in the application.
Military and prime electrical (“A”) grade devices need only be
considered when their tighter electrical limits or wider tem-
perature range warrants their use.

A CD is Included with this handbook. It contains a complete
set of all application notes available from National, as well as
product information (datasheets, budgetary pricing, etc.) for
the products referred to in this handbook. For updated infor-
mation on these and any other National Semiconductor
products, please consult our wek site at
http://www.national.com.
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CLCAB0.....etiiiee sttt ettt s et s se e e sae e et e e s s s e e srne e s eabeennes OA-18, OA-24, OA-26, OA-31
[ 107 PRSI OA-18, OA-31
(O 07 SRS OA-18, OA-26, OA-31
(O] 0 - o TSRS S PR ORRPOPIN OA-18, OA-31
CLCA4B ...ttt st e OA-21, OA-27, OA-28, OA-29, OA-31
CLECA49.....c. ettt r et s et e e e bt b s ae e e ne e eane e s neente e e OA-18, OA-31
(07 107 0 PSR P SR RPUSTP AN-1244, OA-18, OA-31
(O 107510 UPSRRN OA-19, OA-31
(7 10772 o PSP PR R PIP PR OA-16, OA-31
(07 10722 OSSP OA-31
(O 1072 3OV PS RPN AD-01, AD-02
(07 107 L SRS PRPO AD-04
CLCB50B........coiieeeiieenieeeeeeeeeereste e ssee e sne e e snae e e ns PP AN-1138
DACOBB0.....ceeccieeeiiiieieer e ettt s e st essssesee e e e ssee e s sssaressassseeeeeeasneaeasaeseaeeaareeeeaeanreenran AN-271, AN-284
DACTO00......ceieeeeeeeeeiree et et e e ee e s srressn e s s esreesensee s sneesanneessnneesanereanns AN-271, AN-275, AN-277
DACTO0B.......ccieeetieeriiieeseee et e st ee e s st s see s s e s ssre s sbe e s ssne s e ne e s sneeesnneennne AN-271, AN-275, AN-277
DACT020 ....ooieeereeeereee et s AN-263, AN-269, AN-293, AN-294, AN-299
DN O 20 SO PRFUPRN AN-271
DN O 2 - PSPPSR AN-293
(D1 07 OO AN-438
DSTACBIA . ...ttt ettt e ae e e bt e e e e s h e e e sae e e e e nbe s abe s R e e nne e beaaneenrenneeane AN-438
LS T 02 SRR AN-914
DIS26LS3T ... i eeee ettt ettt n e s nt e s ne e e e nn e e ne e e e bee e AN-805, AN-903
(D2 IS 2 NPT SRPP AN-903
DSBBC278 .....eeieeeeeeeeeiee st te e srtee s et e e st e e s ee s seeaas bt e e bee e sbeeeea bt e s seessaneesese e e eanee e eneeaesteenneesaeeean AN-1057
DISBBC279 ...t ceeeeteee et ee e e e e e e st e et eaa e srae e e e be e e e be e a e e e e be e e ate e snee e e aReeeneesaneeereeaas AN-1057
DSBBC280.......ccueeeeeiieireiieeieeetteeieseeesreesseesee e s e s aresssesase e st e s seneserbeeseesaeeeneeerasnnneane AN-1031, AN-1057
DSTBLST20 ...ttt ettt ettt b e et e et e e et e s ae e et e be e e e e ar e eeereerenaeennne AN-214
DSOGBFTT72 ...ttt ettt ee sttt st e et b et e ee e b e e san e st e e e e e abe e Rt e be e bt e beenreeneeane AN-805
[ IS 1 L PP UPUUURR AN-214
DISBBB2......ceeeiieiieiee ettt E e b e e e e Rt R e e e eeeee Rt e aRe s eR e e e e beenreseneenennne AN-259
DISB595..... ettt r e eae e e e e RR R Sabe e Reeneee bt e eReeeRnenresarenneenrennreena AN-409
DISB59B.....ceeeeeeiiterieee et ettt r e e et e h e et e b e et be e e eenRe e eae e e r e e ene e nee e be e teenrenranan AN-409
DISBBB2......cceeeeeeieieiiertee e et st et e et et ae e ea e et b ae At she e e beeee e beeaR e e enne st e nreenaeeaeeene s AN-337
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DISBBO5 ...ttt et s ae e neeanas AN-454, AN-1057
DISBBI6B ....cceeiiieeieeie ettt sttt e e e e re e s reeneas AN-759, AN-1057
D4 72 0 BT PRPRTRPRUN AN-22
DIST78B0....eeeeiiieeee ettt ettt e e R n e r e h e e b ae s e ne s errenan s AN-22
DISBB20........ceuteeieterie ettt ettt e et E bt b e e bt nae et s e b e e st renneennresaee e AN-22
DISBBB0.....ccueireeretieuee ettt sa e et r e b e b e et b e R e e e b e Rt ae e st e e ane st e nn s AN-22
DISBBB0.......eeieiiitiee ettt e e e r e e e et e e e e s e et e e e s e s b et e e ean b et e e nteeeanannreeeeannnreeaeseteesannnn AN-84
DISBBBAA ...t e et a e R Rt e e heen e sa e e ne et e e e AN-84
(D51 OO TSSO TPT AN-512
DISBO2T ...t et st a e e e e b e AN-457
DSBO22....... ot r e et a e s e e ae e ae e ieeeaee AN-457
DISBO23......ceeeeieetee ettt r et a b en e e a e eh e e e n e e ere e n e nr e s b ereene s AN-457
DSBB276 ...ttt ettt r et e r e r e e neenaeean AN-1031, AN-1057
DISBB277 .ottt ettt s s e a e r et e n e e aneenneeeaneenne AN-915, AN-1057
DSBBO54 ...ttt e et r e n e e AN-904, AN-1057
DISB7277 ...ttt sttt ae s ae et e e eae R eaeen e be e e an AN-1031
DSTE1TBB ... e n et at e s r e ae e n e s AN-915
DSTBTT7BB ...ttt ettt st e e n e bbb e n e AN-1057
[ S TSSOSO P USSP AN-263
LFBA7 e e e AN-256, AN-265, AN-262, LB-44
[ 1 SO O SO AN-240
[ 1 TSSO PP RO URAPR AN-263
L35 ...ttt sttt e et e a e st ae e benae et n e eseene e AN-260, AN-272, AN-447
[ OO TSSO UPTRRPPUPPOOt AN-272, LB-42
LFBO8 ... ittt e AN-266, AN-294, AN-298, AN-776, LB-45
[ I OSSOSO PR AN-272, AN-447
L4112 e e e e e n e s reea e e R e s e e en et e e e ne s e enis AN-299
[ SRS PP PSP AN-447
LB TO7 .ttt e e e E e e e e n e b e et eea R e e e e nae e eabe e ene e nne e ne e re e e nees AN-775
[ 110101 USSR PRT RO AN-344
LFTB007 .ttt ettt sttt ea e s e e b e e e e ean e e b e a e e e e eae e ne e ean e s ae e nae e R e e e b e e e neas AN-344
[ 1 1o 01 TSROSO PRSI AN-295
LHOOO2 ...ttt e r e e st b e e e b e resa e e e e neene e e e seneeneeens AN-227
LHOOD24 ...ttt e e e s s n e e s e e et e e e ne s e s e e e e neen e e e e e e en e emeneenas AN-253
L 010 2 OSSOSO PSR AN-253
LHOOB3 ... ettt ettt s st et e e st eae e e e e ae e et e et e s ae e st e b e e e eseeas e sesenneesenannenens AN-48, AN-227
LHOOBS ...ttt ettt h e st e e e et e e e ae e e b e st e sae e e s e e ae e sne e ene e nn e r e e ne e e nnnas AN-227
LHOOO4 ...ttt et a et e s b et e e s s e et e e e e e b e e bt e e e e nae e e neen s e e neennne e nanas AN-637
[0 0 O OSSPSR AN-261
LHTBOS ...ttt ettt a e e st e st et e e e e e s re et e e e r e ene e he e e e e e en e e e e r e e e nneeneaeaenes AN-343
[ T2 L PSRRI AN-480
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LHA T 7 e e e a e e a et ae s n e ae et ne e ranas AN-597
LHATTB ettt s e e s eae e r e e n et e ea e e ae e e nean AN-597
LHA200 ...t r e n e b e e e e e e nbe e eneeneeeneenean AN-597
LHABBO ........eeitiie ittt sttt h e r et e e n e R e st e en st e nateenrenbeenneeren AN-775
LIMT0 e e e s ee e AN-211, AN-300, TP-14
1 PR R USSP AN-241, AN-242
L PSSRSO PSPPI AN-446, AN-446A, AN-446B
LIM20... e a et e e R ea e e e e e e ae et ne et nnan AN-1256
LIMIBA . h bR a e e e ae e E e b e e e R e et e e e et e en e ae et et anean AN-460
LIMBB ettt R e a e b Re R e Rt et ae b e eae et e aeeaeeneennenes AN-460
LIM70 .ttt b et a e ae e he e Rt e e eae et e et et e eseeaeeneentaas AN-1189
LIM7BS0......cc ettt ettt ettt r e bt e e b ae e a b e e et s r e e ne e e neenneearerenane s AN-711
[ 1 TSSOSO AN-1260
LIMIBB......c ettt e r e bRt e e ae Rt ae e nae s resaeeae e e e nens AN-1262
LIMTOT et a e e et n e AN-4, AN-20, AN-24
LIMTOTA e AN-30, AN-31, AN-32, LB-2, LB-4, LB-8, LB-16
LIMT02 ..ttt s e e AN-31, AN-32, LB-1, LB-5, LB-6
LY O SRRSO AN-110
LIMTOB ..ot b e h Rt e et r e naenne e eas AN-110
LIMT05 ...ttt a Rt R et e e e et een e R e e b e nesne st eanenean AN-23
L1 0 TSRS LB-6
1Y 0 TSRS U P URRROROP AN-20, LB-1
LIMT0B ...t s AN-29, AN-30, AN-31, AN-32, AN-110, LB-14
LIMTOBA ..ttt et ettt b e ae e a e et e e bt e ne e na e e e ne e e ae e e e e e aneenaeena e e teeaeerenann LB-15
LIMIT0O ..ttt e n e e e a et ae e nenae e nan AN-42, LB-15
LIMTT0 ettt a et e a e ae e r e e e neeaeenen LB-11, LB-42
1 T O PO AN-41, LB-12, LB-32, LB-39
L1 ST O UPTO PRSPPSO AN-56
LY e USSP AN-178, AN-181, AN-182
LIMTT8 et AN-110, LB-17, LB-21, LB-23, LB-25
1 T TSROSO LB-23
LM 2T ettt s e e et e e e nean AN-79, AN-260, LB-32
LIMIT22 ettt et r et ae e a e Rt e e e et e A e e et e eRe e e e st e Rt ene et e Aeseeneeanennan AN-97
LY 2 OSSPSR PPTRSRORRRRP AN-82
LY 2 TSRO PP AN-173
LIMITB4 et n e e e e e e R e e e e e st r e e n e nenneeneenes LB-41
LIMITB0 et e ae et e e e R s e e ae e e et ennenaennean AN-74
LIMTAB ettt et e b et e e e he s et e Rt e he Rt e R e et e et et e see e e raneaneneeas AN-127
LIMAB8/LIM258/LIMBES..........ccueemieeuterueeiaeueseesee st eteseesseanteaeeasessesaeessesaeasseaseeeneeneensesaesnenansnsenennes AN-116
L1 PRSP AN-295
LIMITOA et e e et en e e e R e n e n e anenae e e e e s AN-222

www.national com XXIV



Device/Application Literature Cross-Reference (connue

Products Applications Documents
LIMTO5 ettt e b e e e AN-110, AN-161, AN-184
LIM2TT ettt ettt ettt et eeae e b e et e s e e saeanneann AN-41, LB12, LB-39
[ 1Y 22T SRR USSP AN-74
LIM257X ettt ettt ae e et et ae e e te e e bt e e entae e neeeanteeernteeenreentennns AN-1229
1Y 2 PRSP SRRP AN-1229
[V P2 PSSR SURURUPPTRRR AN-1229
LY 0 TSRS AN-23
LIMIBOB.....ce ettt ettt et e sttt s e s e e et e e s e e ase e e ae e eaae e beeaaeenteenbeeraeanaeeneeeaaeereeeteeenreanteeteeaneas AN-184
[ < i I USRS AN-41, LB-12, LB-18, LB-39
[ 1SS AN-178, AN-181, AN-182, LB-35, LB-46, LB-47
LY 2 SRS SPUR LB-24
1Y 72 USRS LB-44
LY P2 SRS AN-184, AN-225
LIMB3T .. AN-210, AN-240, AN-265, AN-285, AN-C, AN-D, LB-45
LY 13 i SR AN-265
Y 2 PSP AN-256
[ 1 TR AN-225
1Y 10 O AN-200
[ 1 7 OSSPSR LB-46, LB-49
[ 1 SRS LB-49, LB-51
[ 1 TSRS AN-74
LI 1 TSRS AN-103
[ L O OSSR LB-42
L1 1 TS AB-24, AN-278
LIMBB0.... ettt ettt sttt ea e et et ehe e s e e Re e naae e neeenn e e nn e e e beeeneeabeesseenneenn AN-87
[ PRSP SOSRSRRR AN-87
[ 74 TSRS AN-147
LI 7 T PSRRI AN-69
LY o SRS USSR AN-147
LY OSSR AN-715
1Y 1 TP PRUS SRS AN-272
LIMBO2 ... ettt st e e e et e e e ——e e e at e e e n e e eaaa e e e aaeeasteeenseeeaaraeeanteeeaanaeeraaneentenanee AN-286
LY T AN-222, AN-263, AN-265, AN-299, AN-311, LB-52
[ 1 RS OSPPPTRRRPN LB-28
[T U AN-184
LY 1Y PSSP AB-7
Y T PSR AB-7
LIMBBS ... .eieieieeiie e etee ettt st et sa et sttt et a et e et e e a e e e s ae s e e reeateeeaeeanbeenneennaenteennnean AN-46, AN-146
LY 51 USSP PRSRN AN-146
LY G2 SRS AN-693, AN-706
LY G722 PPN AN-868

XXV www national.com



Device/Application Literature Cross-Reference (contineo

Products Applications Documents
I 1 OSSP AN-346
LIMTOBA ...ttt ettt e st e et e s et st e et e et e et e et e e nare s na e e neenaeenreeaeeeanenaes AN-1148
Y <0 PSR SR AN-147
2 72 T OSSR AN-391
[ T OSSR AB-10
LIMTBO4 ...ttt s e st ae e st ne e ne s an e e e nneeen AN-384, AN-386, AN-390
LIM2B576......cceeeeieeteeieeieeteeeeesste e s e e siaeesse s s e e e se e eseseae s eaeesseeeseaase e aeesae e e neeeae e e nne e Reenae e st e nanenaeenns AN-946
LIMI2577 ettt sttt ettt sttt e et e et ae et et e e ae e n e e nn e e e e nnennes AN-776, AN-777
LIMI258B......c..eeveeeeeeeeeteste et este s e s sae e e e ssesaesaesse e e e sesaessees e e e e s e aeens e senreeene et e et e aenbe et e aeraaas AN-1082
LIMI2587 ...ttt sttt s e st e e e e e s ae s ae e et et neen e en e e atesae e aa et e AN-1061, AN-1095
LIMI2588......eecueeiectieeeeieetesteste st e eeste e aesse e seese e s essesse e s en s e sseaseese e s e aseeatateeneeeaeenneenaeeenseenteneennan AN-1082
LIM259BHYV ......eeiiiee ettt AN-1197, AN-1207, AN-1246, AN-1253
LIM2594 ... .ot ete ettt e et e et e e st e s e s ae e se s sae e be e ae e e e st e e nbe e e te e et e e ae e et e ae e teenneentean AN-1061
LY 2 L SO AN-1118
LIM259B......c..eeeeieiriceieeeseesaes et esae et s e s ae st e se e s ae e e s ae s e s e e ae et e aeeae e b e s e e e e e b e eaeeaenreene et e neern AN-1081
I 22 o PR SOSSRSRO AN-1203
LIM2B22.......c.c.eeeeeieie et cie st te e st sa e et s e st e s e et aeae e ae e b e e nte e nna e st e e b e s reeereeenaen AN-1198, AN-1250
LIM2B23 ......ooeeeciecieceeete et e e et e e e e e st e sn e s ae e b e e e e e e e s aaeese e e naeene e nnaeesaeenneenanas AN-1221, AN-1258
LIM2B33........ceeeieeeceieeieetecae et e eeeesae e s eaesaeesaae s se e s e e beesaeeaeeaeenseeaaeenseeeateanneeenaee e st anaeeereennnennenas AN-1208
I P 1 SR AN-1145
LIMI2B36 .......ecuveeeereieseeeete et ete et e e et e aeeseesseeaeeseesae e e e s essensesae e e et e nse e st e eaeereesasense e aenne et enranaeeans AN-1145
LI o T A TS AN-1145
LIM2B38 .......eeeeeieieeteeite et ete e eeeesae e st e e e e s aae et esbe e e st e s st e sat e s e e ss e e beeesae e eae e eaee e aRaeenreeeaeeneenarneaeenns AN-1145
LIM2B39 ...ttt ettt e e st e st e et s e e b e et e e ae e et e sae e beeen e e seeeaee e aeennte e aneeeaseennee et e anennreeane AN-1146
LIM2B42........ooceeeeeeeeetere et e ete e e et e e e e st e e aesae et e et e seesseeae e st e eesae e aa e e ne e ae et e neeeneeneeneeneenne AN-1239
LIM2B50.....c. eecteeeierieteeeeeeeereeteseeeeee e e seesseessesse e aasse s st e e aseessenseeneeeeeseeanese e baeaee e st enaenaeenneenatenne AN-1071
Lo SR AN-1143
LIM2B53 .......eeeeiieieiesteeeieesite st s seeeae et esaee s s e e st e s e e s et e e ae e aeearesaen e et e e te e ne e ebe e e reeaeeereaneenean AN-1133
LI 2T SR AN-1215
[P SRR AN-1142
LIM2BB3.......eeeieeeeieceeiertesteste e ae s e et e sae e se s e e e e e eseessesaeeat e st eee s e enee e e e ae e eeeesenreeabeene e e e tenaeeaeeaes AN-1142
LIM2BB4 .......oeeeeeeeeeeeeetete et ete e e s tes e se s s e e aeeneeeseenee s esseese e st e nenae e et ene e e e aeea e e ne e s e eneere et e nreeseeaes AN-1142
LIM2BT73B ...ttt te e s ae et a e et ne st as e s st e at e et e e aa e s st e s are s e e srneenaennneenanean AN-1135, AN-1157
I 2 4 PSPPSR AN-1120
LIMI2B76 ......eeeeeeeeeceseneeeee e eseesse e e sse s esee s e e seestenee s e s nee st ansanaeaseesanasesssenseeae e eaeeeseenseeeeaeran et ennan AN-1135
LIMI2B78........eeeeeeeeiesieeee et e reesee s e e ae st eae s e e s aessee s e snesseesae s e seese et e eaeese e sernt e st e e e e e e raeeneeneennaneeen AN-1135
LI o SRS AN-1135
1Y 2T - SRS AN-1202
LIMI2704.....c.eeeeeeeeetie et e ete e s e e s aeseeesae e e s se e e nne st e neesea et e enesaseneess e e eae st e neente et enaeeneeae et ensenes AN-1250
LIMI2727 ...ttt ce et e et st e s e e s s e e s ea e st s e e e s e st e e e e et e eaeea e e eenE e e aeeat e b e ese et eeesneeaeeneenenen AN-1247
Y P2l O PSS AN-1252
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L 4 DU PR PPRURRRRT AN-1209
[ oy B T PRSP UTOPRRRT TP AN-1218
LIM2792 ...ttt e st ettt ea e e shenreen e ne e nnea AN-1218, AN-1251
LIM2794 ...t ettt a e a e et b e bt e e e AN-1218, AN-1251
LIM2795 ..ttt e r e e AN-1218, AN-1251
LIM2B25 ...ttt e e e nre s AN-1038, AN-1061
LIM2B8O.....cee et bt e e e e a e e e ae e e sae e e e e e AN-402
LIMI2O07 ...ttt ettt et st b e ane et e e ne et ene e e r e e eeenre e AN-162
[ P2 OO U OO U PP AB-11, AB-12
LIMIBOBO.. ..ottt et e et r e s h e R e e et ene e r s er e neaa AN-147
LIMIBBB2 ... ettt e e bR e e a et R e e ne et e e n e aeenesae e e nnre s AN-1144
LIMBB54 ...t e e e e e s s et r e e er e enee e AN-1214, AN-1251
LIMBB55 ..ttt ettt et b e b e e b e R eae e eae e s n e e neenr e nrs AN-1214, AN-1251
LY TSP PRI AN-1193
LIMBAT8....cceeee ettt ettt s a et et e e e r b e bt e eaeenae e b e e Rt e nae e r et enneenaereeas AN-1204
LIMBABE ..ottt et et e et et r et e e e R et ne e e e R et e e n e e enees s AN-1227
LIMBABE... ...ttt et e e e ee b e R e e R e e e e e ne R e r e en e neeen e AN-1204
LIMBB24 ...ttt e AN-272, AN-288, AN-292, AN-715
LIMBE25...ce ettt ettt b e e e e e e r e e e she e sn e e ne e seere s AN-1249
LIMBET78A ...ttt ettt et e e a e AB-30, AN-1055, AN-1066
LIMIBB22.......eeeee ettt a e e r e bt e Rt ee s sre s ne s r e a e s e nee e e e as AN-1249
LIMBBAT . e e e e n s Re s eee e e e e e e e an e AN-1067
LIMIBBAG... ...ttt et et et et e e e R e r e e e ee et e e e n e AN-1068
LIMBBAT ...ttt ettt e et e n e et ne e e e e e ene e AN-1164, AN-1165
LIMBB20... ...ttt et ee s r e Re e eRe e nRee s Re e nneeane e she e s nreeneenenas AN-147
[ S TSP PUPRRURIN AN-898
LIMBO00 ... ettt ettt s ne st e s e nne s ne e n e e e sneeneeaae AB-24, AN-72, LB-20
[ 1T L TP PPN AN-154
LIMBOT4 .t st e e e r e e sR e e e e g e eae e ee s re e nee e e senens LB-48
e o O O SO TPPORRT AN-1061
LIMA250 ...ttt bR h e sa e e er e e re e ne e e e neeen AN-71, LB-34
[ LG < TSP PO TSN AN-813, AN-840
LMB361/LMB3BA/LIMB3BS........c.eeeveeeeeeernerteniie et see et e r e n e e e e e mae b s seeas AN-549
LIMBETT ..ttt r b et R e Rt E R e e R R e er e e ne e r e e e nne e ren s AN-1061
LIMBB22.......c.eeieeeeeeeeete ettt ettt et e e n et s R e e n e e bRt e e e e e R e e e raeann e e AN-1255
LIMB272..... ettt b b et e e et b e eae e eane R e e e Re e nabenne e e reeennerenne AN-1245
LIMA2454 ... et e nn e AN-906, AN-949
LIMT2458 ...ttt e AN-906, AN-947, AN-949
LIMCBBS ...ttt ettt b e R R e e ehe e e e e ere e e e e n et e be e e naesren e s AN-435
LIMCBABA ...ttt sttt re s bt e s he e s ab e Re e b et e e e Rt n e e ae e e nne e s AN-856
LIMCBO5ES ...ttt e e e e e e e e e n e e ne b e e AN-1077
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LIMDT8200 .....ceueiteieiteecrie ettt st sre st ae e e s e ne e b re e e e e e ne e nne e sae s AN-694, AN-828
LIMFAO ..ttt et sttt e e e R e bR e s R e e en e Re e e rr e e e e e nreearesneanne AN-779
LIMFOO .. ettt st e e e R e e e et n e neer e AN-779
LIMFT20 ettt et e et a s r e s r b AN-779
LY L (o 2 PP PP R AN-1244
LIMHBBAB ..ottt n s s e s re e sre e e ne e AN-1240, AN-1255
LIMHBEBT2 ...ttt s et a e sae e e eh e e ne e ear e e e n e n e r s AN-1255
LIMXBB00 .......ecimeeeieceierere et r e s e e s e e s e e s e s e e e see e R e n e e e nne s r e s a e b e e aas LB-27
LP29B2 ...ttt e e e n e r e e e nan AN-1061
LP29B0 ......c.eeeeieeeeteeee ettt st et r R sre e e R e rnen e sne e renne e AN-1061
LP2980.... . ceetiereerere sttt et st r e et r et et AN-1148, AN-1172
LP298T ...t e ane s nee s AN-1148, AN-1172
LP2982....... e e e et ne s AN-1148, AN-1172
LP2985.... ..t e e ene e e b e r e ne s AN-1148, AN-1172
LP298BO....... o e e e e a e e e n b AN-1148
LP2995 ... it e s e r e e e AN-1241, AN-1254
LPBOBE ... R b e et e e e e e r e re e nre AN-1219
L TSRO AN-779
| OO P PO STURPRTN AN-307
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AGC
DC .o AN-72
Methods........cccvvieeeceieeeceeeeecs AN-72
Television Signal ........ccccccveieeene AN-391
Alarm
Inexpensive IC .........cccccervveernnenn. AN-154
Ampilifier
100mA Current Booster ............... AN-127
1A Class AB Current Booster ...... AN-127
90 Watt Audio.....c.cceevevreivecnnnnnnnes AN-127
Absolute Value .........cccccceveeveeennenens AN-31
AC ..o, AN-31, AN-48, AN-72
AGC....coiiicie e AN-391
Anti-Log Generator ............ AN-30, AN-31
Audio .... AN-32, AN-72, AN-446, AN-898
Battery-Powered............... AN-71, AN-211
Bias Current.........ccceeveveeecvviennenne AN-242
Bridge ...... AN-29, AN-31, AN-69, AN-446
Buffered.......ccococevviviieeecccnnnes AN-253
Buffered High Current Output....... AN-29,
AN-31, AN-48, AN-253, AN-261,
AN-272
Capacitive Load Tolerance........ AN-1245,
LB-14
Cascode .....cccouveereieieieeciereeeee e AN-32
Circuit Description
LM108/LM208/LM308........... AN-29
LM118/LM218/LM318............ LB-17
LM3900.......cccicreeeccireeeeeens AN-72
LM4250.......cccoiiieeeiieeeeecis AN-71
Clamping .....cocovrvvenennennnnnns AN-31, LB-8
CMOS as Linear AMp.....ccceceeeruenne AN-88
Compensation................ AN-242, AN-253
current ....ccoocvveeeeeiiieens AN-4, AN-227
Current Feedback......... AN-597, AN-813,

AN-840, OA-07, OA-12, OA-13,

OA-15, OA-18, OA-19, OA-20,

0A-22, OA-25, OA-30, OA-31

Difference .. AN-20, AN-29, AN-31, AN-72

Differential Input................. LB-20, OA-16
Differentiator .......... AN-20, AN-31, AN-72
Digitally Controlled..........c.ccceeuen.e AN-269
Drift Testing .......coveveeveeieiienecene AN-79
FET Input.. AN-4, AN-29, AN-32, AN-227,

AN-253, AN-447
Fiber Optic Link.............. AN-253, AN-597
Follower................ (see Voltage Follower)

Frequency Compensation.............. AN-79
High Current Buffer. AN-4, AN-29, AN-31,
AN-48, AN-227, AN-446

High Input Impedance ...... AN-29, AN-31,
AN-32, AN-48, AN-72, AN-227,

AN-241, AN-253, LB-1

High Resolution (Video).............. AN-813,
AN-861, AN-867

High Speed..... AN-227, AN-253, AN-549,
AN-597, AN-840, AN-1255, LB-42

High Speed Peak Detector .......... AN-227
High Speed Sample and Hold ..... AN-253
High Voltage ..... AN-72, AN-127, AN-446,
TP-14

Input Guarding ........cc.c.... AN-29, AN-447
Instrumentation ..... AN-29, AN-31, AN-71,
AN-79, AN-222, AN-242, LB-1,

LB-21

Instrumentation Shield/Line Driver. AN-48
Integrator .. AN-20, AN-29, AN-31, AN-32,
AN-72, AN-88

Inverting.... AN-20, AN-31, AN-71, AN-72,

LB-17
1S0latioN ....eeeveeeeeieiieeeeecreeee e, AN-285
Level Shifting............ AN-4, AN-32, AN-48
Line Receiver......covcccvveevrcvicveenennn, AN-72
Logarithmic Converter....... AN-29, AN-30,

AN-31, AN-311
Low Drift.. AN-79, AN-222, LB-22, LB-24,

LB-52
Low Frequency..........cccvvevevinennen. AN-74
Low Noise .......... AN-222, AN-346, LB-52
Low Offset...ccccccceeeeeciieeececiiene AN-242
Low Voltage.........ccceveenen. AN-211, TP-14
Meter ..o e AN-71
Microphone........ccocoeveviennennennnen. AN-346
MiCropower.........ovveeeicier s AN-71
Nano-Watt ........cccooveveeriiiccciiinneen, AN-71
NOISE ..ottt AN-241
Noise Specifications........ AN-104, LB-26,

OA-12, OA-14
Non-Inverting ......... AN-20, AN-31, AN-72
Non-Linear .......ccccccvrvvvnneenne. AN-4, AN-31
Norton ......cccoueee. AB-24, AN-72, AN-278

Operational... AN-4, AN-A, AN-20, AN-29,

AN-31, AN-211, AN-241
Output Resistance ...........ccccevveenee. AN-29
Paralleling .........cccoovvieiiiiiiiniieinns LB-44
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Photocell ........ccooeviirinieceeccnen, AN-20
Photodiode. AN-20, AN-29, AN-31, LB-12
Photoresistor Bridge...........cccevneene AN-29

Piezoelectric Transducer.... AN-29, AN-31
Power.... AN-69, AN-72, AN-110, AN-127,
AN-446, AN-898, AN-446B, LB-44

(see also Buffers, High Current)
Preamplifier ......... AN-79, AN-346, LB-24,

LB-52
Rejection, Power Supply................ AN-29
Reset Stabilized .........cccccvverrennen. AN-20
RF. e, (see RF Ampilifier)
RGB.....cocieeeriereeee e AN-861

Sample and Hold.... AN-4, AN-29, AN-31,
AN-32, AN-48, AN-72, LB-11
Single Supply ..... AN-72, AN-116, AN-211

Solar Cell.....cooecereeeieeieereeeeeeee AN-4
Specifying Selected Parameters .... LB-26
SQUANING .ccveeeeeeeereeere e AN-72
Strain Gauge........cccreeveevereneeenne AN-222
SUMMING...coevvriierirenieniene AN-20, AN-31
Temperature Probe............. AN-31, AN-56
Transmission Line Driver ................. AN-4
Tutorial Study of Op Amps............... AN-A

Variable Gain...... AN-31, AN-32, AN-299,
AN-346, LB-1 (see also AGC)
Very High Current Booster with High

Compliance.........ccccoeeeenneene AN-127

VidEO .. AN-480

Wide Band Buffer..........ccceccenuennee AN-227

Analog Math Function

Analog Divider ......... AN-4, AN-30, AN-31

Analog Multiplier ..... AN-4, AN-20, AN-30,

AN-31

Cube Generator ................. AN-30, AN-31

Logarithmic Amplifier......... AN-29, AN-30,

AN-31, AN-211

Analog Switch............ccooiiiiiii AN-32

Analog-to-Digital Conversion............ AN-156,

AN-245

10-Bit Data Formats.................... AN-277

12-Bit Data Formats.........ccccevueene AN-245
15-Bit Single Slope Integrating

Converter.......ccovvvvceecieennenns AN-295

6800 uP Interface........cccccevereunnnnn AN-247

8080 uP Interface.........cccceceeieeune AN-247

Absolute Conversion.................... AN-247

Accuracy ........... AD-01, AN-156, AN-276,

AN-804

Analog Input Considerations........ AN-247

Auto Gain Ranging ..........ccoeeneee. AN-245

Binary Codes.......cccooeverveniecnienienns AN-156
Converters. AN-C, AN-D, AN-87, AN-156,
AN-162, AN-193, AN-233, AN-245,
AN-247, AN-258, AN-260, AN-274,
AN-276, AN-281, LB-6

Current SOUICe.......cceevveeeereeriernen. AN-202
Dielectric Absorption .........ccccee.... AN-260
Differential Analog Input... AD-04, AN-233
Dual Slope Converter................... AN-260
Errors.... AD-02, AD-03, AN-156, AN-804,
AN-1261

FET Switched Multiplexer ............ AN-260
Free-Running Interface................... LB-53
Grounding Considerations ............ AD-01,
AN-274

High Speed Conversion..... AD-01, AD-02
Integrating 10-Bit.........cccccceernee. AN-262
Integrating Converters.................. AN-260
Integrator Comparator.................. AN-260
Linearity Error Specifications........ AN-156
Logarithmic........cccoceeveniiiienne AN-274

Microprocessor Compatible ........ AN-280,
AN-281, AN-929, AN-947, AN-949
Microprocessor Controlled Offset

AdjuSt..cceeeee e AN-274
Offset Adjust........cccecerrevrceernneene. AN-274
Ramp Generator ...........ccceceevreenne AN-260
Ratiometric Conversion................ AN-247
References......cccoeceeviceeciieneneen. AN-184
Resolution.........c.euvveenn.. AN-156, AN-276
Sampled Data Comparator .......... AN-276
Sampled Data Comparator input. AN-274
Single Slope Converter................ AN-260
Single Supply......ccoeeeenes AN-245, AN-284
Span Adjustment............ AN-233, AN-274

Specifications..... AD-01, AN-156, AN-769
Successive Approximation Register

(SAR) ...ciiiireee e AN-193
Testing....evvveeeriieeciciieene AD-02, AN-233
Voltage Comparator...........cccceee.. AN-276
Voltage Mode .......ccocceriieevceenieenans AN-284
Z-80 Interface........ccocvvciveecrcnncnns AN-247

Analog-to-Digital Converter
As a Divider.......ccccceivnneeeiinieene AN-233
As a Voltage Comparator............. AN-233
High Speed ..o AN-237
AND Gate..........cccoccereveieeicnn. AN-72, AN-74
Anti-Log Generator.................... AN-30, AN-31
Arc Protection (CRT).......cccccoeeviennen. AN-861
Attenuation ............c.occceien. (see also AGC)
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Digital .....oooeeeeiriecee e AN-284 Bypassing, Supply Terminal ... AN-4, AN-227,
Audio AN-253, AN-1002, LB-2, LB-15
MIXEF ... AN-72  Cable Driver
Preamplifier ........ccccooveeeeeecnnennnn. AN-346 Coaxial ......oovvurieeeriiieenieeeeeeennn AN-227
Audio Amplifier............. AN-32, AN-69, AN-72, CAD System ...........cccceriiiiiiiciicicnee. AB-7
AN-346, AN-898 (see also Amplifier) (see  Capacitance Multiplier .............. AN-29, AN-31
. _ also FM Stereo, Amplifiers) Digitally Controlled..............c........ AN-271
Bridge Amplifier..........ccoovviniennn AN-69 Programmabile.............cc.cceeurrunnes AN-344
Current BOOSter...........ooovveviinns AN-127  capacitive Transducer ....................... AN-162
INtercom ......oovieiiieiiccee e AN-69 Capacitors
Phono......... e AN-346 BYDPASS ....eeeeeereeeneene AN-4, LB-2, LB-15
Power Amplifier................ AN-69, AN-147 Compensation................ AN-29 (see also
RIAA ... AN-346 Frequency Compensation)
Tone Control..................... AN-69, AN-147 Dielectric Polarization..................... AN-29
VoItage-ControlIed ........................ AN-299 E|ectro|ytic as T|m|ng Capacitor _____ AN-97
Automatic Gain Control ................. (see AGC) Filter, Power Supply.....c.cccceeevueneene AN-23
Automotive Multiplier, Capacitance....... AN-29, AN-31
Anti-Skid Circuit.........cccooeevrerenee. AN-162 Tantalum Bypass ........ccccccevevreenenne LB-15
Breaker Point Dwell Meter-.......... AN-162  Cascode Amplifier ...............ccccoemeurn... AN-32
DC Motor Control.........c..ccnue. AN-1049  charger
Multiplex Wiring.............. AN-454, AN-915 Battery ........cccocevoeeereeennnns AN-946, LB-35
Tachometer..........cooovvvviriinicninnnes AN-162  chebeyshev Filter...................cccoo........ AN-779
Bandpass Filter ........ AN-72, AN-307, AN-346,  Chopper DFVeS.............cc...cccooevvccnnnnee. AN-828
—— AN-779, LB-11 Chopper Stabilized Amplifier ............... AN-49
Extended.. ... AN-29, LB-2, LB-4, LB-19 Circu;?l:)e:;it:;/;?;;; ............................... AN-79
BatterFuII Power .....ccoeeveeeeennnn. AN-769, LB-19 LM10 Op Amp/Reference. AN-211, TP-14
y oy It
Charger ....... AN-946, AN-1164, AN-1165, O atar 05 Positive Vollaae
B3 . Regulator..... —
Protection .................. AN-1067, AN-1068 LMw*Xan“gff?gr/LMs(’fsOperat'°”a' AN-29
Bessel Filter ...........ccccovvvvvvevereeeieeeee. AN-779 LM109/LM209/LM309 Three Terminal
Bias Current............. (see Drift Compensation) Regulator ...........cco.oeuevurueene AN-42
Bi-Quad Filter...............ccccovvnreenenen. AN-72 LM110/LM210/LM310 Voltage
Blinker Follower......ccccooveeriiiinicnees LB-11
Lamp...cooooe e AN-110 LM111/LM211/LM311 Voltage
Low Voltage IC.......cccceuerercverennnen. AN-154 Comparator............... AN-41, LB-12
TWO W@ ..o AN-154 LM113 1.2V Reference Diode........ AN-56
Board Layout............ AD-01, AN-29, AN-1002, LM118/LM218/LM318 High Slew Rate Op
AN-1149, AN-1157, AN-1229, AN-1261 AMP .o LB-17
Bolometer (Comparator)...................... LB-32 LM12 150W Op Amp................ 'X‘r‘\l?‘g\B
Bridge Amplifier......................... AN-29, AN-31 LM1894 DNR AN-386
Buffers......... AN-49, AN-227 (see also Voltage LM195/LM395 IC Power
High-Current AN, AN ;;"X"l\‘l’esr? Transistor ...........co.cooeveeeeen... AN-110
""" s NGy B LW Tmeme
Using CMOS Amplifiers ................. AN-88 LM3900 Quad Amplifier ................. AN-72
Butterworth Filter................................. AN-779 LM4250 Micropower Programmable Op
AMDP e AN-71
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LM565 Phase Locked Loop........... AN-46
LM78S40 Switching Regulator..... AN-711
Clamp
Back Porch.......ccccooviiiiiiiicee AN-861
Grid (CRT).eoveeeeeeeeeeeee e AN-867
Precision........ccccoeeeenieennnen. AN-31, LB-8
Comparators ......... (see Voltage Comparators)
Compensation
Cold Junction ................. AN-222, AN-225
Drift...c.cccovveennen. (see Drift Compensation)
Frequency ........ccccceeeuen. (see Frequency
Compensation)
Temperature...... (see Drift Compensation)

Component Noise
Control System

(see Noise, Component)

Environmental ..........cccceeieieennnne AN-193
Converter
ACto DC....oovreeeeeeecee AN-31, LB-8
Analog-to-Digital ... (see Analog-to-Digital)
Cable.....cueeiieeee AN-391
Current-to-Voltage.............. AN-20, AN-31
DC-to-DC ......ccccueueee. (see also Switching
Regulator)
Delta Sigma........cccoevivriereiiieens AN-1002
Digitally Programmable Band
Pass Filter........ccccoeveiiennnn. AN-299
Digitally Programmable Panner
Attenuator.........ccceeeeeenen. AN-299
Frequency-to-Voltage........... AN-C, AN-D,

AN-97, AN-210, LB-45
AN-29, AN-30, AN-31
(see Switched
Capacitor Converter)

Logarithmic
Phono Preamp
Switched Capacitor

Voltage Controlled Amplifier......... AN-299
Voltage-to-Frequency ....... AN-D, AN-286,
AN-299
Crossovers
ACHVE....eo i AN-346
Crosstalk
Microcomputer Bus............cccc...... AN-337
CRT
Deflection Circuitry .........cccuueen..e. AN-656
V(7011 (o) G AN-656
Crystal Oscillator.......... AN-32, AN-41, AN-74,
AN-402
Cube Generator ......................... AN-30, AN-31

Current Amplifier
High Output
Current Booster

AN-227, AN-262
AN-127, AN-227

Current Limiting

1A, 65V Power Supply with Variable
Current Limit........ccooevvenens AN-127
External AN-29, AN-82, AN-227
Foldback..... AN-23, AN-82 (see Foldback
Current Limiting)
AN-72, AN-227,
AN-446A
Sense Voltage Reduction .. AN-31, AN-32

Output Short Circuit

Switchback ........... (see Foldback Current
Limiting)

Two Terminal Current Limiter....... AN-110
Current LOOP........coccvveeeeieecieee, AN-300
Current Measurement......................... AN-300
Current Mirror ...........ccoceeeeevveeeececineeenn. AN-72

Current Motor AN-31, AN-32, AN-300 (see
also Current-to-Voltage Converter)

Current Noise (see Noise, Current)
Current Sink

Digitally Controlled ..........c.cceeuue... AN-271
Fixed.....ccooeeiiriinieieeeeee e AN-72
Precision................ AN-20, AN-31, AN-32
Current Source
200MA ..o AN-103
Bilateral .........ccocevveervennenns AN-29, AN-31
High Compliance.........cccccvvvureneen. AN-127
High Current........cccoooeceiiiiiiiniee AN-42
MURIPIE ... AN-72
Precision................ AN-20, AN-31, AN-32
Programmabile...........ccceecnennnnn. AN-344
Two Terminal .......coooceeevieeenicennnes AN-110
Current-to-Frequency Converter........ AN-240

Current-to-Voltage Converter... AN-20, AN-31
Data Acquisition System AN-906, AN-947,

AN-949
DC Servo-Motor Controllers............... AN-460
DC-to-AC Converter..........ccccceeeeveeeennnn. LB-18

DC-to-DC Converter . (see Switched Capacitor
Converter or Switching Regulator)

Delay Switch AN-110 (see also Timers)

Two-Terminal......ccccovveveeerereeeeeennenn. AN-97
Demodulators

AM-FM...ovmiiiiiiccee e AN-46

Frequency Shift Keying.................. AN-46

IRIG Channel .......cccccvvveeeeeeereenennnn. AN-46

Weather Satellite Picture ............... AN-46
Detectors .......eevveeveviicieieeeeeeeceeeee, AN-391

PeakK....cocoeeeeeeeeeeeeeene AN-87, AN-386
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Pulse Width ................. (see Pulse Width

Detectors)

SyNnchronous .........cccoeeeveenecreennee. AN-391

True RMS ... LB-25

Zero Cross .......ceeeveeenn. AN-74 (see also

Demodulators)

Dielectric Absorption .......................... AN-260

Dielectric Polarization Capacitor ......... AN-29

Difference Amplifier ..... AN-20, AN-29, AN-31,

AN-72

Differential Integrator-............ AN-72, AN-1244

Differential Signal Commutator............ AN-49

Differentiator.................. AN-29, AN-31, AN-72
Digital Divider

Variable Ratio........cc.cccovveeveenenne. AN-286

Digital Gainset.............ccccevvrvvennnnnne AN-344

Digital Instrumentation Amplifier-....... AN-344

Digital Multimeter................c.cccoeene. AN-202

Digital Signal Processing (DSP) ....... AN-236,
AN-237, AN-255

Digital Switching Circuits...................... AN-72
Digital Voltage Meter (DVM)................ AN-200
Digital-to-Analog Converter.................. AN-48
4 to 20mA Current Loop .............. AN-271
4-Quadrant Multiplexing............... AN-271

Amplifier Gain Control.... AN-271, AN-284
Composite Low Offset Fast

Amplifier......ccccoveveieciiiennns AN-271
Digitally Controlled AC

Attenuator ..........cceeeveeeeenen. AN-284
Digitally Controlled Capacitance

Amplifier.....cccoeiiiniinieen, AN-271

Digitally Controlled Current Sink.. AN-271
Digitally Controlled Function

Generator.......c.cccoeveeeennnenns AN-271

High Voltage Output ...... AN-271, AN-293
Microprocessor Compatible ........ AN-275,
AN-284

Output Range Level Shifting........ AN-271
Plate Driving Deflection Amplifier. AN-293

Processor Controlled Shaker Table
DIiVer.....oooeeeeeeeeeeeeee AN-293

Single Supply Voltage Mode........ AN-271
Temperature Limit Controller........ AN-293
Used as a Digitally Programmable

Potentiometer ..................... AN-271

Vernier Adjustment............ccccueu.e. AN-271
Diode

Clamps .....coocceeeeiieeee e AN-861

Precision................. AN-31, AN-173, LB-8
Protective .....eeeeeeieeiciiiiieieeeecne AN-861
Reference.........cceevvveeiveeieeieinnnnn, AN-110
ZENEI ..ot e e e sneene s AN-56
Zenered Transistor Base-Emitter
Junction ......cceeeieiiiiei AN-71
Discrete Time System .............ccc......... AN-236
Discriminator, Multiple Aperture
Window..........ccvvevieeiiieeeeee AN-31

Display Driver
7-Segment Gas Discharge Tube ... AN-84
White LED . AN-1221, AN-1250, AN-1251
Divider, Analog .. AN-4, AN-30, AN-31, AN-222
DNR

Applications........cccccceeereeeeiinnnnen. AN-390
Calibration ........ccccvcevviiniiiiienenn. AN-390
Cascading .....ccccveerveeererrenrienenans AN-390
Circuit Design.........cccovververenenn. AN-386
Operating Principles..........ccco....... AN-384
Double Sideband Modulator................. AN-49
Doubler, Frequency ...........ccccceveveeenne AN-41
Drift
Minimizing in Amplifiers... AN-242, LB-22,
LB-32
Drift Compensation................. AN-79, AN-242
Bias Current........... AN-20, AN-29, AN-31
Board Layout...........cccoveeviiiiienennne AN-29
Gain, Transistor........cccccvveeeiiieeeennns AN-56
Guarding Inputs ........ccccccecieiinennn. AN-29
Integrator, Low Dirift..........cccceeee. AN-31
Non-Linear Amplifiers........... AN-4, AN-31
Offset Voltage ...... AN-20, AN-31, AN-242
Reset Stabilized Amplifier .............. AN-20
Sample and Hold................. AN-4, AN-29
Transistor Gain.......c.ccceevveeeeneenneen. AN-56

Voltage Regulator .. AN-23, AN-42, LB-15

Drift, Voltage and Current..... AN-29 (see also
Drift Compensation)

Drivers.... (see also Voltage Followers, Buffers,

Amplifiers)
Cable ..o AN-813
ChOpper ....coveiiereeeeesee e AN-828
L/R e AN-828
MOS Clock Driver .........ccccecevvernnen. AN-74

Zero Crossing Detector and Line
Driver ... AN-162
D-to-A Converter-.......... (see Digital-to-Analog)
Dwell Meter...........cccoooiiiiieniiieceen, AN-162
Dynamic Specifications ...................... AN-769
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ECL....ccooviiieenn (see Emitter Coupled Logic)
Electronic Shutdown............... AN-82, AN-103
Elliptic Filter............ccoccoce. AN-706, AN-779

EMI (Electromagnetic Interference)... AN-861
Emitter Coupled Logic

Volt Meter.......ccooeeeiiviiinieceenee AN-32
Filter ..., AN-307
Adjustable Q.........cceeerinniiinns AN-31, LB-5
Anti-Aliasing .......c.coceceeircienineenn. AN-1002

Bandpass. AN-72, AN-779, LB-11, OA-28

Direct Interfacing........c.ceeevevveervennne. AN-87 (see also Filter, Notch)
Equalizer, Graphic .............ccccceeuruenennee. AN-435 Bessel ... AN-779
Errors Bi-Quad.........ccoeviiieee AN-72

Low Error AMPIfiers ... LB-21 Butterworth........cccoeveciveiiiieenee AN-779

Reducing Comparator Errors for 1uV Chgbeyshev ....................... e AN-779

Sensitivity .....coeeeeerereeernene LB-32 D'Q't?”V Programmable Gain........ AN-269

Evaluation Board Elliptic.............. s AN-779
Op Amp Full Wave Rgctlfylng and

CLC5506.........orerrrrrre. AN-1138 . Averaging ................. AN-20, AN-31

LDO High Pass Active Filter...... AN-31, AN-72,

LP298X ..o eeerreseeer s AN-1172 AN-227, AN-779, LB-11, OR-28,

tggggg ----------------------------- ﬁm:g:’; INFrASOUNG .oveverereeeesseeeeeereesssne AN-346

Switched Cape'll(.:'i.t.(;r. """""""""" Low Distortioq e AN-386

LM2661/LM2663/LM2664 . AN-1142 O P e AN 265, AN 20, OA-o,

LM2787 ....ocvrrerrereeerrrienne AN-1209 ’ ’ " OA-27

L.M3354/LM3355 ............... AN-1214 Low Pass Adjustable ..... AN-384, AN-386

Switching Regulator Notch .... AN-31, AN-48, AN-227, AN-779,

LM2593HV........coceirirnns AN-1207 LB-5, LB-11

LM2611 ..., AN-1203 Notch, Adjustable Q........ AN-31, AN-779,

LM2622........cccceeeeeiirannnn AN-1198 LB-5

LM2638.....ccoiiiiieeereen AN-1208 PID oo, AN-693, AN-706

LM2642.........cccovviriiis AN-1239 Power Supply ......cccovviniiiiiininnns AN-23

LM2650........ccovvririricinne. AN-1071 Programmable..........ccoorrereeicecnnne AN-344

LM2651-3.3...cceeeveeeeeenene AN-1143 Sallen Key........... AN-779, OA-21, OA-26

LM2653.......cccoiiiren AN-1133 Sensitivity Functions ............c........ AN-72

LM2655.......cccoirreieieeene AN-1215 Surface Acoustic Wave................. AN-391

LM2675.......cccoeerierenne AN-1120 Switched Capacitor ..........ccccevuene AN-779

LM267X 3A/BA........coeene AN-1135 Tone Control.........ccceeeeveeireriecncnenne AN-32

LM2698........c.covvveirennnn AN-1202 Utrasound ........ccoeceeerenieneneneeenens AN-346

LM2727 ... AN-1247 Vestigial Side Band...................... AN-402
LM2791/2/4/5.................... AN-1218  Flasher

LMB477 e AN-1193 Inexpensive IC ... AN-154

LM3478/LM3488............... AN-1204 Lamp..ceeceeereeeee e AN-110

LM3485.......coeeeerereeenenen AN-1227 TWO-WIre ...oeeeieeeicieeecre e AN-154

Fan Control ........................ AN-1260, AN-1262  Flip-Flop, Trigger ...........c.cccoeveueurerirerenene AN-72

Feedforward Compensation....... LB-2, LB-14,  Fluid Level Control .............c.ccccccrruuennn. AB-10

LB-17  Flyback Power Supply ........... AB-30, AN-556,

Ferrite Bead...........ccccooeiiieennniniccnene AN-23 AN-715, AN-1055, AN-1061, AN-1082,

FET AN-1095

AMPIIfier ..., AN-32 FM

Operational Amplifier Input. AN-4, AN-29, Blend ... AN-390

AN-32, AN-447 Calibration Modulation Level........ AN-402

SWitChes.......coenvuniurininines AN-32, AN-447  FM Stereo ............ccccovereerereerrenresreereennns AN-512
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Receiver.......ccovrviieeiiiiceeees AN-147
Remote Speaker........c.ccccvevevvueene AN-146
Foldback Current Limiting.................... AN-82
Temperature Sensitivity.................. AN-23
Followers, Voltage........ (see Voltage Follower)
Frequency Compensation.................... AN-79
Bandwidth, Extended .......... AN-29, LB-2,
LB-4, LB-19, LB-42

Bootstrapped Shunt .........c..ccceeunee. AN-29
Capacitance, Stray............... AN-4, AN-31
Capacitive Loads .............. AN-4, AN-446,
AN-447, AN-1148, LB-14, LB-42
Differentiator..........c.ccccceenvvinneenne. AN-20
Feedforward...........cccoeeeeee. LB-2, LB-17
Ferrite Bead .........cccovvinveieniieenn, AN-23
Hints............ AN-4, AN-20, AN-23, AN-41,
AN-447, AN-1148, LB-2, LB-4,

LB-42

Multiplier ..., AN-210
Multivibrator........cccecoiiinniininns AN-4

Oscillation, Involuntary........ AN-4, AN-20,
AN-29, AN-446, AN-1148

Frequency Doubler ...............cccocveeenne. AN-41

Frequency Response............. LB-19 (see also
Frequency Compensation)

Frequency Shift Keying Demodulator. AN-46
Frequency-to-Current Converter-........ AN-162

Frequency-to-Voltage Converter .......... AN-C,
AN-D, AN-97, AN-162, AN-210
Full Power Bandwidth ............. AN-769, LB-19
Function Generator................ (see Generator)
Gain Control
Digital ....ccoeeeeee e AN-269
Voltage Controlled........ AN-299 (see also
AGC)
Gain Test Set.........ccocceviriiiiireeeee AN-24
Gates, ORand AND...............ccceereunenn. AN-72
Generator
Digitally Controlled..........c.cccoeu..... AN-435
Multiple Function...........cccovveennnee. LB-23
One Shot.....ccoeveenee e AN-88
Programmable..........cc.ccceeveerrneene AN-344
Pulse Generator..........ccceceveernueenee AN-74
Sine Wave.............. AN-20, AN-31, LB-16
Square Wave....... AN-74, AN-88, AN-154,
LB-23
Staircase ......ccveveeeeneeennnnns AN-88, AN-162
Triangle Wave................. LB-23 (see also
Oscillator)

Graphic Equalizer

Digitally Controlled..........ccc.ou...... AN-435
Guard Driver.........cccocoeeeeereinnnn AN-48, AN-227
Guarding Amplifier Inputs .................. AN-29
Gyrator..........cccccoe.. (see Inductor, Simulated)
Hall Effect Sensor (Comparator)........... LB-32
Harmonic Distortion............................. AN-769
H-Bridge..........cccccoocvvinirneenn. AN-693, AN-694
High Frequency ....... AN-227, AN-253, AN-391
High Pass Active Filter............ AN-31, AN-72,

AN-307, AN-346, AN-779, LB-11
High Pass Filter....... AN-227, AN-307, AN-346

High Speed Op Amp................ AN-278, LB-42
High Speed Peak Detector.................. AN-227
High Speed Shield/Line Driver........... AN-227
High Voitage
{3 1)Y= TP AN-49
Flasher ......cooeivincineeeeee AN-154
OP AMP .ot AN-127, AN-446
Regulator ............cc....... AN-103, AN-1253
HPC Microcontrollers..............ccoc..... AN-868
Humidity Measurement...................... AN-256
Indicator
Applications........cc.cerveereenneeerennen. AN-154
Inductance-Resistance (L/R) Drivers. AN-828
Inductor
Ferrite Bead .......c.cccocvvvveveceninnne AN-23
Selection for Switching
Regulator .........ccceeevrnennee AN-1197
Simulated........ccccoeerennnn. AN-31, AN-435
Input Guarding..............c.c........ AN-29, AN-48
Instrumentation Amplifier ...... (see Amplifiers,
Instrumentation)
Integrator........... AN-20, AN-29, AN-31, AN-32,
AN-72
Interface

Data Transmission Standards..... AN-216,
AN-759, AN-806, AN-807, AN-917,
AN-972

RS-232....cccovveene AN-914, AN-917
RS-422. AN-216, AN-759, AN-1031
RS-485.. AN-216, AN-759, AN-979,

AN-1057
131075 ] AN-904
Parameters Defined ..........ceeueun.... AN-912

Transceiver ..... AN-214, AN-259, AN-337,
AN-409, AN-457

Intermodulation Distortion.................. AN-769
Internal TImer........cccccceeeecevvieicciencrennnn. AN-31
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Intrusion Alarm

Fiber OptiC......ccovvvereeeirrieeriens AN-266
Inverting Amplifier........ AN-20, AN-31, AN-71,
AN-72
Isolated Input Signal Conditioning
Amplifier..........ccooceiiiiiiiicnen AN-266
Isolation Techniques
Thermocouple .......cceerceerieernenne. AN-298
Transformer.......coccovcereievnnceninenes AN-266
Isolation Amplifier .............cccceveeneenes AN-266
Isolation, Digital...............ccocovvenrnennnn. AN-41
JFETS ..ot AN-32
Junction Temperature
Maximum Allowable ..................... AN-336
Lamp Driver
Ground Referenced ......... AN-72, AN-457
Voltage Comparator. AN-4, AN-72, LB-12
Large Signal Response............c..ccoceeennee LB-19
LED....ccorrrreeeen, (see Light Emitting Diode)
Level Detector
With Hysteresis .........ccccoieeviiiiincnns AN-87
Level Shifting Amplifier. AN-4, AN-32, AN-41,
AN-48
Light Emitting Diode
1.5V LED Flasher........cccoceeeruenne. AN-154
White LED Driver...... AN-1221, AN-1250,
AN-1251
Limit Detector...........cccooccvvrvirrccienene AN-31
Double Ended ......ccccoevvvininnrienenne AN-31
Limiter ... (see Clamp)
Line Driver ..... AN-22, AN-48, AN-259, AN-972
RS-232....ccciirerceienene AN-438, AN-914
RS-422............. AN-214, AN-759, AN-805
RS-485............ AN-214, AN-409, AN-759,
AN-805, AN-979
Line Receiver............. AN-22, AN-259, AN-972
RS-232...ciieirerieeeee e AN-438
RS-422............. AN-214, AN-457, AN-759
RS-485............ AN-214, AN-409, AN-759,
‘ AN-979
Comparators Suitable For.............. AN-87
Liquid Detector ...........ccccoe..ee. AB-10, AN-154
Logarithmic Amplifier .. AN-29, AN-30, AN-31,
AN-211
DAC Controlled Scale Factor....... AN-269
Digitally Programmable................. AN-269
Low Drift Amplifiers........ (see Amplifiers, Low
Drift)

Low Dropout (LDO) Regulators ...... AN-1148
(see Voltage Regulators, Low Dropout)

Low Pass Active Filter. AN-20, AN-31, AN-72,
AN-307, AN-346, AN-779

LVDT ,

Position Sensor........ccccccovevennnnenn. AN-301
Macromodeils.................. (see Models, SPICE)
Magnetic

Field Sensor.......ccccoovvvienveencniennne AN-301

TAPE e e AN-390

Transducer Amplifier .......cccoeeeenenne AN-74

Variable Reluctance Pickup

Buffer ....cccovvevvienieereecene AN-162
Meter Amplifier .......... AN-71, AN-222, AN-265
Microphone Preampilifier ...... AN-299, AN-346
MICROWIRE Interface ....................... AN-1256
Micropower

Amplifier ...ccooeviiciinieenenne AN-71, AN-211

Voltage Comparator ..........ccccoerueene AN-71
Mixer

AUIO oo e AN-72

Low Frequency..........cccceeeveincunnene AN-72
Models

SPICE............. AN-813, AN-840, AN-856,

AN-1255, OA-18
Modem Filter ............occccoireeniniiine, AN-307
Modulation and Demodulation............ AN-49,
AN-402

Modulator

FM AUQIO....coriiieeeieeeeeeee AN-402

Pulse Width ......ccccoccvvivveneeninen. AN-31
Moisture Detector .................... AB-10, AN-154
Monostable Multivibrator ... (see Multivibrator)
MOS Analog Switch............cccooneeninne AN-49
MOS Differential Switch........................ AN-49
MOSFET

Characteristics........c.cceveerreerernnen. AN-558
Motion Control......... AN-693, AN-706, AN-868
Motion Detector..................... (see Sensor, Air)
Motor Control............cceevveeeens AN-693, AN-694
Motor Speed Controller ........ AN-292, AN-446
Motor, Stepper............ccccovvivncniiriecnen, AN-828

Motor Torque Controller ....... AN-693, AN-828
(see Analog Switch)

Multiplier
Analog ........ AN-4, AN-20, AN-30, AN-31,
AN-222
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Capacitance.............ccouu.... AN-29, AN-31
Cube Generator ................. AN-30, AN-31
Resistance..........cccocvvveveveeeeecnnen. AN-29
Multivibrator........ AN-4, AN-24, AN-31, AN-41,
AN-71, AN-72, AN-74

Negative and Positive Voltage Regulators.....

(see Symmetrical Voltage Regulator)
Negative Voltage Regulator

Drift Compensation.................... (see Drift
Compensation, Voltage Regulator)
HINtS oo LB-15
Low Dropout Voltage.................... AN-211
Precision, Stable........cc..c.cceeeeunnnne. LB-15
Programmabile.................... AN-20, AN-31
Switching .....cccceeevveeeenne. AN-1157, LB-18
Three Terminal .........cccovceeeiiieeene AN-182
Nixie Driver.........ccccceemneiiieeereeeeene AN-32
Noise
Component.........ccceveeveeneeeieennens AN-104
Figure.............. AN-104, AN-222, AN-391
Filtering........coceveevvereenne. AN-1261, LB-32
Generator, “Buzz Box” ................. AN-154
F et AN-104
Television Receiver...................... AN-391
Theory.....coccecveeeenineeenne AN-222, OA-12
Thermal.....cccooooeeeieiiieeeeeeeee e AN-104
VoRage ......coovvvieeiiiececcceee AN-104
Weighting .......ccoevveenieniieeeieee AN-384
Noise Reduction
Analog-to-Digital Converter........... AD-01,
AD-02, AD-03, AN-1261
AUIO ..o AN-384, AN-386
Comparison of Types........ccccc..... AN-384
Complementary.........ccocccveriieeennes AN-384
FM e AN-390
Masking......cccooeerieeenneene AN-384, AN-386
Single-Ended ... AN-384, AN-386, AN-390
JLE: RN AN-390
Television AudiO .......cccoeeeeeenieennee AN-390
VTR e AN-390
Non-Inverting Amplifier............ AN-20, AN-31,
AN-72
Non-Linear Amplifier................... AN-4, AN-31
Norton Amplifier ...................... AN-72, AN-278

Notch Filter... AN-31, AN-48, AN-307, AN-779,
LB-5, LB-11

Offset Current

Test Set.cooviviiieeieeeeee, AN-24

Offset Voltage
Adjustment.........cooceeeeeiiieiinieeee, LB-9
Compensation.. (see Drift Compensation)
Test Set . AN-24
One Shot............cooiiiiiiiinicen, AN-72, AN-88
Operational Ampilifier........ (see also Amplifier,
Operational)
Test Set.coceeiiieeeeeeeeeee e, AN-24
Testing ....oovvveeieeeeeccee e AB-12
OR Gate.......cceceevveeeeeeeeeeeeeeccn, AN-72, AN-74
Regulator..........ccccovvieiiieenicniene AN-103
Oscillation, Involuntary.......... (see Frequency
Compensation)

Oscillator

Crystal......cccccuveen. AN-41, AN-74, AN-402
Crystal JFET ....cooviiiiiieiieicieee AN-32
Fiber Optic.....ccocceveeiiieceecciees AN-266
Inexpensive IC .......ccccceevveeniinenn. AN-154
L/C e AN-402
Morse Code......cccveveverrrereeeernnnnns AN-154
Multivibrator ............ AN-4, AN-24, AN-31,
AN-41, AN-71, AN-72
One Shot....ccceeviieeeeiieeeeceee AN-88
Piezoelectric Driver........ccccccoeenee AN-72
Programmable ‘Unijunction’ ........... AN-72
PUISE ... AN-97
Pulse Output........cccoveneene AN-71, AN-72
Quadrature Output ............. AN-31, LB-16
RF e AN-402
{2 | = = AN-32
Sawtooth ....cccevvviee e, AN-72
Sine Wave ............ AN-20, AN-29, AN-31,
AN-32, AN-72, LB-16
ST =Y o U AN-154
Square Wave ..........cccceeeeveccvveeenne AN-88
Staircase ....ooceeerveeeeee e AN-72
Television.......ccccovvveeeveeveiiieiees AN-402
Triangle Wave....... AN-20, AN-24, AN-31,
AN-72
Tunable Frequency.........cccccennenn. LB-16
Vestigial Side Band...................... AN-402
LYo [=To RSSO AN-402

Voltage-Controlled.. AN-C, AN-24, AN-72,
AN-146, AN-162, AN-391

Offset Wien Bridge........... AN-20, AN-31, AN-32
Adjusting Offset and Drift to Almost Overspeed Latches/Indicators................. (see
Zero ............ AN-79, AN-242, LB-32 Frequency-to-Voltage)
Package Power Capabilities................ AN-336
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Packaging Positive Voltage Regulator . (see also Voltage
BGA ..o AN-1126 Regulators)
CSP...cceeunee AN-1125, AN-1187, AN-1205 Adjustable Output ........... AN-42, AN-178,
LLP oo AN-1187, AN-1201 AN-181, AN-182, AN-446, LB-35
SMT........... AN-1028, AN-1112, AN-1187, Bootstrapped Regulator ............... AN-211

AN-1205 CMOS Compatible .........cceeervnneen. AN-71

Paralleling Current Limit.........ccccceeee. AN-72, AN-211
Linear Regulator ............ccceccevuernnn. LB-51 Drift Compensation............c....... (see Drift
OP AMP .. LB-44 Compensation, Voltage Regulator)

Peak Detector ..... AN-4, AN-31, AN-72, AN-74, Failure Mechanisms....................... AN-23

AN-87, AN-227, AN-386 Filtering, Power Supply ........cc.c...... AN-23

Phase Fixed Output.......occveeririiiiicee AN-42
Comparator ........cccoeeeveveeereenrnerennn. AN-72 Foldback Current Limiting.............. AN-23
PLL Range Extender.................... AN-162 Frequency Compensation .......... AN-1148
Shift Oscillator..........ccceveveerrueennns AN-88 Heat Dissipation..........ccccccovennnens AN-23
Shifter......ceireeeeeeereece e, AN-32 High Current......... AN-23, AN-72, AN-446
Wide Range Phase Shifter .......... AN-391 High Voltage.......... AN-72, AN-211, LB-47

Phase Locked Loop (PLL).... AN-146, AN-391 HINtS o AN-23, LB-15
Advantages as Voltage-to-Frequency Low Voltage........ccceceerunenn. AN-56, AN-211

Converter..........coceveveeeennne. AN-210 Micropower Quiescent Power

DaMPING ...cveverecreecrereseeseeesereeeeaens AN-46 Drain .......ccooeeeenee, AN-71, AN-211
FM Audio Modulation .....oeeeveevinn. AN-402 NPN Pass Transistors..........ccccc... AN-72
LOCKING cevveveveacreerestesie e AN-46 Power Limitations.............cccoocoue. AN-23
[I0Ye o N 11 R AN-46 Precision.........ooecinnnnn, AN-42, LB-15
MUltiamplifier ..........coeveeereeererenn. AN-72 Programmable Low Power............ AN-20,
Noise Performance ..............ccoene. AN-46 ) AN-31
Phase Comparator...............c........ AN-72 Protectlon ........................... AN-23, AN-72
THEOIY ..cuetee e AN-46 Ripple Induced Failures.................. AN-23
VCO ..ottt AN-72 Switching Regulator.......... (see Switching
Phono Preamplifier ... AN-32, AN-222, AN-346 __ Regulator)
. Temperature Compensation.......... AN-42,

Photocell Amplifier.............cccocoeerienen. AN-20 LB-15

Photodiode Three Terminal............... AN-103, AN-178,
Amplifier................ AN-20, AN-29, AN-31, AN-182, LB-35
Level Det AN-1 244’)&:\31'1? Trimming Output Voltage................ LB-46

Phot ev?t e:ctor|:.f.. """""""""""""""" AN-29 Power Amplifier...... (see Buffer, High Current)

otoresistor Amplifier....................... - Power Capabilities, IC Package......... AN-336,

PID Controller ........................ AN-693, AN-706 AN-446

PIN Diode Power Dissipation
Drnyer.: ............................................ AN-49 H-BAAGE ..o AN-694
_SW|tch-|ng ........................................ AN-49 Regulator...........ccoovuenn... AN-82, AN-103

Polarity Switcher............ccooovveninnnn. AN-344 " power Line Cartier................ccooooo...... AN-146

Polarization, Dielectric.......................... AN-29  power Supply........... AN-56 (see also Voltage

Position Sensor ..............ccocecevninnenen. AN-162 Regulators)
LVDT .o AN-301 General Purpose ........cccocceeveerenne LB-28

Positive and Negative Voltage Regulators..... Microprocessor............ AN-1145, AN-1146

(see Symmetrical Voltage Regulator) ;1o o1 (o) GRS LB-48

Positive Voltage Reference ..... AN-20, AN-31, Programmable .........ccccocvrveeinnnnnnne LB-49

AN-56 SPlit e AN-69, AN-71
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Preamplifier.................... (see also Amplifiers, Reset Stabilized Amplifier .................... AN-20
Preamplifier)  Resistance
CRT .o, AN-861 Choice of Resistors for Op Amps.. AN-79
Phono ................ AN-32, AN-222, AN-346 Multiplication.............ccoevevveereneninnns AN-29
SeIVO0. ..ot AN-4, AN-31 Tester for Low Values of
SEErE0...eieii et AN-346 Resistance ........ccccoeveeinnnn LB-32
VIdEO ... AN-861  RF ....cccococieiceriereeeieerieesee s AN-391
Precision Reference.............. AN-161, AN-173 Amplifier.. AN-32, AN-813, OA-11, OA-22
Programmable Op Amp ...........cccocceeeee. AN-71 Oscillator .......ccccceenee (see Oscillator, RF)
Programmable “Unijunction” RIAA Phono Preamplifier..... AN-222, AN-299,
Oscillator............cccoocceviievriiieeen. AN-72 AN-346
Programmable Voltage Regulator-....... AN-20, Ripple, Power Supply...........ccccoecernrnnn AN-23
AN-31  Rise Time, Amplifier .................. AN-72, LB-19
Pulse RMS
AmPIifier ..o AN-813 True RMS Detector ..o LB-25
(070101 o (=Y S AN-72 Root Extractor ............... AN-4, AN-31, AN-222
Generator............ = AN-71, AN-72, AN-74 1D Controller ...........ooooovoveeecccccer AN-292
Stretcher, Proportional ........... AN-266 /N Ratio.......... (see Signal-to-Noise Ratio)
P OO AN-g7  Sae Area Protection ... AN-103
Modulator. AN-31, AN-74, AN-292, LB-18 ga::f“':(:yd':;_'l‘oelz -------------- e A"A"I'\l'zg
: a nd Hold............ -4, AN-29, AN-31,
Pyroe,lﬁigt;:grometer .............................. AN-301 P AN-32, AN-72, AN-266, AN-294, II_BBLJS
Detector Amplifier...........ccoeceerueenne AN-301 o
Resonator Tgm porature Sensor. AN-301 CiFCUitcevrrerrrereeeeeee — AN-286, AN-775
Quad Amplifier..................... AN-71, AN-72 Extended HOLD Time.... AN-245, AN-294
. ’ High Speed......ccccoeceennee AN-253, AN-294
Quadrature Oscillator.. AN-31, AN-307, LB-16 HOLD SHEP...orccvrevrrverrscrrenioe AN-775
Rate Gyro..........ccccoveemeinicencnn AN-301 BFINIE oo AN-245
Receiver Infinite HOLD Time...........co.cveen.. AN-245
FM Remote Speaker.................... AN-146 Reduction of HOLD Step............. AN-245,
Television.........ccoocvricniicicenene AN-391 AN-294
Rectifier TErMS oo AN-266, AN-775
Fast Halt-Wave..................... AN-31,LB-8  gampling Theorem................... AD-03, AN-236
FUIWAVE weooovonresicsnnnnns AN-20, LB-8  gawtooth Generator ... AN-72
Refer%?gge ............................................ AN-110  SCRMItt THOGRN oo AN-32, AN-72
Low Drift Precision 6.9V ............ AN-161, Sens?.v?ltage...... ........... (see Current Limiting)
AN-173, AN-184  Sensitivity Functions..............c.cccccooo.e. AN-72
Micropower ........... AN-222, L B-34, LB-41 S€NSOr..........ccooiiiiiiiiriiinies AN-162
Precision............... AN-79, AN-161, LB-41 Velocity, Mass .........c.cooevceninnnane AN-162
VOIAGE ..voveeeeeeeeeeeeeees AN-56, AN-211 Velocity, Rotational....................... AN-162
Voltage Detector ... AN-300 Servo Preamplifier....................... AN-4, AN-31
Reference Voltage Regulator ... AN-20, AN-31 Settling Time...................c..cccooi LB-17
Regulator, Linear Short Circuit Protection.............. (see Current
5V Logic Supply....cccoecvvrrienrnnnn. AN-1061 Limiting)
Regulators ................ (see Voltage Regulators) ~ Signal-to-Noise Ratio... AD-01, AD-02, AD-03,
Relay Driver............ccccoooviiceiiiieeeee AN-72 AN-104, AN-769
Remote Speaker System..................... AN-146 Sine Shaper..............cccoiiiiinnnn AN-263
Remote Temp. Sensor........... AN-74, AN-1262
XXXIX www.national com




S U bi eCt l I1 d eX (Continued)

Sine Wave Generator... AN-20, AN-29, AN-31,
AN-32, AN-72, AN-263, LB-16
Sine Wave Oscillator

Crystal .....coeveeirecrereneereens AN-263
Digital ....ceoooereeereeeeeeeeee AN-263
High Voltage.......ccccovevriiinenceenne AN-263
Phase Shift.........cccccoveeceniiiinnnenne. AN-263
Sine Wave Voltage Reference..... AN-262
Tuning FOrk......ccocovveniinnicceenaee AN-263
Voltage-Controlled.............cccceueeee. AN-262
Wien Bridge.......cccovvvrciinncnceenaen, AN-263
Sine Wave Response.............c.cccooeeeneee LB-19
Single Supply Amplifier ....................... AN-72
Single Supply Operation........... AN-31, AN-48
Siren Oscillator ............cccccoevieiieenen. AN-154
Slew Rate............cccceeeeeee. LB-17, LB-19, LB-42
Slew Rate Limiting .............cccoocerrnenen. LB-19
Small Signal Response............cccoeenee. LB-19
Solar Cell Amplifier ...........ccccoorveerenn. AN-4
Sound
Peak ..o AN-384
Pressure........covceeeeeeeeeseinneencees AN-384
Sound Effects Oscillator............... AN-154
Speed Switch......... (see Frequency-to-Voltage
Converter)

........................................... (see Models)

Square Root Circuit AN-4, AN-31, AN-222

Square Wave Generator........... AN-74, AN-88,
AN-154, AN-222, | B-23

Squaring Amplifier .................. AN-72, AN-222
Squaring Circuits.............c.cooveienenene AN-222
Staircase Generator .................. AN-72, AN-88
Step Response .........c.ccocoeeeevcecccceceennen, LB-19
Stepper Motor ...........ccccoovveeiivceenrieene AN-828
Stereo........coccovviieninien (see FM Stereo)
Stereo Preamplifier.............c.ccoccceuenneen. AN-346
Strain Gauge Converter ...................... AN-301
Subtractor ................ (see Difference Amplifier)
Summing Amplifier.................... AN-20, AN-31
Supply Voltage Splitting ....................... AN-31
Switch, Analog........c.ccoceevicniincniienes AN-32

Switchback Current Limiting .. (see Foldback
Current Limiting)

Symmetrical Voltage Regulator

Tracking Regulator........c..cccoceeneee. AN-20
Synchronous
Video Detector ........ceevevreernnnne AN-391

Switched Capacitor Converter
Voltage Doubler..........ccceceevnenne AN-1142
Inverting........cceeevevnenes AN-1142, AN-1209
Regulated... AN-1144, AN-1209, AN-1214
White LED Driver........ccccceeevunnne AN-1251
Switched Capacitor Filter ..... AN-307, AN-779
Switches

Optically Isolated..........cc.cereenncee AN-110
Two Terminal Time Delay............... AN-97
Switching Regulator.................. AN-72, AN-97
Boost (Step-Up) Converter ......... AN-556,

AN-1066, AN-1082, AN-1198,

AN-1202, AN-1204, AN-1221,

AN-1246, AN-1258

Buck (Step-Down) Converter...... AN-343,
AN-556, AN-1038, AN-1061,

AN-1071, AN-1081, AN-1120,

AN-1133, AN-1135, AN-1143,

AN-1146, AN-1193, AN-1197,

AN-1207, AN-1208, AN-1215,

AN-1229, AN-1246, AN-1253

Buck-Boost Converter................. AN-1246
(0711 SO AN-1203
DC Motor Speed Regulation........ AN-343
Dual-Output...... AB-30, AN-288, AN-1221
Dynamic Voltage Positioning

(DAY ) AN-1145
Efficiency ......coeeeeeciiiieeceeee AN-1061

Forward Converter......... AN-556, AN-776
Flyback Converter........... AB-30, AN-556,
AN-1055, AN-1061, AN-1082

High Voltage ............. AN-1207, AN-1246,
AN-1253
L 01 AN-1149, AN-1229

AN-711, AN-1149,

AN-1197
Inverting (DC Plus to DC Minus)

Converter AN-711, AN-1118,

AN-1157, AN-1246, LB-18

Isolated Flyback............ AN-715, AN-777,

AN-1095
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Monolithic Op Amp—The
Universal Linear

Component
Introduction

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

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

Although the designs presented use the LM101 operational
amplifier and the LM102 voltage follower produced by Na-
tional Semiconductor, most are generally applicable to all
monolithic devices if the manufacturer’s recommended fre-
quency compensation is used and differences in maximum
ratings are taken into account. A complete description of the
LM101 1s given elsewhere;" but, briefly, it differs from most
other monolithic amplifiers, such as the LM709,2 in that it has
a =30V differential input voltage range, a +15V, -12V com-
mon mode range with =15V supplies and it can be compen-
sated with a single 30 pF capacitor. The LM102,® which is
also used here, is designed specifically as a voltage follower
and features a maximum input current of 10 nA and a
10 V/us slew rate.

Operational-Ampilifier Oscillator

The free-running multivibrator shown in Figure 1 is an excel-
lent example of an application where one does not normally
consider using an operational amplifier. However, this circuit
operates at low frequencies with relatively small capacitors
because it can use a longer portion of the capacitor time
constant since the threshold point of the operational ampli-
fier is well determined. In addition, it has a
completely-symmetrical output waveform along with a buff-
ered output, although the symmetry can be varied by return-
ing R2 to some voltage other than ground.

National Semiconductor
Application Note 4
Robert J. Widlar

R1
160K

AAA
A A A4
?___2
-
Lm0 g Eout
3
+
C1" ankem
001 pf e
AAA
VA,
R3
A2 160K
910K
- -

00735701
*Chosen for oscillation at 100 Hz

FIGURE 1. Free-Running Multivibrator

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

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

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

Level Shifting Amplifier

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

1-3
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Level Shifting Amplifier (continueq)

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

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

Voltage Comparators

The LM101 is well suited to comparator applications for two
reasons: first, it has a large differential input voltage range
and, second, the output is easily clamped to make it com-
patible with various driver and logic circuits. It is true that it
doesn’t have the speed of the LM710* (10 us versus 40 ns,
under equivalent conditions); however, in many linear appli-
cations speed is not a problem and the lower input currents
along with higher voltage capability of the LM101 is a tre-
mendous benefit.

Two comparator circuits using the LM101 are shown in
Figure 3. The one in Figure 3a shows a clamping scheme
which makes the output signal directly compatible with DTL

vt v+

AAAA

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

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

More Output Current Swing

Because almost all monolithic amplifiers use class-B output
stages, they have good loaded output voltage swings, deliv-
ering £10V at 5 mA with £15V supplies. Demanding much
more current from the integrated circuit would require, for
one, that the output transistors be made considerably larger.
In addition, the increased dissipation could give rise to
troublesome thermal gradients on the chip as well as exces-
sive package heating in high-temperature applications. It is
therefore advisable to use an external buffer when large
output currents are needed.

INPUT

INPUT

ouTPUT

c1
10 pF

00735702

a. Standard Differential Amplifier

LM102

P QUTPUT

4] -
10 pF

00735703
b. Level-Isolation Amplifier

FIGURE 2. Level-Shifting Amplifiers
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More Output Current Swing (continued)

INPUT-—JJ

VﬂEF

00735704

a. Comparator for driving DTL and
TTL integrated circuits

FIGURE 3. Voltage Comparator Circuits

QuTPUT

30 pF

00735706

FIGURE 4. High Current Output Buffer

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

A FET Amplifier

For ambient temperatures less than about 70°C, junction
field effect transistors can give exceptionally low input cur-
rents when they are used on the input stage of an opera-
tional amplifier. However, monolithic FET amplifiers are not

+28V

INPUT

VREF
00735705
b. Comparator and Lamp Driver

now available since it is no simple matter to diffuse high
quality FET’s on the same chip as the amplifier. Nonethe-
less, it is possible to make a good FET amplifier using a
discrete FET pair in conjunction with a monolithic circuit.

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

15V

INPUTS
+

2N3955
a1

OUTPUT

R1
120K

-15V

00735707

FIGURE 5. FET Operational Amplifier
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Storage Circuits

A sample-and-hold circuit which combines the low input
current of FET’s with the low offset voltage of monolithic
amplifiers is shown in Figure 6. The circuit is a unity gain
amplifier employing an operational amplifier and an FET
source follower. In operation, when the sample switch, Q2, is

ouTPUT

turned on, it closes the feedback loop to make the output
equal to the input, differing only by the offset voltage of the
LM101. When the switch is opened, the charge stored on C2
holds the output at a level equal to the last value of the input
voltage.

INPUT

30 pF

*Polycarbonate-dielectric capacitor

a1
2N3456
"
R2
150K
Q2
ot 2*
01 uf
SAMPLE
=
—

00735708

FIGURE 6. Low Drift Sample and Hold

Some care must be taken in the selection of the holding
capacitor. Certain types, including paper and mylar, exhibit a
polarization phenomenon which causes the sampled voltage
to drop off by about 50 mV, and then stabilize, when the
capacitor is exercised over a 5V range during the sample
interval. This drop off has a time constant in the order of
seconds. The effect, however, can be minimized by using
capacitors with teflon, polyethylene, glass or polycarbonate
dielectrics.

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

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

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

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

OUTPUT e LM102

INPUT

1
30 pF

00735709

FIGURE 7. Positive Peak Detector with Buffered Output

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

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

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

Non-Linear Amplifiers

When a non-linear transfer function is needed from an op-
erational amplifier, many methods of obtaining it present
themselves. However, they usually require diodes and are
therefore difficult to temperature compensate for accurate
breakpoints. One way of getting around this is to make the
output swing so large that the diode threshold is negligible by
comparison, but this 1s not always practical.

A method of producing very sharp, temperature-stable
breakpoints in the transfer function of an operational ampli-
fier is shown in Figure 8. For small input signals, the gain i1s

to some degree, but they do not affect the gain because their
current gain is high and they do not feed any appreciable
current back into the summing mode. When the output volt-
age rises to 2V (determined by R3, R4 and V), Q3 draws
enough current to saturate, connecting R4 in parallel with
R2. This cuts the gain in half. Similarly, when the output
voltage rises to 4V, Q2 will saturate, again halving the gain.

Temperature compensation I1s achieved In this circuit by
including Q1 and Q4. Q4 compensates the emitter-base
voltage of Q2 and Q3 to keep the voltage across the feed-
back resistors, R4 and R6, very nearly equal to the output
voltage while Q1 compensates for the emitter base voltage
of these transistors as they go into saturation, making the
voltage across R3 and R5 equal to the negative supply
voltage. A detrimental effect of Q4 is that it causes the output
resistance of the amplifier to increase at high output levels. It
may therefore be necessary to use an output buffer if the
circuit must drive an appreciable load.

Servo Preamplifier

In certain servo systems, It is desirable to get the rate signal
required for loop stability from some sort of electrical, lead
network. This can, for example, be accomplished with reac-
tive elements in the feedback network of the servo

determined by R1 and R2. Both Q2 and Q3 are conducting preamplifier.
RS Q2 R6
1875K  2N2605 50K
AN
—M—x-‘ A A A o
R3 R4
Qa3
700K 100K
AAA- 2N2605
Qi
2N2605
v™=-15V <
R2
100K
R1
INPUT e AAA el 2N2605 outeuT
_[_3

30 pF

00735710

FIGURE 8. Nonlinear Operational Amplifier with temperature-compensated breakpoints

Many saturating servo amplifiers operate over an extremely
wide dynamic range. For example, the maximum error signal
could easily be 1000 times the signal required to saturate the
system. Cases like this create problems with electrical rate
networks because they cannot be placed in any part of the
system which saturates. If the signal into the rate network
saturates, a rate signal will only be developed over a narrow
range of system operation; and instability will result when the
error becomes large. Attempts to place the rate networks in

front of the error amplifier or make the error amplifier linear
over the entire range of error signals frequently gives rise to
excessive dc error from signal attenuation.

These problems can be largely overcome using the kind of
circuit shown in Figure 9. This amplifier operates in the linear
mode until the output voltage reaches approximately 3V with
30 pA output current from the solar cell sensors. At this point
the breakdown diodes in the feedback loop begin to conduct,
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Servo Preamplifier (continued)

drastically reducing the gain. However, a rate signal will still
be developed because current is being fed back into the rate
network (R1, R2 and C1) just as it would if the amplifier had
remained in the linear operating region. In fact, the amplifier
will not actually saturate until the error current reaches 6 mA,
which would be the same as having a linear amplifier with a
+600V output swing.

e QUTPUT

30 pF

00735711

FIGURE 9. Saturating Servo Preamplifier with Rate
Feedback

Computing Circuits
In analog computation it is a relatively simple matter to

perform such operations as addition, subtraction, integration
and differentiation by incorporating the proper resistors and

capacitors in the feedback circuit of an amplifier. Many of
these circuits are described in reference 5. Multiplication and
division, however, are a bit more difficult. These operations
are usually performed by taking the logarithms of the quan-
tities, adding or subtracting as required and then taking the
antilog.

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

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

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

A2 is a similar amplifier operating with logging transistor, Q2.
The emitter-base junctions of Q1 and Q2 are connected in
series, adding the log voltages. The third log converter pro-
duces the log of E3. This is series-connected with the antilog
transistor, Q4; and the combination is hooked in parallel with
the output of the other two log convertors. Therefore, the
emitter-base of Q4 will see the log of E3 subtracted from the
sum of the logs of E1 and E2. Since the collector current of
a transistor varies as the exponent of the emitter-base volt-
age, the collector current of Q4 will be proportional to the
product of E1 and E2 divided by E3. This current is fed to the
summing amplifier, A4, giving the desired output.
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FIGURE 10. Analog Multiplier/Divider

1-9 www national.com



AN-4

Computing Circuits (continued)

This circuit can give 1-percent accuracy for input voltages
from 500 mV to 50V. To get this precision at lower input
voltages, the offset of the amplifiers handling them must be
individually balanced out. The zener diode, D4, increases
the collector-base voltage across the logging transistors to
improve high current operation. It is not needed, and is in
fact undesirable, when these transistors are running at cur-
rents less than 0.3 mA. At currents above 0.3 mA, the lead
resistances of the transistors can become important (0.25Q
is 1-percent at 1 mA) so the transistors should be installed
with short leads and no sockets.

An important feature of this circuit is that its operation is
independent of temperature because the scale factor
change in the log converter with temperature is compen-
sated by an equal change in the scale factor of the antilog
generator. It is only required that Q1, Q2, Q3 and Q4 be at
the same temperature. Dual transistors should be used and
arranged as shown in the figure so that thermal mismatches
between cans appear as inaccuracies In scale factor
(0.3-percent/’C) rather than a balance error (8-percent/’C).
R12 is a balance potentiometer which nulls out the offset
voltages of all the logging transistors. It is adjusted by setting
all input voltages equal to 2V and adjusting for a 2V output
voltage.

The logging transistors provide a gain which is dependent on
their operating level, which complicates frequency compen-
sation. Resistors (R3, R6 and R7) are put in the amplifier

150K

AAA
+15V VWA~

R6 :
150K
<

Qaz-
1N457

= 300 pF

LM394

output to limit the maximum loop gain, and the compensation
capacitor is chosen to correspond with this gain. As a result,
the amplifiers are not especially designed for speed, but
techniques for optimizing this parameter are given in refer-
ence 6.

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

Root Extractor*

Taking the root of a number using log converters is a fairly
simple matter. All that is needed is to take the log of a
voltage, divide it by, say % for the square root, and then take
the antilog. A circuit which accomplishes this is shown in
Figure 11. A1 and Q1 form the log converter for the input
signal. This feeds Q2 which produces a level shift to give
zero voltage into the R4, R5 divider for a 1V input. This
divider reduces the log voltage by the ratio for the root
desired and drives the buffer amplifier, A2. A2 has a second
level shifting diode, Q3, its feedback network which gives the
output voltage needed to get a 1V output from the antilog
generator, consisting of A3 and Q4, with a unity input. The
offset voltages of the transistors are nulled out by imbalanc-
ing R6 and R8 to give 1V output for 1V input, since any root
of one is one.

Note: *The “extraction” used here doubtless has origin in the dental opera-

tion most of us would fear less than having to find even a square root
without tables or other aids

R10

ouTPUT

00735713

FIGURE 11. Root Extractor
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Root Extractor* (continued)
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a. Measuring loop gain

LOOP GAIN - dB
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00735715
b. Typical response

FIGURE 12. lllustrating Loop Gain

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

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

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

Frequency Compensation Hints

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

In frequency compensating an operational amplifier, it 1s best
to follow the manufacturer’s recommendations. However, if
operating speed and frequency response is not a consider-
ation, a greater stability margin can usually be obtained by
increasing the size of the compensation capacitors. For
example, replacing the 30 pF compensation capacitor on the
LM101 with a 300 pF capacitor will make it ten times less
susceptible to oscillation problems in the unity-gain connec-
tion. Similarly, on the LM709, using 0.05 pF, 1.5 kQ, 2000 pF
and 51Q components instead of 5000 pF, 1.5 kQ, 200 pF
and 51Q will give 20 dB more stability margin. Capacitor
values less than those specified by the manufacturer for a
particular gain connection should not be used since they will
make the amplifier more sensitive to strays and capacitive
loading, or the circuit can even oscillate with worst-case
units.

The basic requirement for frequency compensating a feed-
back amplifier is to keep the frequency roll-off of the loop
gain from exceeding 12 dB/octave when it goes through
unity gain. Figure 12a shows what is meant by loop gain.

The feedback loop is broken at the output, and the input
sources are replaced by their equivalent impedance. Then
the response is measured such that the feedback network is
included.

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

Some of the external influences which can affect the stability
of an operational amplifier are shown in Figure 13. One Is the
load capacitance which can come from wiring, cables or an
actual capacitor on the output. This capacitance works
against the output impedance of the amplifier to attenuate
high frequencies. If this added rolloff occurs before the loop
gain goes through zero, it can cause instability. It should be
remembered that this single rolloff point can give more than
6 dB/octave rolloff since the output impedance of the ampli-
fier can be increasing with frequency.

YV~ < En

Equr

-_C

s L
L 1

FIGURE 13. External Capacitances that Affect Stability
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Frequency Compensation Hints
(Continued)

A second source of excess rolloff is stray capacitance on the
inverting input. This becomes extremely important with large
feedback resistors as might be used with an FET-input am-
plifier. A relatively simple method of compensating for this
stray capacitance is shown in Figure 14: a lead capacitor,
C1, put across the feedback resistor. Ideally, the ratio of the
stray capacitance to the lead capacitor should be equal to
the closed-loop gain of the amplifier. However, the lead
capacitor can be made larger as long as the amplifier is
compensated for unity gain. The only disadvantage of doing
this is that it will reduce the bandwidth of the amplifier.
Oscillations can also result if there is a large resistance on
the non-inverting input of the amplifier. The differential input
impedance of the amplifier falls off at high frequencies (es-
pecially with bipolar input transistors) so this resistor can
produce troublesome rolloff if it is much greater than 10K,
with most amplifiers. This is easily corrected by bypassing
the resistor to ground.
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FIGURE 14. Compensating Stray Input Capacitance

When the capacitive load on an integrated amplifier is much
greater than 100 pF, some consideration must be given to its
effect on stability. Even though the amplifier does not oscil-
late readily, there may be a worst-case set of conditions
under which it will. However, the amplifier can be stabilized
for any value of capacitive loading using the circuit shown in
Figure 15. The capacitive load is isolated from the output of
the amplifier with R4 which has a value of 50Q2 to 100Q for
both the LM101 and the LM709. At high frequencies, the
feedback path is through the lead capacitor, C1, so that the
lag produced by the load capacitance does not cause insta-
bility. To use this circuit, the amplifier must be compensated
for unity gain, regardless of the closed loop dc gain. The

value of C1 is not too important, but at a minimum its
capacitive reactance should be one-tenth the resistance of
R2 at the unity-gain crossover frequency of the amplifier.

c1

]
LI

R2

AAA,

A A A g

00735718

FIGURE 15. Compensating for Very Large Capacitive
Loads

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

The LM101 will not oscillate when operated open loop, al-
though there may be problems if the capacitance between
the balance terminal on pin 5 and the output is not held to an
absolute minimum. Feedback between these two points is
regenerative if it is not balanced out with a larger feedback
capacitance across the compensation terminals. Usually a
3 pF compensation capacitor will completely eliminate the
problem. The LM709 will oscillate when operated open loop
unless a 10 pF capacitor 1s connected across the input
compensation terminals and a 3 pF capacitor is connected
on the output compensation terminals.

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

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

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

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

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

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

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

A better check on stability 1s the small-signal transient re-
sponse. It can be shown mathematically that the transient
response of a network has a one-for-one correspondence
with the frequency domain response.” The advantage of
transient response tests is that they are displayed instanta-
neously on an oscilloscope, so it is reasonable to test a
circuit under a wide range of conditions.

Exact methods of analysis using transient response will not
be presented here. This is not because these methods are

difficult, although they are. Instead, It is because it is very
easy to determine which conditions are unfavorable from the
overshoot and ringing on the step response. The stability
margin can be determined much more easily by how much
greater the aggravating conditions can be made before the
circult oscillates than by analysis of the response under
given conditions. A little practice with this technique can
quickly yield much better results than classical methods
even for the inexperienced engineer.

Summary

A number of circuits using operational amplifiers have been
proposed to show their versatility in circuit design. These
have ranged from low frequency oscillators through circuits
for complex analog computation. Because of the low cost of
monolithic amplifiers, 1t is almost foolish to design dc ampli-
fiers without integrated circuits. Moreover, the price makes it
practical to take advantage of operational-amplifier perfor-
mance In a variety of circuits where they are not normally
used.

Many of the potential oscillation problems that can be en-
countered in both discrete and integrated operational ampli-
fiers were described, and some conservative solutions to
these problems were presented. The areas discussed In-
cluded stray capacitance, capacitive loading and supply by-
passing. Finally, a simplified method of quickly testing the
stability of amplifier circuits over a wide range of operating
conditions was suggested.
Note: The frequency-domain characteristics can be determined from the
impulse response of a network and this Is directly relatable to the step
response through the convolution integral
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IC Op Amp Beats FETs on
Input Current

Note: National Semiconductor recommends replacing
2N2920 and 2N3728 matched pairs with LM394 in all appli-
cation circuits.

Abstract

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

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

Introduction

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

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

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

Figure 1 compares the typical input offset currents of IC op
amps and FET amplifiers. Although FETs give superior per-
formance at room temperature, their advantage is rapidly
lost as temperature increases. Still, they are clearly better
than early IC amplifiers like the LM709.2 Improved devices,
like the LM101A,* equal FET performance over a —55°C to
125°C temperature range. Yet they use standard transistors
in the input stage. Super gain transistors can provide more
than an order of magnitude improvement over the LM101A.
The LM108 uses these to equal FET performance over a 0°C
to 70°C temperature range.

In applications involving 125°C operation, the LM108 is
about two orders of magnitude better than FETs. In fact,
unless special precautions are taken, overall circuit perfor-

National Semiconductor
Application Note 29
Robert J. Widlar

mance is often limited by leakages in capacitors, diodes,
analog switches or printed circuit boards, rather than by the
op amp itself.
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FIGURE 1. Comparing IC op Amps with
FET-Input Amplifier

Effects of Error Current

In an operational amplifier, the input current produces a
voltage drop across the source resistance, causing a dc
error. This effect can be minimized by operating the amplifier
with equal resistances on the two inputs.® The error is then
proportional to the difference in the two input currents, or the
offset current. Since the current gains of monolithic transis-
tors tend to match well, the offset current is typically a factor
of ten less than the input currents.
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FIGURE 2. lllustrating the Effect of Source Resistance
on Typical Input Error Voltage

Naturally, error current has the greatest effect in high imped-
ance circuitry. Figure 2 illustrates this point. The offset volt-
age of the LM709 is degraded significantly with source re-
sistances greater than 10 kQ. With the LM101A this is
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Effects of Error Current (continued)

extended to source resistances high as 500 kQ2. The LM108,
on the other hand, works well with source resistances above
10 MQ.

High source resistances have an even greater effect on the
drift of an amplifier, as shown in Figure 3. The performance
of the LM709 is worsened with sources greater than 3 kQ.
The LM101A holds out to 100 kQ sources, while the LM108
still works well at 3 MQ.
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FIGURE 3. Degradation of Typical Drift Characteristics
with High Source Resistances

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

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

The LM108

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

Primary transistors (Q; and Q,) are used for the input stage;
and they are operated in a cascode connection with Q5 and
Qg. The bases of Q5 and Qg are bootstrapped to the emitters
of Q4 and Q, through Q3 and Q,, so that the input transistors
are operated at zero collector-base voltage. Hence, circuit
performance is not impaired by the low breakdown of the
primaries, as the secondary transistors stand off the com-
mom mode voltage. This configuration also improves the
commom mode rejection since the input transistors do not
see variations in the commom mode voltage. Further, be-
cause there is no voltage across their collector-base junc-
tions, leakage currents in the input transistors are effectively
eliminated.
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The LM108 (continued)

COMPENSATION
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FIGURE 4. Simplified Schematic of the LM108

The second stage is a differential amplifier using high gain
lateral PNPs (Qg and Q,0).6 These devices have current
gains of 150 and a breakdown voltage of 80V. R, and R, are
the collector load resistors for the input stage. Q; and Qg are
diode connected laterals which compensate for the
emitter-base voltage of the second stage so that its operat-
Ing current is set at twice that of the input stage by R,.

The second stage uses an active collector load (Q;5 and
Q) to obtain high gain. It drives a complementary class-B
output stage which gives a substantial load driving capability.
The dead zone of the output stage is eliminated by biasing it
on the verge of conduction with Q,; and Q.

Two methods of frequency compensation are available for
the amplifier. In one a 30 pF capacitor is connected from the
input to the output of the second stage (between the com-
pensation terminals). This method is pin-compatible with the
LM101 or LM101A. It can also be compensated by connect-
ing a 100 pF capacitor from the output of the second stage to
ground. This technique has the advantage of improving the
high frequency power supply rejection by a factor of ten.

A complete schematic of the LM108 is given in the Appendix
along with a description of the circuit. This includes such
essential features as overload protection for the inputs and
outputs.

Performance

The primary design objective for the LM108 was to obtain
very low input currents without sacrificing offset voltage or

dnift. A secondary objective was to reduce the power con-
sumption. Speed was of little concern, as long as it was
comparable with the LM709. This is logical as it is quite
difficult to make high-impedance circuits fast; and low power
circuits are very resistant to being made fast. In other re-
spects, it was desirable to make the LM108 as much like the
LM101A as possible.
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FIGURE 5. Input Currents

Figure 5 shows the input current characteristics of the
LM108 over a -55°C to 125°C temperature range. Not only
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Performance (continued)

are the nput currents low, but also they do not change
radically over temperature. Hence, the device lends itself to
relatively simple temperature compensation schemes, that
will be described later.

There has been considerable discussion about using Dar-
lington input stages rather than super gain transistors to
obtain low input currents.®7 It is appropriate to make a few
comments about that here.

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

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

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

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

The open loop frequency response, plotted in Figure 8,
indicates that the frequency response is about the same as
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Performance (continued)

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

R1 R2
-Viv
Vour
R3
*Vin 3 8
1
C
00687509
R1C,
=
Gt R1 + R2
Co = 30 pF

a. Standard Compensation Circuit

R1 R2
: N
R3 g
(0

Vour

+Viy

Cs
I 100 pF
00687510
b. Alternate Compensation Circuit

FIGURE 9. Compensation Circuits

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

With closed-loop gains greater than one, the high frequency
performance can be optimized by making the compensation
capacitor smaller. If unity-gain compensation is used for an

amplifier with a gain of ten, the gain error will exceed
1-percent at frequencies above 400 Hz. This can be ex-
tended to 4 kHz by reducing the compensation capacitor to
3 pF. The formula for determining the minimum capacitor
value is given in Figure 9a. It should be noted that the
capacitor value does not really depend on the closed-loop
gain. Instead, it depends on the high frequency attenuation
in the feedback networks and, therefore, the values of R,
and R,. When it is desirable to optimize performance at high
frequencies, the standard compensation should be used.
With small capacitor values, the stability margin obtained
with shunt compensation is inadequate for conservative de-
signs.

The frequency response of an operational amplifier is con-
siderably different for large output signals than it is for small
signals. This is indicated in Figure 10. With unity-gain com-
pensation, the small signal bandwidth of the LM108 is
1 MHz. Yet full output swing cannot be obtained above 2
kHz. This corresponds to a slew rate of 0.3 V/ps. Both the
full-output bandwidth and the slew rate can be increased by
using smaller compensation capacitors, as is indicated in the
figure. However, this is only applicable for higher closed loop
gains. The results plotted in Figure 10 are for standard
compensations. With unity gain compensation, the same
curves are obtained for the shunt compensation scheme.

Classical op amp theory establishes output resistance as an
important design parameter. This is not true for IC op amps:
The output resistance of most devices is low enough that it
can be ignored, because they use class-B output stages. At
low frequencies, thermal feedback between the output and
input stages determines the effective output resistance, and
this cannot be accounted for by conventional design theo-
ries. Semiconductor manufacturers take care of this by
specifying the gain under full load conditions, which com-
bines output resistance with gain as far as it affects overall
circuit performance. This avoids the fictitious problem that
can be created by an amplifier with infinite gain, which is
good, that will cause the open loop output resistance to
appear infinite, which is bad, although none of this affects
overall performance significantly.
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FIGURE 10. Large Signal Frequency Response
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Performance (continued)
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FIGURE 11. Closed Loop Output Impedance

The closed loop output impedance s, nonetheless, impor-
tant in some applications. This Is plotted for several operat-
Ing conditions in Figure 11. It can be seen that the output
impedance rises to about 500Q at high frequencies. The
increase occurs because the compensation capacitor rolls
off the open loop gain. The output resistance can be reduced
at the intermediate frequencies, for closed loop gains greater
than one, by making the capacitor smaller. This is made
apparent in the figure by comparing the output resistance
with and without frequency compensation for a closed loop
gain of 1000.

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

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

The story is different for high-frequency noise on the sup-
plies, as is evident from Figure 12. Above 1 MHz, practically
all the noise is fed through to the output. The figure also
demonstrates that shunt compensation is about ten times
better at rejecting high frequency noise than is standard
compensation. This difference is even more pronounced

with larger capacitor values. The shunt compensation has
the added advantage that it makes the circuit virtually unaf-
fected by the lack of supply bypassing.
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FIGURE 12. Power Supply Rejection

Power supply rejection is defined as the ratio of the change
in offset voltage to the change in the supply voltage produc-
ing it. Using this definition, the rejection at low frequencies i1s
unaffected by the closed loop gain. However, at high fre-
quencies, the opposite is true. The high frequency rejection
Is increased by the closed loop gain. Hence, an amplifier
with a gain of ten will have an order of magnitude better
rejection than that shown in Figure 12 in the vicinity of
100 kHz to 1 MHz.

The overall performance of the LM108 is summarized in
Table 1. It is apparent from the table and the previous
discussion that the device is ideally suited for applications
that require low input currents or reduced power consump-
tion. The speed of the amplifier is not spectacular, but this is
not usually a problem in high-impedance circuitry. Further,
the reduced high frequency performance makes the ampli-
fier easier to use in that less attention need be paid to
capacitive loading, stray capacitances and supply bypass-
ing.

Note: *See Appendix Heading in This Application Note

Applications

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

The holding accuracy of a sample and hold is directly related
to the error currents in the components used. Therefore, it is
a good circuit to start off with in explaining the problems
involved. Figure 13 shows one configuration for a sample
and hold. During the sample interval, Q; is turned on, charg-
ing the hold capacitor, C,, up to the value of the input signal.

SAMPLE

00687514

FIGURE 13. Sample and Hold Circuit

When Q is turned off, C, retains this voltage. The output is
obtained from an op amp that buffers the capacitor so that it
is not discharged by any loading. In the holding mode, an
error is generated as the capacitor looses charge to supply
circuit leakages. The accumulation rate for error is given by

av g

d Cy’

where dV/dt is the time rate of change in output voltage and
I 1s the sum of the input current to the op amp, the leakage
current of the holding capacitor, board leakages and the “off”
current of the FET switch.

When high-temperature operation is involved, the FET leak-
age can limit circuit performance. This can be minimized by
using a junction FET, as indicated, because commercial
junction FETs have lower leakage than their MOS counter-
parts. However, at 125°C even junction devices are a prob-
lem. Mechanical switches, such as read relays, are quite
satisfactory from the standpoint of leakage. However, they
are often undesirable because they are sensitive to vibra-
tion, they are too slow or they require excessive drive power.
If this is the case, the circuit in Figure 14 can be used to
eliminate the FET leakage.

1 uF
I &

= 30 pF

00687515
1Teflon, polyethylene or polycarbonate dielectric capacitor

Worst case drift less than 3 mV/sec

FIGURE 14. Sample and Hold that Eliminates Leakage
in FET Switches

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

The main sample switch is Q4, while Q, isolates the hold
capacitor from the leakage of Q. When the sample pulse is
applied, both FETs turn on charging C, to the input voltage.
Removing the pulse shuts off both FETs, and the output
leakage of Q, goes through R, to the output. The voltage
drop across R, is less than 10 mV, so the substrate of Q,
can be bootstrapped to the output of the LM108. Therefore,
the voltage across the substrate-drain junction is equal to the
offset voltage of the amplifier. At this low voltage, the leakage
of the FET is reduced by about two orders of magnitude.
Itis necessary to use MOS switches when bootstrapping the
leakages in this fashion. The gate leakage of a MOS device
is still negligible at high temperatures; this is not the case
with junction FETs. If the MOS transistors have protective
diodes on the gates, special arrangements must be made to
drive Q, so the diode does not become forward biased.

In selecting the hold capacitor, low leakage is not the only
requirement. The capacitor must also be free of dielectric
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Sample and Hold Circuits (continued)

polarization phenomena.? This rules out such types as pa-
per, mylar, electrolytic, tantalum or high-K ceramic. For small
capacitor values, glass or silvered-mica capacitors are rec-
ommended. For the larger values, ones with teflon, polyeth-
ylene or polycarbonate dielectrics should be used.

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

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

When the hold capacitor is larger than 0.05 pF, an isolation
resistor should be included between the capacitor and the
input of the amplifier (R, In Figure 14). This resistor insures
that the IC will not be damaged by shorting the output or
abruptly shutting down the supplies when the capacitor 1s
charged. This precaution is not peculiar to the LM108 and
should be observed on any IC op amp.

Integrators

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

Figure 15 shows a circuit that can compensate for the bias
current of the amplifier. A current is fed into the summing
node through R, to supply the bias current. The potentiom-
eter, R,, is adjusted so that this current exactly equals the
bias current, reducing the drift rate to zero.

00687516

FIGURE 15. Integrator with Bias Current Compensation

The diode is used for two reasons. First, it acts as a regula-
tor, making the compensation relatively insensitive to vana-
tions in supply voltage. Secondly, the temperature drift of
diode voltage 1s approximately the same as the temperature
drift of bias current. Therefore, the compensation is more
effective If the temperature changes. Over a 0°C to 70°C
temperature range, the compensation will give a factor of ten
reduction in input current. Even better results are achieved if
the temperature change is less.

Normally, 1t 1s necessary to reset an integrator to establish
the initial conditions for integration. Resetting to zero Is
readily accomplished by shorting the integrating capacitor
with a suitable switch. However, as with the sample and hold
circuits, semiconductor switches can cause problems be-
cause of high-temperature leakage.

A connection that gets nd of switch leakages is shown In
Figure 16. A negative-going reset pulse turns on Q; and Qy,
shorting the integrating capacitor. When the switches turn
off, the leakage current of Q, i1s absorbed by R, while Q,
1solates the output of Q, from the summing node. Q, has
practically no voltage across its junctions because the sub-
strate Is grounded; hence, leakage currents are negligible.

R2 .
100K v

00687517
*Q1 and Q3 should not have internal gate-protection diodes

FIGURE 16. Low Drift Integrator with Reset

The additional circuitry shown in Figure 16 makes the error
accumulation rate proportional to the offset current, rather
than the bias current. Hence, the dnft is reduced by roughly
a factor of 10. During the integration interval, the bias current
of the non-inverting input accumulates an error across R,
and C, just as the bias current on the inverting input does
across R, and C,. Therefore, if R, 1s matched with Ry and C,
1s matched with C, (within about 5 percent) the output will
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Integrators (continued)

drift at a rate proportional to the difference in these currents.
At the end of the integration interval, Q; removes the com-
pensating error accumulated on G, as the circuit is reset.
In applications involving large temperature changes, the cir-
cuit in Figure 16 gives better results than the compensation
scheme in Figure 15—especially under worst case condi-
tions. Over a -55°C to 125°C temperature range, the worst
case drift is reduced from 3 mV/sec to 0.5 mV/sec when a 1
UF integrating capacitor is used. If this reduction in drift is not
needed, the circuit can be simplified by eliminating R,4, C,
and Qg and returning the non-inverting input of the amplifier
directly to ground.

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

Some integrator applications require both speed and low
error current. The output amplifiers for photomultiplier tubes
or solid-state radiation dectectors are examples of this. Al-
though the LM108 is relatively slow, there is a way to speed
it up when it I1s used as an inverting amplifier. This 1s shown
in Figure 17.

The circuit is arranged so that the high-frequency gain char-
acteristics are determined by A,, while A, determines the dc
and low-frequency characteristics. The non-inverting input of
A, is connected to the summing node through R;. A, Is

INPUT

operated as an Integrator, going through unity gain at
500 Hz. lts output drives the non-inverting input of A,. The
inverting input of A, is also connected to the summing node
through C3. C3 and R are chosen to roll off below 750 Hz.
Hence, at frequencies above 750 Hz, the feedback path is
directly around A,, with A, contributing little. Below 500 Hz,
however, the direct feedback path to A, rolls off; and the gain
of A, is added to that of A,.

The high gain frequency amplifier, A,, 1s an LM101A con-
nected with feed-forward compensation.® It has a 10 MHz
equivalent small-signal bandwidth, a 10V/ps slew rate and a
250 kHz large-signal bandwidth, so these are the
high-frequency characteristics of the complete amplifier. The
bias current of A, is isolated from the summing node by Cj.
Hence, it does not contribute to the dc drift of the integrator.
The inverting input of A; is the only dc connection to the
summing junction. Therefore, the error current of the com-
posite amplifier 1s equal to the bias current of A,.

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

In addition to increasing speed, this circuit has other advan-
tages. For one, it has the increased output drive capability of
the LM101A. Further, thermal feedback is virtually eliminated
because the LM108 does not see load variations. Lastly, the
open loop gain is nearly Infinite at low frequencies as it is the
product of the gains of the two amplifiers.

R1
150K

~

w

LM101A

00687518

FIGURE 17. Fast Integrator
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Integrators (continued)
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FIGURE 18. Sine Wave Oscillator

Sine Wave Oscillator

Although 1t is comparatively easy to build an oscillator that
approximates a sine wave, making one that delivers a
high-purity sinusoid with a stable frequency and amplitude 1s
another story. Most satisfactory designs are relatively com-
plicated and require individual trimming and temperature
compensation to make them work. In addition, they generally
take a long time to stabilize to the final output amplitude.

A unique solution to most of these problems 1s shown in
Figure 18. A, is connected as a two-pole low-pass active
filter, and A, 1s connected as an integrator. Since the ultimate
phase lag introduced by the amplifiers is 270 degrees, the
circuit can be made to oscillate if the loop gain is high
enough at the frequency where the lag I1s 180 degrees. The
gain is actually made somewhat higher than is required for
oscillation to insure starting. Therefore, the amplitude builds
up until 1t 1s limited by some nonlinearity in the system.

Amplitude stabilization is accomplished with zener clamp
diodes, D, and D,. This does introduce distortion, but it is
reduced by the subsequent low pass filters. If D; and D,
have equal breakdown voltages, the resulting symmetrical
clipping will virtually eliminate the even-order harmonics.
The dominant harmonic is then the third, and this is about 40
dB down at the output of A; and about 50 dB down on the
output of A,. This means that the total harmonic distortion on
the two outputs is 1 percent and 0.3 percent, respectively.

The frequency of oscillation and the oscillation threshold are
determined by R, Ry, Rg, C4, C, and C;. Therefore preci-
sion components with low temperature coefficients should
be used. If R; is made lower than shown, the circuit will
accept looser component tolerances before dropping out of
oscillation. The start up will also be quicker. However, the
price paid is that distortion is increased. The value of R, is

not critical, but it should be made much smaller than R, so
that the effective resistance at R, does not drop when the
clamp diodes conduct.

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

The LM108 is particularly useful in this circuit at low frequen-
cies, since it permits the use of small capacitors. The circuit
shown oscillates at 1 Hz, but uses capacitors in the order of
0.01 puF. This makes it much easier to find
temperature-stable precision capacitors. However, some
judgment must be used as large value resistors with low
temperature coefficients are not exactly easy to come by.*
The LM108s are useful in this circuit for output frequencies
up to 1 kHz. Beyond that, better performance can be realized
by substituting and LM102A for A; and an LM101A with
feed-forward compensation for A,. The improved
high-frequency response of these devices extend the oper-
ating frequency out to 100 kHz.

Note: *Large-value resistors are available from Victoreen Instrument, Cleve-
land, Ohio and Pyrofilm Resistor Co , Whippany, New Jersey

Capacitance Multiplier

Large capacitor values can be eliminated from most systems
just by raising the impedance levels, if suitable op amps are
available. However, sometimes it is not possible because the
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Capacitance Multiplier (continued)

impedance levels are already fixed by some element of the
system like a low impedance transducer. If this is the case, a
capacitance multiplier can be used to increase the effective
capacitance of a small capacitor and couple it into a low
impedance system.

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

00687520

_ Vos + lpsR1
R3

L

Re = R3

FIGURE 19. Capacitance Multiplier

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

One final point is that the leakage current of the multiplied
capacitance 1s not a function of the applied voltage. It per-
sists even with no voltage on the output. Therefore, it can
generate offset errors in a circuit, rather than the scaling
errors caused by conventional capacitors.

Instrumentation Amplifier

In many instrumentation applications there is frequently a
need for an amplifier with a high-impedance differential input
and a single ended output. Obvious uses for this are ampli-
fiers for bridge-type signal sources such as strain gages,
temperature sensors or pressure transducers. General pur-

pose op amps have satisfactory input characteristics, but
feedback must be added to determine the effective gain. And
the addition of feedback can drastically reduce the input
resistance and degrade common mode rejection.

Figure 20 shows the classical op amp circuit for a differential
amplifier. This circuit has three main disadvantages. First,
the input resistance on the inverting input is relatively low,
being equal to R,. Second, there usually is a large difference
in the input resistance of the two inputs, as is indicated by
the equations on the schematic. Third, the common mode
rejection is greatly affected by resistor matching and by
balancing of the source resistances. A 1-percent deviation in
any one of the resistor values reduces the 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.

Clearly, the only way to get high input impedance is to use
very large resistors in the feedback network. The op amp
must operate from a source resistance which is orders of
magnitude larger than the resistance of the signal source.
Older IC op amps introduced excessive offset and drift when
operating from higher resistances and could not be used
successfully. The LM108, however, is relatively unaffected
by the large resistors, so this approach can sometimes be
employed.

With large input resistors, the feedback resistors, Rz and R,,
can get quite large for higher closed loop gains. For ex-
ample, if Ry and R, are 1 MQ, R; and R, must be 100 MQ
for a gain of 100. It is difficult to accurately match resistors
that are this high in value, so common mode rejection may
suffer. Nonetheless, any one of the resistors can be trimmed
to take out common mode feedthrough caused either by
resistors mismatches or the amplifier itself.

R1 R3
Rin = Rl =i
INPUTS
ouTPUT
R2
Ry = R2 + RE i
R4
00687521
R1 = R2
R3 = R4
R3
Ay = —
VTR

FIGURE 20. Feedback Connection for a Differential
Amplifier

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

With high impedance bridges, the feedback resistances be-
come prohibitively large even for the LM108, so the circuit in
Figure 20 cannot be used. One possible alternative 1s shown
In Figure 21. R, and R are chosen so that their equivalent
parallel resistance I1s equal to R;. Hence, the output of the
amplifier will be zero when the bridge is balanced.

ouTPUT

00687522
R1=R2|R3

FIGURE 21. Amplifier for Bridge Transducers

When the bridge goes off balance, the op amp maintains the
voltage between its input terminals at zero with current fed
back from the output through R3. This circuit does not act like
a true differential amplifier for large imbalances in the bridge.
The voltage drops across the two sensor resistors, S; and
S,, become unequal as the bridge goes off balance, causing
some non-linearity in the transfer function. However, this is
not usually objectionable for small signal swings.

R1 R2 R3 R4
100K 1K 1K 100K
01% 01% 01% 01%

ouTPUT

3
o
I 100 oF
~ -——— INUTS ——— +

00687523

R1 = R4
R2 = R3
R1
A =1+—
v R2

FIGURE 22. Differential Input Instrumentation Amplifier

Figure 22 shows a true differential connection that has few of
the problems mentioned previously. It has an input resis-
tance greater than 107°Q, yet it does not need large resistors
in the feedback circuitry. With the component values shown,
A, is connected as a non-inverting amplifier with a gain of
1 01; and it feeds into A, which has an inverting gain of 100.
Hence, the total gain from the input of A, to the output of A,
1s 101, which is equal to the non-inverting gain of A,. If all the
resistors are matched, the circuit responds only to the differ-
ential input signal—not the common mode voltage.

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

Logarithmic Converter

A logarithmic amplifier is another circuit that can take advan-
tage of the low input current of an op amp to increase
dynamic range. Most practical log converters make use of
the logarithmic relationship between the emitter-base volt-
age of standard double-diffused transistors and their collec-
tor current. This logarithmic characteristic has been proven
true for over 9 decades of collector current. The only prob-
lem involved in using transistors as logging elements is that
the scale factor has a temperature sensitivity of 0.3 percent/
°C. However, temperature compensating resistors have
been developed to compensate for this characteristic, mak-
ing possible log converters that are accurate over a wide
temperature range.
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Logarithmic Converter (continued)

2N2920

v+ =18V

c2
300 pF

ouTPUT
c1

300 pF

10nA<iy<1mA

Sensitivity 1s 1V per decade.

1 kQ (£1%) at 25°C, +3500 ppm/'C

Available from Vishay Ultronix, Grand Junction, CO, Q81 Series
*Determines current for zero crossing on output. 10 pA as shown

R2
2K

R3*
1.5M
1%

Ra*
15M

00687524

FIGURE 23. Temperature Compensated One-Quadrant Logarithmic Converter

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

The collector current of Q, is proportional to the input current
through Rg and, therefore, proportional to the input voltage.
The emitter-base voltage of Q, varies as the log of the input
voltage. The fixed emitter-base voltage of Q, subtracts from
the voltage on the emitter of Q, in determining the voltage on
the top end of the temperature-compensating resistor, S;.

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

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

Certain things must be considered in designing this circuit.
For one, the sensitivity can be changed by varying Ry. But
R; must be made considerably larger than the resistance of
S, for effective temperature compensation of the scale fac-
tor. Q; and Q, should also be matched devices in the same
package, and S; should be at the same temperature as
these transistors. Accuracy for low input currents is deter-
mined by the error caused by the bias current of A,. At high
currents, the behavior of Q; and Q; limits accuracy. For input
currents approaching 1 mA, the 2N2920 develops logging
errors in excess of 1 percent. If larger input currents are
anticipated, bigger transistors must be used; and R, should
be reduced to insure that A, does not saturate.

Transducer Amplifiers

With certain transducers, accuracy depends on the choice of
the circuit configuration as much as it does on the quality of
the components. The amplifier for photodiode sensors,
shown in Figure 24, illustrates this point. Normally, photo-
diodes are operated with reverse voltage across the junc-
tion. At high temperatures, the leakage currents can ap-
proach the signal current. However, photodiodes deliver a
short-circuit output current, unaffected by leakage currents,
which is not significantly lower than the output current with
reverse bias.
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Transducer Amplifiers (continued)

00687525

FIGURE 24. Amplifier for Photodiode Sensor
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FIGURE 25. Amplifier for Piezoelectric Transducers

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

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

Using the circuit in Figure 25, input resistances that are
orders of magnitude greater than the values of the dc return
resistors can be obtained. This is accomplished by boot-
strapping the resistors to the output. With this arrangement,
the lower cutoff frequency of a capacitive transducer is de-

termined more by the RC product of R, and C, than it 1s by
resistor values and the equivalent capacitance of the trans-
ducer.

Resistance Multiplication

When an inverting operational amplifier must have high input
resistance, the resistor values required can get out of hand.
For example, If a 2 MQ input resistance is needed for an
amplifier with a gain of 100, a 200 MQ feedback resistor I1s
called for. This resistance can, however, be reduced using
the circuit in Figure 26. A divider with a ratio of 100 to 1 (R3
and R,) is added to the output of the amplifier: Unity-gain
feedback 1s applied from the output of the divider, giving an
overall gain of 100 using only 2 MQ resistors.

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

R1 +
Vour = (—R ) Ay Vos.
2

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

INPUT

00687527

R2 > R1
R2 >> R3
R2(R3 + R4)
Ay = —————
R1R3

FIGURE 26. Inverting Amplifier with High Input
Resistance

Another disadvantage of the circuit is that four resistors
determine the gain, instead of two. Hence, for a given resis-
tor tolerance, the worst-case gain deviation is greater, al-
though this is probably more than offset by the ease of
getting better tolerances in the low resistor values.
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Current Sources

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

00687528

tour = F3Vy

R1R5
R3 = R4 + R5
R1 = R2

FIGURE 27. Bilateral Current Source

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

When the output is not at zero, it would seem that the current
through R, and R, would reduce accuracy. Nonetheless, if
R; = R, and R; = R, + Rs, the output current will be
independent of the output voltage. For R, + R; > R;, the
output resistance of the circuit is given by

R
Rout = Rs (A_ﬁ)

where R is any one of the feedback resistors (R4, Rz, Rs or
R,) and AR is the incremental change in the resistor value
from design center. Hence, for the circuit in Figure 27, a 1
percent deviation in one of the resistor values will drop the
output resistance to 200 kQ. Such errors can be trimmed out
by adjusting one of the feedback resistors. In design, it is

advisable to make the feedback resistors as large as pos-
sible. Otherwise, resistor tolerances become even more criti-
cal.

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

Voltage Comparators

Like most op amps, it is possible to use the LM108 as a
voltage comparator. Figure 28 shows the device used as a
simple zero-crossing detector. The inputs of the IC are pro-
tected internally by back-to-back diodes connected between
them, therefore, voltages in excess of 1V cannot be im-
pressed directly across the inputs. This problem is taken
care of by R, which limits the current so that input voltages
in excess of 1 kV can be tolerated. If absolute accuracy 1s
required or if Ry is made much larger than 1 MQ, a compen-
sating resistor of equal value should be inserted In series
with the other input.

R
™M

INPUT

00687529

FIGURE 28. Zero Crossing Detector

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

As might be expected, the LM108 is not very fast when used
as a comparator. The response time is up in the tens of
microseconds. An LM103'"! is recommended for D,, rather
than a conventional alloy zener, because it has lower capaci-
tance and will not slow the circuit further. The sharp break-
down of the LM103 at low currents is also an advantage as
the current through the diode in clamp is only 10 pA.
Figure 29 shows a comparator for voltages of opposite po-
larity. The output changes state when the voltage on the
junction of R, and R, is equal to V1. Mathematically, this is
expressed by

Ra (V4 — V2)'

Vrn = Va +
TH 2 Ry + Ry
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(Continued)

Voltage Comparators

ouTPUT

2N2907

00687530

FIGURE 29. Voltage Comparator with Output Buffer

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

Power Booster

The LM108, which was designed for low power consump-
tion, is not able to drive heavy loads. However, a relatively

simple booster can be added to the output to increase the
output current to £50 mA. This circuit, shown in Figure 30,
has the added advantage that it swings the output up to the
supplies, within a fraction of a volt. The increased voltage
swing 1s particularly helpful in low voltage circuits.

OUTPUT

Qa2
2N2219

v-

00687531

FIGURE 30. Power Booster

In Figure 30, the output transistors are driven from the
supply leads of the op amp. It is important that R, and R, be
made low enough so Q; and Q, are not turned on by the
worst case quiescent current of the amplifier. The output of
the op amp is loaded heavily to ground with R; and R,.

When the output swings about 0.5V positive, the increasing
positive supply current will turn on Q; which pulls up the
load. A similar situation occurs with Q, for negative output
swings.
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Power Booster (continued)

The bootstrapped shunt compensation shown in the figure is
the only one that seems to work for all loading conditions.
This capacitor, C4, can be made inversely proportional to the
closed loop gain to optimize frequency response. The value
given is for a unity-gain follower connection. C, is also
required for loop stability.

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

Current limiting can be incorporated into the circuit by adding
resistors in series with the emitters of Q, and Q, because
the short circuit protection of the LM108 limits the maximum
voltage drop across R, and R,.

Board Construction

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

COMPENSATION

A/

ouTPUT

00687532
Bottom View

FIGURE 31. Printed Circuit Layout for Input Guarding
with TO-5 Package

At elevated temperatures, even the leakage of clean boards
can be a headache. At 125°C the leakage resistance be-
tween adjacent runs on a printed circuit board is about 10''Q
(0.05-inch separation parallel for 1 inch) for high quality
epoxy-glass boards that have been properly cleaned. There-
fore, the boards can easily produce error currents in the
order of 200 pA and much more if they become contami-
nated. Conservative practice dictates that the boards be
coated with epoxy or silicone rubber after cleaning to prevent
contamination. Silicone rubber is the easiest to use. How-

ever, if the better durability of epoxy is needed, care must be
taken to make sure that it gets thoroughly cured. Otherwise,
the epoxy will make high temperature leakage much worse.
Care must also be exercised to insure that the circuit board
is protected from condensed water vapor when operating in
the vicinity of 0°C. This can usually be accomplished by
coating the board as mentioned above.

a. Inverting Amplifier
R1 R2

INPUT

00687533
b. Follower
ouTPUT
INPUT
00687534
c. Non-Inverting Amplifier
OUTPUT
R1

00687535

FIGURE 32. Connection of Input Guards

Guarding

Even with properly cleaned and coated boards, leakage
currents are on the verge of causing trouble at 125°C. The
standard pin configuration of most IC op amps has the input
pins adjacent to pins which are at the supply potentials.
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Guarding (Continued)

Therefore, it is advisable to employ guarding to reduce the
voltage difference between the inputs and adjacent metal
runs.

A board layout that includes input guarding is shown in
Figure 31 for the eight lead TO-5 package. A ten-lead pin
circle is used, and the leads of the IC are formed so that the
holes adjacent to the inputs are vacant when it is inserted in
the board. The guard, which is a conductive ring surrounding
the inputs, is then connected to a low impedance point that 1s
at the same potential as the inputs. The leakage currents
from the pins at the supply potentials are absorbed by the
guard. The voltage difference between the guard and the
inputs can be made approximately equal to the offset volt-
age, reducing the effective leakage by more than three
orders of magnitude. If the leads of the integrated circuit, or
other components connected to the input, go through the
board, it may be necessary to guard both sides.

Figure 32 shows how the guard is commited on the
more-common op amp circuits. With an integrator or invert-
ing amplifier, where the inputs are close to ground potential,
the guard is simply grounded. With the voltage follower, the
guard is bootstrapped to the output. If it is desirable to put a
resistor in the inverting input to compensate for the source
resistance, it is connected as shown in Figure 32b.

Guarding a non-inverting amplifier 1s a litle more compli-
cated. A low impedance point must be created by using
relatively low value feedback resistors to determine the gain

U

LM101A

b 14

2 — k]

BALANCE /COMPENSATION p—— 12 COMPENSATION

3 e

INPUT 4 b 11 V*
INPUT § + b 10 OUTPUT
V- 6 =i b—9 BALANCE

00687537

NOTE: Pin 6 connected to bottom of package
Top View

NOTE: Pin 7 connected to bottom of package

(Ry and Ry in Figure 32c). The guard is then connected to
the junction of the feedback resistors. A resistor, R, can be
connected as shown In the figure to compensate for large
source resistances.

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

Conclusions

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

These amplifiers open up new application areas and vastly
improve performance in others. For example, in analog
memories, holding intervals can be extended to minutes,
even where -55°C to 125°C operation is involved. Instru-
mentation amplifiers and low frequency waveform genera-
tors also benefit from the low error currents.

U

LM108

e 14

1=
-

COMPENSATION 2 --1

GUARD 3 —f f—— 12 COMPENSATION
INPUT 4 b 11 V*
INPUT  § >_‘ 10 OUTPUT
GUARD 6 — b—-1

v 7 — =

00687539

Top View

FIGURE 33. Comparing Connection Diagrams of the LM101A and LM108, Showing Addition of Guarding

When operating above 85°C, overall performance is fre-
quently limited by components other than the op amp, unless
certain precautions are observed It is generally necessary
to redesign circuits using semiconductor switches to reduce
the effect of their leakage currents. Further, high quality
capacitors must be used, and care must be exercised in
selecting large value resistors. Printed circuit board leakages
can also be troublesome unless the boards are properly
treated. And above 100°C, it is almost mandatory to employ
guarding on the boards to protect the inputs, if the full
potential of the ampilifier is to be realized.

Appendix

A complete schematic of the LM108 is given in Figure 34. A
description of the basic circuit is presented along with a

simplified schematic earlier in the text. The purpose of this
Appendix is to explain some of the more subtle features of
the design.

The current source supplying the input transistors is Q. It is
designed to supply a total input stage current of 6 pA at
25°C. This current drops to 3 pA at —55°C but increases to
only 7.5 pA at 125°C. This temperature characteristic tends
to compensate for the current gain falloff of the input tran-
sistors at low temperatures without creating stability prob-
lems at high temperatures.

The biasing circuitry for the input current source is nearly
identical to that in the LM101A, and a complete description is
given in Reference 4. However, a brief explanation follows.
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Appendix (Continued)

A collector FET,® Q,3, which has a saturation current of
about 30 pA, establishes the collector current of Q,,. This
FET provides the initial turn-on current for the circuit and
insures starting under all conditions. The purpose of Ry, is to
compensate for production and temperature vanations in the
FET current. It is a collector resistor (indicated by the T
through it) made of the same semiconductor material as the
FET channel. As the FET current varies, the drop across Rq4
tends to compensate for changes in the emitter base voltage
of Qzg.

COMPENSATION

The collector-emitter voltage of Q,, is equal to the emitter
base voltage of Q,, plus that of Q,5. This voltage is delivered
to Que and Que. Qus and Q,, are operated at substantially
higher currents than Q,¢ and Qgg. Hence, there is a differ-
ential in their emitter base voltages that is dropped across
R, to determine the input stage current. R,g is a pinched
base resistor, as is indicated by the slash bar through it. This
resistor, which has a large positive temperature coefficient,
operates in conjunction with R4, to help shape the tempera-
ture characteristics of the input stage current source.
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FIGURE 34. Complete Schematic of the LM108

The output currents of Qgg, Qzs, and Qu5 are fed to Qqp,
which is a controlled-gain lateral PNP.® It delivers one-half of
the combined currents to the output stage. Q4 is also con-
nected to Q,,, with its output current set at approximately 15
WA by R;. Since this type of current source makes use of the
emitter-base voltage differential between similar transistors
operating at different collector currents, the output of Q4 is
relatively independent of the current delivered to Q;,. '2 This
current is used for the input stage bootstrapping circuitry.
Qg also supplies current to the class-B output stage. Its
output current is determined by the ratio of R5 to R;, and
the current through Ry,. R4z is included so that the biasing
circuit is not upset when Q,, saturates.

One major departure from the simplified schematic is the
bootstrapping of the second stage active loads, Q¢ and Qpy,
to the output. This makes the second stage gain dependent
only on how well Qg and Q4o match with variations in output
voltage. Hence, the second stage gain is quite high. In fact,
the overall gain of the amplifier is typically in excess of 10° at
dc.

The second stage active loads drive Qq4. A high-gain pri-
mary transistor is used to prevent loading of the second
stage. Its collector is bootstrapped by Q.5 to operate it at
zero collector-base voltage. The class-B output stage is
actually driven by the emitter of Q4.
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Appendix (continued)

A dead zone in the output stage is prevented by biasing Q,g
and Q¢ on the verge of conduction with Q,5 and Q4¢. Rg IS
used to compensate for the transconductance of Qs and
Q,6, making the output stage quiescent current relatively
independent of the output current of Q,,. The drop across
this resistor also reduces quiescent current.

For positive-going outputs, short circuit protection is pro-
vided by Ry, and Q,,. When the voltage drop across R,
turns on Q,, it removes base drive from Q,g. For
negative-going outputs, current limiting is initiated when the
voltage drop across Ry; becomes large enough for the col-
lector base junction of Q4 to become forward biased. When
this happens, the base of Q¢ 1s clamped so the output
current cannot increase further.

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

TABLE 1. Typical Performance of the LM108
Operational Amplifier (T, =25°C and V g = £15V)

Input Offset Voltage 0.7 mV
Input Offset Current 50 pA
Input Bias Current 0.8 nA
Input Resistance 70 MQ
Input Common Mode Range +14V
Common Mode Rejection 100 dB
Offset Voltage Drift 3uv/rc
Offset Current Drift 0.5 pA/°’C
Voltage Gain 300V/mW
Small Signal Bandwidth 1.0 MHz
Slew Rate 0.3V/ps
Output Swing +14V

Supply Current 300 pA
Power Supply Rejection 100 dB
Operating Voltage Range +2V to £20V
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Precision IC Comparator
Runs from +5V Logic

Supply
Introduction

In digital systems, it is sometimes necessary to convert low
level analog signals into digital information. An example of
this might be a detector for the illumination level of a
photo-diode. Another would be a zero crossing detector for a
magnetic transducer such as a magnetometer or a
shaft-position pickoff. These transducers have low-level out-
puts, with currents in the low microamperes or voltages in
the low millivolts. Therefore, low level circuitry is required to
condition these signals before they can drive logic circuits.

A voltage comparator can perform many of these precision
functions. A comparator is essentially a high-gain op amp
designed for open loop operation. The function of a com-
parator is to produce a logic “one” on the output with a
positive signal between its two inputs or a logic “zero” with a
negative signal between the inputs. Threshold detection is
accomplished by putting a reference voltage on one input

Circuit Description

National Semiconductor
Application Note 41
Robert J. Widlar

and the signal on the other. Clearly, an op amp can be used
as a comparator, except that its response time is in the tens
of microseconds which is often too slow for many applica-
tions.

A unique comparator design will be described here along
with some of its applications in digital systems. Unlike older
IC comparators or op amps, it will operate from the same 5V
supply as DTL or TTL logic circuits. It will also operate with
the single negative supply used with MOS logic. Hence, low
level functions can be performed without the extra supply
voltages previously required.

The versatility of the comparator along with the minimal
circuit loading and considerable precision recommend it for
many uses, in digital systems, other than the detection of low
level signals. It can be used as an oscillator or multivibrator,
in digital interface circuitry and even for low voltage analog
circuitry. Some of these applications will also be discussed.

v+

OuTPUT

INPUTS

® v

In order to understand how to use this comparator, it is
necessary to look briefly at the circuit configuration. Figure 1

00730301

FIGURE 1. Simplified Schematic of the Comparator

shows a simplified schematic of the device. PNP transistors
buffer the differential input stage to get low input currents
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Circuit Description (continued)

without sacnificing speed. The PNP’s drive a standard NPN
differential stage, Q; and Q. The output of this stage is
further amplified by the Qs—Qg pair. This feeds Qg which
provides additonal gain and drives the output stage. Current
sources are used to determine the bias currents, so that
performance is not greatly affected by supply voltages

The output transistor is Q44, and it 1s protected by Q,, and
Re which limit the peak output current. The output lead, since
it 1Is not connected to any other point in the circuit, can either
be returned to the positive supply through a pull-up resistor
or switch loads that are connected to a voltage higher than
the positive supply voltage. The circuit will operate from a
single supply if the negative supply lead is connected to
ground. However, If a negative supply is available, it can be
used to increase the input common mode range.

Table 1 summarizes the performance of the comparator
when operating from a 5V supply. The circuit will work with
supply voltages up to £15V with a corresponding increase in
the input voltage range. Other characteristics are essentially
unchanged at the higher voltages.

TABLE 1. Important electrical characteristics of the
LM111 comparator when operating from single, 5V
supply (Ta = 25°C)

Parameter Limits Units
Min | Typ | Max

Input Offset Voltage 0.7 3 mV
Input Offset Current 4 10 nA
Input Bias Current 60 100 nA
Voltage Gain 100 V/imV
Response Time 200 ns
Common Mode Range 0.3 38 \
Output Voltage Swing 50 \
Output Current 50 mA
Fan Out (DTL/TTL) 8
Supply Current 3 5 mA

Low Level Applications

A circuit that will detect zero crossing in the output of a
magnetic transducer within a fraction of a millivolt is shown in
Figure 2. The magnetic pickup is connected between the two
inputs of the comparator. The resistive divider, R; and R,
biases the inputs 0.5V above ground, within the common
mode range of the IC. The output will directly drive DTL or
TTL. The exact value of the pull up resistor, Rg, is deter-
mined by the speed required from the circuit since it must
drive any capacitive loading for positive-going output signals.
An optional offset-balancing circuit using Rz and R, is in-
cluded in the schematic.

MAGNETIC
PICKUP

00730302

FIGURE 2. Zero Crossing Detector for Magnetic
Transducer

Figure 3 shows a connection for operating with MOS logic.
This is a level detector for a photodiode that operates off a
-10V supply. The output changes state when the diode
current reaches 1 pA. Even at this low current, the error
contributed by the comparator is less than 1%.

VT =-10V

00730303

FIGURE 3. Level Detector for Photodiode

Higher threshold currents can be obtained by reducing Ry,
Rz and R; proportionally. At the switching point, the voltage
across the photodiode is nearly zero, so its leakage current
does not cause an error. The output switches between
ground and -10V, driving the data inputs of MOS logic
directly.

The circuit In Figure 3 can, of course, be adapted to work
with a 5V supply. At any rate, the accuracy of the circuit will
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Low Level Applications (continued)

depend on the supply-voltage regulation, since the reference
is derived from the supply. Figure 4 shows a method of
making performance independent of supply voltage. D, is a
temperature-compensated reference diode with a 1.23V
breakdown voltage. It acts as a shunt regulator and delivers
a stable voltage to the comparator. When the diode current is
large enough (about 10 pA) to make the voltage drop across
Rs equal to the breakdown voltage of D, the output will
change state. R, has been added to make the threshold
error proportional to the offset current of the comparator,
rather than the bias current. It can be eliminated if the bias
current error is not considered significant.

+5V

TiL
OuTPUT

00730304

FIGURE 4. Precision Level Detector for Photodiode

A zero crossing detector that drives the data input of MOS
logic is shown In Figure 5. Here, both a positive supply and
the —10V supply for MOS circuits are used. Both supplies
are required for the circuit to work with zero common-mode
voltage. An alternate balancing scheme is also shown in the
schematic. It differs from the circuit in Figure 2 in that it
raises the input-stage current by a factor of three. This

11

increases the rate at which the input voltage follows
rapidly-changing signals from 7V/ps to 18V/ps. This in-
creased common-mode slew can be obtained without the
balancing potentiometer by shorting both balance terminals
to the positive-supply terminal. Increased input bias current
is the price that must be paid for the faster operation.

vt=5v

00730305

FIGURE 5. Zero Crossing Detector Driving MOS Logic

Digital Interface Circuits

Figure 6 shows an interface between high-level logic and
DTL or TTL. The input signal, with OV and 30V logic states is
attenuated to OV and 5V by R, and R,. Rz and R, set up a
2.5V threshold level for the comparator so that It switches
when the input goes through 15V. The response time of the
circuit can be controlled with C,, If desired, to make it insen-
sitive to fast noise spikes. Because of the low error currents
of the LM111, it is possible to get input impedances even
higher than the 300 k2 obtained with the indicated resistor
values.

The comparator can be strobed, as shown in Figure 6, by the
addition of Q, and Rs. With a logic one on the base of Q,,
approximately 2.5 mA is drawn out of the strobe terminal of
the LM111, making the output high independent of the input
signal.

vt=s5v

TOTTL
LOGIC

(1]

2N2222 71

STROBE

00730306

FIGURE 6. Circuit for Transmitting Data Between High-Level Logic and TTL
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Digital Interface Circuits (contnueq)

Sometimes it is necessary to transmit data between digital
equipments, yet maintain a high degree of electrical isola-
tion. Normally, this is done with a transformer. However,
transformers have problems with low-duty-cycle pulses
since they do not preseve the dc level.

The circuit in Figure 7 is a more satisfactory method of
obtaining 1solation. At the transmitting end, a TTL gate drives
a gallum-arsenide light-emitting diode. The light output is
optically coupled to a silicon photodiode, and the comparator
detects the photodiode output. The optical coupling makes
possible electrical isolation in the thousands of Megohms at
potentials in the thousands of volts.

The maximum data rate of this circuit is 1 MHz. At lower
rates (~200 kHz) R; and C, can be eliminated.

Multivibrators and Oscillators

The free-running multivibrator in Figure 8is another example
of the versatility of the comparator. The inputs are biased
within the common mode range by R; and R, DC stability,
which insures starting, 1s provided by negative feedback
through R5. The negative feedback is reduced at high fre-
quencies by C,. At some frequency, the positive feedback
through R, will be greater than the negative feedback; and
the circuit will oscillate. For the component values shown,
the circuit delivers a 100 kHz square wave output. The
frequency can be changed by varying C, or by adjusting R,
through Ry, while keeping their ratios constant.

vt=s5v
MCD1
f\-.b
R
100
FROM
L
GATE
R2
50K

00730307

FIGURE 7. Data Transmission System with Near-Infinite Ground Isolation

Because of the low input current of the comparator, large
circuit impedances can be used. Therefore, low frequencies
can be obtained with relatively-small capacitor values: it Is

R1

* TTL or DTL Fanout of two

no problem to get down to 1 Hz using a 1 pF capacitor. The
speed of the comparator also permits operation at frequen-
cies above 100 kHz.

Vt=5V e

SQUARE
WAVE
QUTPUT*

00730308

FIGURE 8. Free-Running Multivibrator
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Multivibrators and Oscillators
(Continued)

The frequency of oscillation depends almost entirely on the
resistance and capacitor values because of the precision of
the comparator. Further, the frequency changes by only 1%
for a 10% change in supply voltage. Waveform symmetry is
also good, but the symmetry can be varied by changing the
ratio of Ry to R,.

A crystal-controlled oscillator that can be used to generate
the clock in slower digital systems is shown in Figure 9. It is
similar to the free running multivibrator, except that the posi-
tive feedback is obtained through a quartz crystal. The circuit
oscillates when transmission through the crystal is at a maxi-
mum, so the crystal operates in its series-resonant mode.
The high input impedance of the comparator and the isolat-
ing capacitor, C,, minimize loading of the crystal and con-
tribute to frequency stability. As shown, the oscillator delivers
a 100 kHz square-wave output.

OUTPUT

00730309

FIGURE 9. Crystal-controlled Oscillator

Frequency Doubler

In a digital system, it is a relatively simple matter to divide by
any integer. However, multiplying by an integer is quite an-
other story especially if operation over a wide frequency
range and waveform symmetry are required.

v*=5v

1/4 DM5486
p=— OUTPUT

— ®

Frequency Range
Input—5 kHz to 50 kHz
Output—10 kHz to 100 kHz

00730310

FIGURE 10. Frequency Doubler

A frequency doubler that satisfies the above requirements is
shown in Figure 10. A comparator is used to shape the input
signal and feed it to an integrator. The shaping is required
because the input to the integrator must swing between the
supply voltage and ground to preserve symmetry in the
output waveform. An LM108 op amp, that works from the 5V
logic supply, serves as the integrator. This feeds a triangular

waveform to a second comparator that detects when the
waveform goes through a voltage equal to its average value.
Hence, as shown in Figure 11, the output of the second
comparator is delayed by half the duration of the input pulse.
The two comparator outputs can then be combined through
an exclusive-OR gate to produce the double-frequency out-
put.
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Frequency Doubler (continued)

FIRST COMPARATOR
OUTPUT
INTEGRATOR OUTPUT N\/
SECOND COMPARATOR
OUTPUT
CIRCUIT OUTPUT | I I I | I I I

00730311

FIGURE 11. Waveforms for the Frequency Doubler

With the component values shown, the circuit operates at
frequencies from 5 kHz to 50 kHz. Lower frequency opera-
tion can be secured by increasing both C, and C,.

Application Hints

One of the problems encountered in using earlier IC com-
parators like the LM710 or LM106 was that they were prone
to erratic operation caused by oscillations. This was a direct
result of the high speed of the devices, which made it man-
datory to provide good input-output isolation and
low-inductance bypassing on the supplies. These oscilla-
tions could be particularly puzzling when they occurred in-
ternally, showing up at the external terminals only as erratic
dc characteristics.

In general, the LM111 is less susceptible to spurious oscil-
lations both because of its lower speed (200 ns response
time vs 40 ns) and because of its better power supply
rejection. Feedback between the output and the input is a
lesser problem with a given source resistance. However, the
LM111 can operate with source resistance that are orders of
magnitude higher than the earlier devices, so stray coupling
between the input and output should be minimized. With
source resistances between 1 kQ and 10 k<, the impedance
(both capacitive and resistive) on both inputs should be
made equal, as this tends to reject the signal feedback. Even
so, it is difficult to completely eliminate oscillations in the
Iinear region with source resistances above 10 kQ, because
the 1 MHz open loop gain of the comparator is about 80 dB.
However, this does not affect the dc characteristics and is
not a problem unless the input signal dwells within 200 pV of
the transition level. But if the oscillation does cause difficul-
ties, it can be eliminated with a small amount of positive
feedback around the comparator to give a 1 mV hysteresis.

Stray coupling between the output and the balance terminals
can also cause oscillations, so an attempt should be made to
keep these leads apart. It 1s usually advisable to tie the
balance pins together to minimize the effect of this feedback.
If balancing is used, the same result can be accomplished by
connecting a 0.1 pF capacitor between these pins.

Normally, individual supply bypasses on every device are
unnecessary, although long leads between the comparator
and the bypass capacitors are definitely not recommended.
If large current spikes are Injected into the supplies in switch-
ing the output, bypass capacitors should be included at
these points.

When driving the inputs from a low impedance source, a
limiting resistor should be placed in series with the input lead

to limit the peak current to something less than 100 mA. This
1s especially important when the inputs go outside a piece of
equipment where they could accidentally be connected to
high voltage sources. Low impedance sources do not cause
a problem unless their output voltage exceeds the negative
supply voltage. However, the supplies go to zero when they
are turned off, so the isolation is usually needed.

Large capacitors on the input (greater than 0.1 pF) should be
treated as a low source impedance and isolated with a
resistor. A charged capacitor can hold the inputs outside the
supply voltage if the supplies are abruptly shut off.

Precautions should be taken to insure that the power sup-
plies for this or any other IC never become reversed —even
under transient conditions With reverse voltages greater
than 1V, the IC can conduct excessive current, fusing inter-
nal aluminum interconnects. This usually takes more than
0.5A. If there is a possibility of reversal, clamp diodes with an
adequate peak current rating should be installed across the
supply bus.

No attempt should be made to operate the circuit with the
ground terminal at a voltage exceeding either supply volt-
age. Further, the 50V output-voltage rating applies to the
potential between the output and the V- terminal. Therefore,
if the comparator is operated from a negative supply, the
maximum output voltage must be reduced by an amount
equal to the voltage on the V-~ terminal.

The output circuitry is protected for shorts across the load. It
will not, for example, withstand a short to a voltage more
negative than the ground terminal. Additionally, with a sus-
tained short, power dissipation can become excessive if the
voltage across the output transistor exceeds about 10V.

The input terminals can exceed the positive supply voltage
without causing damage. However, the 30V maximum rating
between the inputs and the V- terminal must be observed.
As mentioned earlier, the inputs should not be driven more
negative than the V- terminal.

Conclusions

A versatile voltage comparator that can perform many of the
precision functions required in digital systems has been
produced. Unlike older comparators, the IC can operate from
the same supply voltage as the digital circuits. The compara-
tor 1s particularly useful in circuits requiring considerable
sensitivity and accuracy, such as threshold detectors for low
level sensors, data transmission circuits or stable oscillators
and multivibrators.

The comparator can also be used in many analog systems.
It operates from standard 15V op amp supplies, and its dc
accuracy equals some of the best op amps. It is also an
order of magnitude faster than op amps used as compara-
tors.

The new comparator 1s considerably more flexible than older
devices. Not only will it drive RTL, DTL and TTL logic; but
also it can interface with MOS logic or deliver £15V to FET
analog switches. The output can switch 50V, 50 mA loads,
making it useful as a driver for relays, lamps or light-emitting
diodes. Further, a unique output stage enables it to drive
loads referred to either supply or to ground and provide
ground isolation between the comparator inputs and the
load.

The LM111 1s a plug-in replacement for comparators like the
LM710 and LM106 in applications where speed is not of
prime concern. Compared to its predecessors in other re-
spects, it has many improved electrical specifications, more
design flexibility and fewer application problems.
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LM139/LM239/LM339 A
Quad of Independently
Functioning Comparators

Introduction

The LM139/LM239/LM339 family of devices is a monolithic
quad of independently functioning comparators designed to
meet the needs for a medium speed, TTL compatible com-
parator for industrial applications. Since no antisaturation
clamps are used on the output such as a Baker clamp or
other active circuitry, the output leakage current in the OFF
state is typically 0.5 nA. This makes the device ideal for
system applications where it is desired to switch a node to
ground while leaving it totally unaffected in the OFF state.

Other features include single supply, low voltage operation
with an input common mode range from ground up to ap-
proximately one volt below Vc. The output is an uncommit-
ted collector so it may be used with a pull-up resistor and a
separate output supply to give switching levels from any
voltage up to 36V down to a Vg sar @above ground (approx.
100 mV), sinking currents up to 15 mA. In addition it may be
used as a single pole switch to ground, leaving the switched
node unaffected while in the OFF state. Power dissipation
with all four comparators in the OFF state is typically 4 mW
from a single 5V supply (1 mW/comparator).

Circuit Description

Figure 1 shows the basic input stage of one of the four
comparators of the LM139. Transistors Q, through Q, make
up a PNP Darlington differential input stage with Q5 and Qg
serving to give single-ended output from differential input
with no loss in gain. Any differential input at Q, and Q, will be
amplified causing Qg to switch OFF or ON depending on
input signal polarity. It can easily be seen that operation with
an input common mode voltage of ground is possible. With
both inputs at ground potential, the emitters of Q, and Q4 will
be at one Vg above ground and the emitters of Q, and Q4
at 2 Vge. For switching action the base of Qs and Qg need
only go to one Vgg above ground and since Q, and Q3 can
operate with zero volts collector to base, enough voltage is
present at a zero volt common mode input to insure com-
parator action. The bases should not be taken more than
several hundred millivolts below ground; however, to prevent
forward biasing a substrate diode which would stop all com-
parator action and possibly damage the device, if very large
input currents were provided.

Figure 2 shows the comparator with the output stage added.
Additional voltage gain is taken through Q, and Qg with the
collector of Qg left open to offer a wide variety of possible
applications. The addition of a large pull-up resistor from the
collector of Qg to either +V¢ or any other supply up to 36V
both increases the LM139 gain and makes possible output
switching levels to match practically any application. Several
outputs may be tied together to provide an ORing function or
the pull-up resistor may be omitted entirely with the com-
parator then serving as a SPST switch to ground.

National Semiconductor
Application Note 74
Robert J. Widlar

+Vin —Vin

TO QUTPUT
STAGE

00738501

FIGURE 1. Basic LM139 Input Stage

00738502

FIGURE 2. Basic LM139 Comparator

Output transistor Qg will sink up to 15 mA before the output
ON voltage rises above several hundred millivolts. The out-
put current sink capability may be boosted by the addition of
a discrete transistor at the output.

The complete circuit for one comparator of the LM139 is
shown in Figure 3. Current sources |3 and |, are added to
help charge any parasitic capacitance at the emitters of Q,
and Q, to improve the slew rate of the input stage, Diodes D,
and D, are added to speed up the voltage swing at the
emitters of Q, and Q,, for large input voltage swings.
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Circuit Description (continueq)

00738503

FIGURE 3. Complete LM139 Comparator Circuit

Biasing for current sources |, through |, is shown in Figure 4.
When power s first applied to the circuit, current flows
through the JFET Q.5 to bias up diode Ds. This biases
transistor Q;, which turns ON transistors Qg and Q4 by
allowing a path to ground for their base and collector cur-
rents.

2Vge

R

03 CURRENT SOURCES

04

00738504

FIGURE 4. Current Source Biasing Circuit

Current from the left hand collector of Qg flows through
diodes D3 and D, bringing up the base of Q4, to 2 Vg above
ground and the emitters of Q; and Q,, to one Vgg. Q,, will
then turn OFF because its base emitter voltage goes to zero.
This is the desired action because Qg and Q,, are biased
ON through Q44, D5 and D, so Q;; is no longer needed. The
“bias line” is now sitting at a Vge below +Vc which is the
voltage needed to bias the remaining current sources in the
LM139 which will have a constant bias regardiess of +Vg¢
fluctuations. The upper input common mode voltage is V¢e

minus the saturation voltage of the current sources (appoxi-
mately 100 mV) minus the 2 Vgg of the input devices Q; and
Q, (or Qz and Q,).

Comparator Circuits

Figure 5 shows a basic comparator circuit for converting low
level analog signals to a high level digital output The output
pull-up resistor should be chosen high enough so as to avoid
excessive power dissipation yet low enough to supply
enough drive to switch whatever load circuitry i1s used on the
comparator output. Resistors Ry and R, are used to set the
input threshold trip voltage (Vger) at any value desired within
the input common mode range of the comparator.

+Vee

Vier — /’\7[\'

INPUT

=+ Vg
ReuwL—up | ‘ I |
o

<
<
b3

Vaer E

FIGURE 5. Basic Comparator Circuit

A

1A

00738505

Comparators with Hysteresis

The circuit shown in Figure 5 suffers from one basic draw-
back in that if the input signal 1s a slowly varying low level
signal, the comparator may be forced to stay within its linear
region between the output high and low states for an unde-
sireable length of time. If this happens, it runs the nsk of
oscillating since it 1s basically an uncompensated, high gain
op amp. To prevent this, a small amount of positive feedback
or hysteresis is added around the comparator. Figure 6
shows a comparator with a small amount of positive feed-
back. In order to insure proper comparator action, the com-
ponents should be chosen as follows:
RpuLL-up < Rioap and
Ry > RpyLiue

This will insure that the comparator will always switch fully up
to +V¢¢ and not be pulled down by the load or feedback. The
amount of feedback is chosen arbitrarily to insure proper
switching with the particular type of input signal used. If the
output swing is 5V, for example, and it is desired to feedback
1% or 50 mV, then R, = 100 R,. To describe circuit operation,
assume that the inverting input goes above the reference
input (V\y > Vgeg). This will drive the output, Vg, towards
ground which in turn pulls Vger down through R,. Since
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Comparators with Hysteresis
(Continued)

Vger is actually the noninverting input to the comparator, it
too will drive the output towards ground insuring the fastest
possible switching time regardless of how slow the input
moves. If the input then travels down to Vzgg, the same
procedure will occur only in the opposite direction insuring
that the output will be driven hard towards +Vgc.

Ve

<
2 ReuiL-up
>

Vo

Rioan

Vier

00738506

FIGURE 6. Comparator with Positive Feedback to
Improve Switching Time

Putting hysteresis in the feedback loop of the comparator
has far more use, however, than simply as an oscillation
suppressor. It can be made to function as a Schmitt trigger
with presettable trigger points. A typical circuit is shown in
Figure 7. Again, the hysteresis is achieved by shifting the
reference voltage at the positive input when the output volt-
age Vo changes state. This network requires only three
resistors and is referenced to the positive supply +V of the
comparator. This can be modeled as a resistive divider, R,
and R, between +V ¢ and ground with the third resistor, Rg,
alternately connected to +V¢ or ground, paralleling either
R,y or R,. To analyze this circuit, assume that the input
voltage, V|, at the inverting input is less than V. With V| <
V, the output will be high (Vo = +V¢). The upper input trip
voltage, V,, is defined by:

+Vce Ra

Vaq = ———22 £
A7 (R TRa) + Ry

or

+Vcc Rz (R1 + Rg)
RyRz + R{R3 + R2R3

Va1 =

M
When the input voltage V,y, rises above the reference volt-
age (Vin > Va1), voltage, Vo, will go low (Vo = GND). The
lower input trip voltage, V5, is now defined by:

Vag = TVocRe I Rs
Ry + Rz | Ry
or

+Vcc Ra Ry
R{Rz + R{R3 + R2R3

Va2 =

e
When the input voltage, Vy, decreases to V, or lower, the
output will again switch high. The total hysteresis, AV,,
provided by this network is defined by:

AVp = Va1 = Va2
or, subtracting equation 2 from equation 1

+Vcc Ry Ro
RyR2 + R{R3 + R2R3

AVa A
(©)

To insure that Vo will swing between +Vcc and ground,
choose:
4)
Rs > RpuLLup (6)
Heavier loading on Rpy . up (i.6. smaller values of R; or
Rioap) simply reduces the value of the maximum output
voltage thereby reducing the amount of hysteresis by lower-
ing the value of V4. For simplicity, we have assumed in the
above equations that Vo high switches all the way up to
+Vee.
To find the resistor values needed for a given set of trip
points, we first divide equation (3) by equation (2). This gives
us the ratio:

RpuLup < Rioap and

Ri , R4

I
AVA_ Rs Rz
Vaz Ra Rg
Rz Ry

(6)
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Comparators with Hysteresis (continued)

Ve = +15V
O
R1 ReuLL.up
1M 3K
ﬂ
in O—
Vo
Va ¢
o — NN—
R3
R < 1Mo
1MQ
Vo HIGH
+Vee
R1 R3

R2

Rioap
100 KQ

Vo

A Y
Vaz Vas
< >
0 < Lan o
5 10
Vin
Vo LOW
*+Vee
R1
Vaz
R2 R3
00738507

FIGURE 7. Inverting Comparator with Hysteresis

If we let Ry = n Rs, Equation (6) becomes:

AVa
Va2

@)
We can then obtain an expression for R, from equation (1)
which gives

R1 [ Rs
FVee _
Va1

Rp =

®)
The following design example is offered:

Given: V* = +15V
Rioap = 100 kQ
Va; = +10V
Vap = +5V
To find: Ry, Ry, Rs, ReyuLi-up
Solution:

From equation (4) Rpy.up < Rioap
RpuLL-up < 100 kQ
so let Rpy.up = 3 kQ

From equation (5) R; > R_oap

R; > 100 kQ
so let Rz = 1 MQ
" AVp 10-5
From equation (7) n=—==——=1
Vaz 5

and since R; = n R3
this gives Ry = 1 R3 = 1 MQ

. 500 k2
From equation (8) R, = 15

= 1M0
=1

10

These are the values shown in Figure 7.

The circuit shown in Figure 8 is a non-inverting comparator
with hysteresis which is obtained with only two resistors, R,
and R,. In contrast to the first method, however, this circuit
requires a separate reference voltage at the negative input.
The trip voltage, V,, at the positive input is shifted about
Vger as Vo changes between +V¢ and ground.
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Comparators with Hysteresis

(Continued)
+Vee = +15V
Vpgr = +75V
Vin O—AAA—4 Rioap
R
330KQ
Vg HIGH Vg LOW
+Vee Vin1
15 >
R2 R1
Vp = VRer Va=Veer Vo V 7 3
Ving Vin1
R1 R2
0>
5 10
= Vi
Vin2

00738508

FIGURE 8. Non-Inverting Comparator with Hysteresis

Again for analysis, assume that the input voltage, V,y, is low
so that the output, Vo, I1s also low (Vo = GND). For the
output to switch, V,y must rise up to V,y ; where Vi 4 Is
given by:

Vi 1 = YREF (B1 + Ro)
N1 =T e
2
9
As soon as Vg swiiches to +Ve, Va will step to a value
greater than Ve which is given by:

(Ve — Vin1) Ry
VATVNT TR R

(10)
To make the comparator switch back to its low state (Vg =
GND) V| must go below Vgee before V, will again equal
Vgee- This lower trip point is now given by:

_ Vrer (R1 + Rg) — Voo Ry
Rz

ViN 2
(11)

The hysteresis for this circuit, AV, is the difference between
Vin 1 and Vyy » and is given by:

AVIN =VIN1 — VIN2 =

Veer (R1 + Ra)  Veer (R + Rp) — Voo Ry
R2 R2

or

Vee Ry
2

AViy =

(12)
As a design example consider the following:
Given: R oap = 100 kQ
Vin 1 =10V
Vine =5V
+Vee = 15V
To find: Vrer, Ry, Ry and Ry
Solution:
Again choose Rpy; .up < RLoap to minmize loading, so let
ReuLLup = 3 kQ
From equation (12)

R _ AVin
Rz Voc
Ry _10-5 1

R, 15 3

Rz
R = =
173
From equation (9)
10
VREF = R
1+t
Rz
\
VREf = IN1 = 7.5V
14 -
3

To mimimize output loading choose

Rz > ReuLiup
or R, > 3 kQ
so let R, =1 MQ
The value of Ry is now obtained from equation (12)

1 MO
Ry = —— = 330kQ

These are the values shown in Figure 8.
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Limit Comparator with Lamp
Driver

The limit comparator shown in Figure 9 provides a range of
input voltages between which the output devices of both
LM139 comparators will be OFF.

+Vee

1/41M139

L
12E8B

a1
2N2222

Vin

1/41M139

00738509

FIGURE 9. Limit Comparator with Lamp Driver

This will allow base current for Q, to flow through pull-up
resistor R, turning ON Q, which lights the lamp. If the input
voltage, Vn, changes to a value greater than V, or less than
Vg, one of the comparators will switch ON, shorting the base
of Q, to ground, causing the lamp to go OFF. If a PNP
transistor i1s substituted for Q, (with emitter tied to +V¢) the
lamp will ight when the input I1s above V, or below Vg. Vu
and Vg are arbitrarly set by varying resistors Ry, R, and R.

Zero Crossing Detector

The LM139 can be used to symmetrically square up a sine
wave centered around zero volts by incorporating a small
amount of positive feedback to improve switching times and
centering the nput threshold at ground (see Figure 10).
Voltage divider R, and Ry establishes a reference voltage,
V,, at the positive input. By making the series resistance, Ry
plus R, equal to Rs, the switching condition, V4 = V,, will be
satisfied when V = 0. The positive feedback resistor, Rg, 1s
made very large with respect to Rs (Rg = 2000 Rg). The
resultant hysteresis established by this network is very small
(AVy; < 10 mV) but it 1s sufficient to insure rapid output
voltage transitions. Diode D, is used to insure that the in-
verting input terminal of the comparator never goes below
approximately —100 mV. As the input terminal goes negative,
D, will forward bias, clamping the node between R; and R,
to approximately —700 mV. This sets up a voltage divider
with R, and Rj preventing V, from going below ground. The
maximum negative input overdrive Is limited by the current
handiing ability of D,.

+Vge = 15V

ReuLt-up

p—O Vour

00738510

FIGURE 10. Zero Crossing Detector

Comparing the Magnitude of
Voltages of Opposite Polarity

The comparator circuit shown in Figure 11 compares the
magnitude of two voltages, V|y ; and Vi », which have
opposite polanties. The resultant input voltage at the minus
input terminal to the comparator, V,, 1s a function of the
voltage divider from V,y 1 and V) » and the values of R, and
R,. Diode connected transistor Q provides protection for the
minus input terminal by clamping it at several hundred milli-
volts below ground. A 2N2222 was chosen over a 1N914
diode because of its lower diode voltage. If desired, a small
amount of hysteresis may be added using the techniques
described previously. Correct magnitude comparison can be
seen as follows: Let V,\ ¢ be the input for the positive polarity
input voltage and V,y » the input for the negative polarity. If
the magnitude of V,y 1 is greater than that of V,y , the output
will go low (Vour = GND). If the magnitude of Vy 4 I1s less
than that of V,y », however, the output will go high (Vout =

VCC)'

00738511

FIGURE 11. Comparing the Magnitude of Voltages of
Opposite Polarity
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Magnetic Transducer Amplifier

A circuit that will detect the zero crossings in the output of a
magnetic transducer is shown in Figure 12. Resistor divider,
R; and Ry, biases the positive input at +V /2, which is well
within the common mode operating range. The minus input
is biased through the magnetic transducer. This allows large
signal swings to be handled without exceeding the input
voltage limits. A symmetrical square wave output is insured
through the positive feedback resistor R;. Resistors Ry and
R, can be used to set the DC bias voltage at the positive
input at any desired voltage within the input common mode
voltage range of the comparator.

+Vee

ReuLL-up

1/41M139

MAGNETIC
PICK-UP

R2
10K

00738512

FIGURE 12. Magnetic Transducer Amplifier

Oscillators Using the LM139

The LM139 lends itself well to oscillator applications for
frequencies below several megacycles. Figure 13 shows a
symmetrical square wave generator using a minimum of
components. The output frequency is set by the RC time
constant of R, and C, and the total hysteresis of the loop is
set by Ry, R, and Rs. The maximum frequency is limited only

by the large signal propagation delay of the comparator in
addition to any capacitive loading at the output which would
degrade the output slew rate.

To analyze this circuit assume that the output is initially high.
For this to be true, the voltage at the negative input must be
less than the voltage at the positive input. Therefore, capaci-
tor C, is discharged. The voltage at the positive input, Va4,
will then be given by:

+Voc Rz
VA1 = o=
Rz + (Ry || Ry)
(13)
where if Ry = R, = Ry
then
2Vee
Vay = —=2b
A1 3

(14)
Capacitor C, will charge up through R, so that when it has
charged up to a value equal to V,4, the comparator output
will switch. With the output Vo = GND, the value of V, is
reduced by the hysteresis network to a value given by:

+Vee
Va2 3

(15)
using the same resistor values as before. Capacitor C; must
now discharge through R, towards ground. The output will
return to its high state (Vo = +Vc) when the voltage across
the capacitor has discharged to a value equal to V,. For the
circuit shown, the period for one cycle of oscillation will be
twice the time it takes for a single RC circuit to charge up to
one half of its final value. The period can be calculated from:

V; = Vyaxe "R (16)
where
2V
Vmax = _.:;3_0
(17)
and
Vmax _ Vee
Vy = = J€C
T 3
(18)
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Oscillators Using the LM139 (continuedq)
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FIGURE 13. Square Wave Generator

One period will be given by:

Vi = 260
— = 2 1 3
freq. (23)
(19) and
or calculating the exponential gives
vy = Ymax _ Voo
L 2(0.694) R4 C 2 3
freq. : 41 (24)
(20) which gives
Resistors Rz and R, must be at least 10 times larger than Ry
to insure that Vo will go all the way up to +V¢ in the high 1_ e_“/ RaCi
state. The frequency stability of this circuit should strictly be 2
a function of the external components. (25)
t, is then given by:
Pulse Generator with Variable Duty
CVCIe _;_ = o /RsCt
The basic square wave generator of Figure 13 can be modi- (26)

fied to obtain an adjustable duty cycle pulse generator, as
shown in Figure 14, by providing a separate charge and
discharge path for capacitor C,. One path, through R, and
D, will charge the capacitor and set the pulse width (t,). The
other path, Rg and D,, will discharge the capacitor and set 2
the time between pulses (t,). By varying resistor Rs, the time Vumax = = (Voo — Vi)

between pulses of the generator can be changed without 3

changing the pulse width. Similarly, by varying R,, the pulse (27)
width will be altered without affecting the time between therefore

pulses. Both controls will change the frequency of the gen-

erator, however. With the values given in Figure 14, the 1 ~t1/R4Cq

pulse width and time between pulses can be found from: m =

Vy = Vyax (1 - e ~1/R4C1) rigetime 21) (28)
Vi = Vyax @ “2/P5C1 falltime (22) and

These terms will have a slight error due to the fact that Vyyax
is not exactly equal to %5 V¢ but is actually reduced by the
diode drop to:

where
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Pulse Generator with Variable Duty
Cycle (continued)

1 —1,/RsCq
2(1 — Veg)
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FIGURE 14. Pulse Generator with Variable Duty Cycle

Crystal Controlled Oscillator

A simple yet very stable oscillator can be obtained by using
a quartz crystal resonator as the feedback element. Figure
15 gives a typical circuit diagram of this. This value of R and
R, are equal so that the comparator will switch symmetrically

about +Vc/2. The RC time constant of R; and C, is set to
be several times greater than the period of the oscillating
frequency, insuring a 50% duty cycle by maintaining a DC
voltage at the inverting input equal to the absolute average
of the output waveform.

+Vee
i

RS % ReuLi-up
200k S XTAL 2K

—0 ]

+Vge

T
-0

p—O Vour

R2 <
200K S

VW

1

1/8 LM138

€1

T

100K

00738515

FIGURE 15. Crystal Controlled Oscillator

When specifying the crystal, be sure to order series resonant
along with the desired temperature coefficient and load ca-
pacitance to be used.

MOS Clock Driver

The LM139 can be used to provide the oscillator and clock
delay timing for a two phase MOS clock driver (see Figure
16). The oscillator is a standard comparator square wave
generator similar to the one shown in Figure 13. Two other
comparators of the LM139 are used to establish the desired
phasing between the two outputs to the clock driver. A more
detailed explanation of the delay circuit is given in the sec-
tion under “Digital and Switching Circuits.”
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Wide Range VCO

A simple yet very stable voltage controlled oscillator using a
mimimum of external components can be realized using
three comparators of the LM139. The schematic is shown in
Figure 17a. Comparator 1 is used closed loop as an integra-
tor (for further discussion of closed loop operation see sec-
tion on Operational Ampilifiers) with comparator 2 used as a
tniangle to square wave converter and comparator 3 as the
switch driving the integrator. To analyze the circuit, assume
that comparator 2 is its high state (Vgq = +V¢¢) which drives
comparator 3 to its high state also. The output device of
comparator 3 will be OFF which prevents any current from
flowing through R, to ground. With a control voltage, Vg, at
the input to comparator 1, a current |, will flow through Ry
and begin discharging capacitor C,, at a linear rate. This
discharge current is given by:

Ve

4 =
! 2Ry

and the discharge time 1s given by:

AV

Iy = Cy4 At
(81)
AV will be the maximum peak change in the voltage across
capacitor C, which will be set by the switch points of com-
parator 2. These trip points can be changed by simply alter-
ing the ratio of Rg to Rg, thereby increasing or decreasing
the amount of hysteresis around comparator 2. With Rg =
100 kQ and Rg = 5 kQ, the amount of hysteresis 1s approxi-
mately 5% which will give switch points of +V/2 £750
mV from a 30V supply (See “Comparators with Hysteresis”)

As capacitor C, discharges, the output voltage of compara-
tor 1 will decrease until it reaches the lower trip point of
comparator 2, which will then force the output of comparator
2 to go to its low state (Vgq = GND).

%m R4S §R7
151»( R3 2KS  S39K

AAA =

A
=

+

1/4 LM139

3 R8
g / g

1/ LM139

AL 4
2

RI0S

24KkS  S24K

e AA

MMm0025

$2

-I—m R6S <t RY
Tsopr 82kS  Sesk
16V
_VCC

00738516

FIGURE 16. MOS Clock Driver
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Wide Range VCO (continued)

This in turn causes comparator 3 to go to its low state where
its output device will be in saturation. A current |, can now
flow through resistor R, to ground. If the value of R, is
chosen as R,/2 a current equal to the capacitor discharge
current can be made to flow out of C, charging it at the same
rate as it was discharged. By making R, = R4/2, current |,
will equal twice ;. This is the control circuitry which
guararantees a constant 50% duty cycle oscillation indepen-
dent of frequency or temperature. As capacitor C, charges,
the output of comparator 1 will ramp up until it trips compara-
tor 2 to its high state (Vgq = +Vsc) and the cycle will repeat.

The circuit shown in Figure 17a uses a +30V supply and
gives a triangle wave of 1.5V peak-to-peak. With a timing
capacitor, C; equal to 500 pF, a frequency range from ap-
proximately 115 kHz down to approximately 670 Hz was
obtained with a control voltage ranging from 50V down to
250 mV. By reducing the hysteresis around comparator 2
down to £150 mV (R; = 100 kQ, Rg = 1 kQ) and reducing the
compensating capacitor C, down to .001 uF, frequencies up
to 1 MHz may be obtained. For lower frequencies (f, < 1 Hz)
the timing capacitor, C,, should be increased up to approxi-
mately 1 pF to insure that the charging currents, I, and |,, are
much larger than the input bias currents of comparator 1.

Figure 17b shows another interesting approach to provide
the hysteresis for comparator 2. Two identical Zener diodes,
Z, and Z,, are used to set the trip points of comparator 2.
When the triangle wave is less than the value required to
Zener one of the diodes, the resistive network, R, and R,,

+Vgg = +30V

! Re

i 100K

— -
A\ +Veo
AAA
VA
R1
100K 3K
%
Ve O—o Vs I—-I |- +Veg
--0
N COMPARATOR 2
O
1 S Vg2
1L
1/4 LM139
COMPARATOR 3 +Veo/2
00738517
(a)
R1
100K 3K
A —AMN—O +Vig
21 22
vin o——{{-—}{ +
A2 1/8 LM139 p——0 Vsa
1K
+Vgel2
00738518
(b)

FIGURE 17. Voltage Controlled Oscillator

provides enough feedback to keep the comparator in its
proper state, (the input would otherwise be floating). The
advantage of this circuit is that the trip points of comparator
2 will be completely independent of supply voltage fluctua-
tions. The disadvantage is that Zeners with less than one
volt breakdown voltage are not obtainable. This limits the
maximum upper frequency obtainable because of the larger
amplitude of the triangle wave. If a regulated supply is avail-
able, Figure 17a is preferable simply because of less parts
count and lower cost.

Both circuits provide good control over at least two decades
in frequency with a temperature coefficient largely depen-
dent on the TC of the external timing resistors and capaci-
tors. Remember that good circuit layout is essential along
with the 0.01 pF compensation capacitor at the output of
comparator 1 and the series 10Q resistor and 0.1 pF capaci-
tor between its inputs, for proper operation. Comparator 1 is
a high gain amplifier used closed loop as an Integrator so
long leads and loose layout should be avoided.

Digital and Switching Circuits

The LM139 lends itself well to low speed (<1 MHz) high
level logic circuits. They have the advantage of operating
with high signal levels, giving high noise immunity, which is
highly desirable for industrial applications. The output signal
level can be selected by setting the V¢ to which the pull-up
resistor is connected to any desired level.
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AND/NAND Gates

A three input AND gate is shown in Figure 18. Operation of
this gate I1s as follows: resistor divider Ry and R, establishes
a reference voltage at the inverting input to the comparator.
The non-inverting input is the sum of the voltages at the
inputs divided by the voltage dividers comprised of R3, R,,
Rs and Rg. The output will go high only when all three inputs
are high, causing the voltage at the non-inverting input to go

above that at inverting input. The circuit values shown work
for a “0” equal to ground and a “1” equal +15V. The resistor
values can be altered if different logic levels are desired. If
more inputs are required, diodes are recommended to im-
prove the voltage margin when all but one of the inputs are
the “1” state. This circurt with increased fan-in 1s shown in
Figure 19.

+Vgg = 15V

Vour=A+BeC

00738519

FIGURE 18. Three Input AND Gate

To convert these AND gates to NAND gates simply inter-
change the inverting and non-inverting inputs to the com-
parator. Hysteresis can be added to speed up output transi-
tions if low speed input signals are used.

1
ALL DIODES
1Ng14

Vour=A*BeCeD

00738520

FIGURE 19. AND Gate with Large Fan-In
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OR/NOR Gates

The three input OR gate (positive logic) shown in Figure 20
is achieved from the basic AND gate simply by increasing R,
thereby reducing the reference voltage. A logic “1” at any of
the inputs will produce a logic “1” at the output. Again a NOR
gate may be implemented by simply reversing the compara-
tor inputs. Resistor R may be added for the OR or NOR
function at the expense of noise immunity if so desired.

+Vec =15V

00738521
Vour=A+B+C

FIGURE 20. Three Input OR Gate
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FIGURE 21. Output Strobing Using a Discrete
Transistor

Output Strobing

The output of the LM139 may be disabled by adding a clamp
transistor as shown in Figure 21. A strobe control voltage at
the base of Q, will clamp the comparator output to ground,
making it immune to any input changes.

If the LM139 is being used in a digital system the output may
be strobed using any other type of gate having an uncom-
mitted collector output (such as National's DM5401/
DM7401). In addition another comparator of the LM139
could also be used for output strobing, replacing Q, in Figure
21, if desired. (See Figure 22.)

ReycL-up

Vour

LOGIC GATE OR
1/41M139

00738523

FIGURE 22. Output Strobing with TTL Gate

One Shot Multivibrators

A simple one shot multivibrator can be realized using one
comparator of the LM139 as shown in Figure 23. The output
pulse width is set by the values of C, and R, (with R, > 10
R3 to avoid loading the output). The magnitude of the input
trigger pulse required is determined by the resistive divider
R, and R,. Temperature stability can be achieved by balanc-
ing the temperature coefficients of R, and C, or by using

components with very low TC. In addition, the TC of resistors
R; and R, should be matched so as to maintain a fixed
reference voltage of +Vsc/2. Diode D, provides a rapid
discharge path for capacitor C, to reset the one shot at the
end of its pulse. It also prevents the non-inverting input from
being driven below ground. The output pulse width is rela-
tively independent of the magnitude of the supply voltage
and will change less than 2% for a five volt change in +V¢c.
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One Shot Multivibrators (continued)

+Vee

Vin

FIGURE 23. One Shot Multivibrator

The one shot multivibrator shown in Figure 24 has several
characteristics which make it superior to that shown in Fig-
ure 23. First, the pulse width I1s independent of the magni-
tude of the power supply voltage because the charging
voltage and the intercept voltage are a fixed percentage of
+V¢c. In addition this one-shot is capable of 99% duty cycle
and exhibits input trigger lock-out to insure that the circuit will
not re-trigger before the output pulse has been completed.
The trigger level is the voltage required at the input to raise
the voltage at point A higher than the voltage at point B, and
is set by the resistive divider R, and R, and the network R,
R, and R;. When the multivibrator has been triggered, the
output of comparator 2 is high causing the reference voltage
at the non-inverting input of comparator 1 to go to +Vc. This
prevents any additional input pulses from disturbing the
circurt until the output pulse has been completed.

The value of the timing capacitor, C,, must be kept small
enough to allow comparator 1 to completely discharge C,
before the feedback signal from comparator 2 (through R)
switches comparator 1 OFF and allows C; to start an expo-
nential charge. Proper circuit action depends on rapidly dis-
charging C, to a value set by Rg and Rg at which time

l"‘l — Ve

00738524

comparator 2 latches comparator 1 OFF. Prior to the estab-
lishment of this OFF state, C,; will have been completely
discharged by comparator 1 in the ON state. The time delay,
which sets the output pulse width, results from C, recharging
to the reference voltage set by Rg and Rg. When the voltage
across C, charges beyond this reference, the output pulse
returns to ground and the input is again reset to accept a
trigger.

Bistable Multivibrator

Figure 25 is the circuit of one comparator of the LM139 used
as a bistable multivibrator. A reference voltage is provided at
the inverting input by a voltage divider comprised of R, and
Ra. A pulse applied to the SET terminal will switch the output
high. Resistor divider network Ry, R,, and Rs now clamps
the non-inverting input to a voltage greater than the refer-
ence voltage. A pulse now applied to the RESET Input will
pull the output low. If both Q and Q outputs are needed,
another comparator can be added as shown dashed In
Figure 25.
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Bistable Multivibrator (continued)
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FIGURE 24. Multivibrator with Input Lock-Out
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FIGURE 25. Bistable Multivibrator
Figure 26 shows the output saturation voltage of the LM139 oscillator and digital switching circuits by allowing the DC
comparator versus the amount of current being passed to output voltage to go practically to ground while in the ON

ground. The end point of 1 mV at zero current along with an state.
Rgar of 60Q shows why the LM139 so easily adapts itself to
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Bistable Multivibrator (continued)
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FIGURE 26. Typical Output Saturation Characteristics

Time Delay Generator

The final circuit to be presented “Digital and Switching Cir-
cuits” is a time delay generator (or sequence generator) as
shown in Figure 27.

This timer will provide output signals at prescribed time
intervals from a time reference t, and will automatically reset
when the input signal returns to ground. For circuit evalua-
tion, first consider the quiescent state (V,y = O) where the
output of comparator 4 is ON which keeps the voltage across
C, at zero volts. This keeps the outputs of comparators 1, 2
and 3 in their ON state (Vour = GND). When an input signal
1s applied, comparator 4 turns OFF allowing C, to charge at
an exponential rate through R;. As this voltage rises past the
present trip points V,, Vg, and V¢ of comparators 1, 2 and 3
respectively, the output voltage of each of these comparators
will switch to the high state (Vour = +Vc)- A small amount
of hysteresis has been provided to insure fast switching for
the case where the R¢ time constant has been chosen large
to give long delay times. It is not necessary that all compara-
tor outputs be low in the quiescent state. Several or all may
be reversed as desired simply by reversing the inverting and
non-inverting input connections. Hysteresis again is optional.
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FIGURE 27. Time Delay Generator

Low Frequency Operational
Ampilifiers

The LM139 comparator can be used as an operational am-
plifier in DC and very low frequency AC applications
(<100 Hz). An interesting combination Is to use one of the

comparators as an op amp to provide a DC reference volt-
age for the other three comparators in the same package.

Another useful application of an LM139 has the interesting
feature that the input common mode voltage range includes
ground even though the amplifier is biased from a single
supply and ground. These op amps are also low power drain
devices and will not drive large load currents unless current
is boosted with an external NPN transistor. The largest ap-

1-55

www national.com

v.-NV



AN-74

Low Frequency Operational
Amplifiers (continued)
plication limitation comes from a relatively slow slew rate

which restricts the power bandwidth and the output voltage
response time.
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FIGURE 28. Non-Inverting Amplifier

The LM139, like other comparators, is not internally fre-
quency compensated and does not have internal provisions
for compensation by external components. Therefore, com-
pensation must be applied at either the inputs or output of
the device. Figure 28 shows an output compensation
scheme which utilizes the output collector pull-up resistor
working with a single compensation capacitor to form a
dominant pole. The feedback network, R, and R, sets the
closed loop gain at 1 + R4/R, or 101 (40 dB). Figure 29
shows the output swing limitations versus frequency. The
output current capability of this amplifier is limited by the
relatively large pull-up resistor (15 kQ) so the output is
shown boosted with an external NPN transistor in Figure 30.
The frequency response is greatly extended by the use of
the new compensation scheme also shown in Figure 30. The
DC level shift due to the Vg of Q4 allows the output voltage
to swing from ground to approximately one volt less than
+Vc. Avoltage offset adjustment can be added as shown in
Figure 31.
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FIGURE 29. Large Signal Frequency Response
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FIGURE 30. Improved Operational Amplifier

www.national.com




Low Frequency Operational
Amplifiers (continued)
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FIGURE 31. Input Offset Null Adjustment

Dual Supply Operation

The applications presented here have been shown biased
typically between +Vc and ground for simplicity. The
LM139, however, works equally well from dual (plus and
minus) supplies commonly used with most industry standard
op amps and comparators, with some applications actually
requiring fewer parts than the single supply equivalent.

The zero crossing detector shown in Figure 10 can be imple-
mented with fewer parts as shown in Figure 32. Hysteresis
has been added to insure fast transitions if used with slowly
moving input signals. It may be omitted if not needed, bring-
ing the total parts count down to one pull-up resistor.

+Vee

ReutL-up
15K

Vin O

00738533

FIGURE 32. Zero Crossing Detector Using Dual
Supplies

The MOS clock driver shown in Figure 16 uses dual supplies
to properly drive the MMO0025 clock driver.

The square wave generator shown in Figure 13 can be used
with dual supplies giving an output that swings symmetrically

above and below ground (see Figure 33). Operation is iden-
tical to the single supply oscillator with only change being in
the lower trip point.
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FIGURE 33. Squarewave Generator Using Dual
Supplies

Figure 34 shows an LM139 connected as an op amp using
dual supplies. Biasing is actually simpler if full output swing
at low gain settings is required by biasing the inverting input
from ground rather than from a resistive divider to some
voltage between +V¢ and ground.

All the applications shown will work equally well biased with
dual supplies. If the total voltage across the device is In-
creased from that shown, the output pull-up resistor should
be increased to prevent the output transistor from being
pulled out of saturation by drawing excessive current,
thereby preventing the output low state from going all the
way to -Vec.
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+vy O

—O Vour

4
— Spf
1
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FIGURE 34. Non-Inverting Amplifier Using Dual
Supplies
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Miscellaneous Applications

The following is a collection of various applications intended
primarily to further show the wide versatility that the LM139
quad comparator has to offer. No new modes of operation
are presented here so all of the previous formulas and circuit
descriptions will hold true. It is hoped that all of the circuits
presented in this application note will suggest to the user a
few of the many areas in which the LM139 can be utilized.

Remote Temperature Sensor/Alarm

The circuit shown in Figure 35 shows'a temperature
over-range limit sensor. The 2N930 is a National process 07
silicon NPN transistor connected to produce a voltage refer-
ence equal to a multiple of its base emitter voltage along with
temperature coefficient equal to a multiple of 2.2 mV/°C.

That multiple is determined by the ratio of R, to R,. The
theory of operation is as follows: with transistor Q biased
up, its base to emitter voltage will appear across resistor R;.
Assuming a reasonably high beta (8 > 100) the base current
can be neglected so that the current that flows through
resistor R, must also be flowing through R,. The voltage
drop across resistor R, will be given by:

It = lge
and
Va1 = Vpe = In1 Ry
SO

Rz
VR2 = Ir2R2 = Ig1 Rz = Vie Ry

(32)
As stated previously this base-emitter voltage is strongly
temperature dependent, minus 2.2 mV/°C for a silicon tran-
sistor. This temperature coefficient is also multiplied by the
resistor ratio R,/Rs.

This provides a highly linear, variable temperature coefficient
reference which is ideal for use as a temperature sensor
over a temperature range of approximately -65°C to +150°C.
When this temperature sensor Is connected as shown in
Figure 35 it can be used to indicate an alarm condition of
either too high or too low a temperature excursion. Resistors
Rz and R, set the trip point reference voltage, Vg, with
switching occuring when V, = Vi. Resistor Rs is used to bias

up Q, at some low value of current simply to keep quiescent
power dissipation to a minimum. An I near 10 pA Is accept-
able.

Using one LM139, four separate sense points are available.
The outputs of the four comparators can be used to indicate
four separate alarm conditions or the outputs can be OR’ed
together to indicate an alarm condition at any one of the
sensors. For the circuit shown the output will go HIGH when
the temperature of the sensor goes above the preset level.
This could easily be inverted by simply reversing the input
leads. For operation over a narrow temperature range, the
resistor ratio Ry/R; should be large to make the alarm more
sensitive to temperature variations. To vary the trip points a
potentiometer can be substituted for R; and R,. By the
addition of a single feedback resistor to the non-inverting
input to provide a slight amount of hysteresis, the sensor
could function as a thermostat. For driving loads greater than
15 mA, an output current booster transistor could be used.

Four Indépendently Variable,
Temperature Compensated,
Reference Supplies

The circuit shown in Figure 36 provides four independently
variable voltages that could be used for low current supplies
for powering additional equipment or for generating the ref-
erence voltages needed in some of the previous comparator
applications. If the proper Zener diode is chosen, these four
voltages will have a near zero temperature coefficient. For
industry standard Zeners, this will be somewhere between
5.0 and 5.4V at a Zener current of approximately 10 mA. An
alternative solution is offered to reduce this 50 mW quies-
cent power drain. Experimental data has shown that any of
National’s process 21 transistors which have been selected
for low reverse beta (Br <.25) can be used quite satisfacto-
rily as a zero T.C. Zener. When connected as shown in
Figure 37, the T.C. of the base-emitter Zener voltage is
exactly cancelled by the T.C. of the forward biased
base-collector junction If biased at 1.5 mA. The diode can be
properly biased from any supply by adjusting Rg to set I
equal to 1.5 mA. The outputs of any of the reference supplies
can be current boosted by using the circuit shown in Figure
30.
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Four Independently Variable, Temperature Compensated, Reference
Supplies (Continued)

+Vec

v v v
@) O
RS
RF’ULL up
-
L0AD

Qi

REMOTE
SENSOR

2N930

00738536

FIGURE 35. Temperature Alarm

+Vee

00738537

FIGURE 36. Four Variable Reference Supplies
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Four Independently Variable, Temperature Compensated, Reference

Supplies (Continued)

LEAVE BASE
LEAD OPEN

Q1 = National Process 21 Selected for Low Reverse §

g = 1.5mA
a1

00738538

FIGURE 37. Zero T.C. Zener

Digital Tape Reader

Two circuits are presented here—a tape reader for both
magnetic tape and punched paper tape. The circuit shown in
Figure 38, the magnetic tape reader, is the same as Figure
12 with a few resistor values changed. With a 5V supply, to

make the output TTL compatible, and a 1 MQ feedback
resistor, £5 mV of hysteresis is provided to insure fast
switching and higher noise immunity. Using one LM139, four
tape channels can be read simultaneously.

+5V

L
OUTPUT

00738539

FIGURE 38. Magnetic Tape Reader with TTL Output
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Digital Tape Reader (continued)

+5V

TTL
OUTPUT

00738540

FIGURE 39. Paper Tape Reader With TTL Output

The paper tape reader shown In Figure 39 1s essentially the
same circuit as Figure 38 with the only change being in the
type of transducer used. A photo-diode 1s now used to sense
the presence or absence of light passing through holes in the
tape. Again a 1 MQ feedback resistor gives £5 mV of hys-
teresis to insure rapid switching and noise immunity.

Pulse Width Modulator

Figure 40 shows the circuit for a simple pulse width modu-
lator circurt. It 1s essentially the same as that shown in Figure
13 with the addition of an input control voltage. With the input
control voltage equal to +Vc/2, operation is basically the
same as that described previously. If the input control volt-

age 1s moved above or below +Vs/2, however, the duty
cycle of the output square wave will be altered. This Is
because the addition of the control voltage at the input has
now altered the trip points. These trip points can be found if
the circuit is simplified as in Figure 41. Equations 13 through
20 are still applicable if the effect of R is added, with
equations 17 through 20 being altered for condition where
Ve # +Vc/2.

Pulse width sensitivity to input voltage variations will be
increased by reducing the value of Rg from 10 kQ and
alternately, sensitivity will be reduced by increasing the value
of Rc. The values of Ry and C, can be varied to produce any
desired center frequency from less than one hertz to the
maximum frequency of the LM139 which will be limited by
+Vec and the output slew rate.

+Ve

00738541

FIGURE 40. Pulse Width Modulator
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Pulse Width Modulator (continued)

+Vee

+Vec

00738581
Va = UPPER TRIP POINT

+Vee

Vg = LOWER TRIP POINT

FIGURE 41. Simplified Circuit For
Calculating Trip Points of Figure 40

Positive and Negative Peak
Detectors

Figures 42, 43 show the schematics for simple positive or
negative peak detectors. Basically the LM139 is operated
closed loop as a unity gain follower with a large holding
capacitor from the output to ground. For the positive peak
detector a low impedance current source is needed so an
additional transistor is added to the output. When the output
of the comparator goes high, current is passed through Q, to
charge up C;. The only discharge path will be the 1 MQ
resistor shunting C, and any load that is connected to V.
The decay time can be altered simply by changing the 1 MQ
resistor higher or lower as desired. The output should be
used through a high impedance follower to avoid loading the
output of the peak detector.

+Vee
R1
Vin O 1K
a1
{ Vour
€1 —= R2
10uF T‘- 1MQ
00738543
FIGURE 42. Positive Peak Detector
Vin O
O Vour
=
104F
I
00738544

FIGURE 43. Negative Peak Detector

For the negative peak detector, a low impedance current
sink is required and the output transistor of the LM139 works
quite well for this. Again the only discharge path will be the 1
MQ resistor and any load impedance used. Decay time is
changed by varying the 1 MQ resistor.

Conclusion

The LM139 is an extremely versatile comparator package
offering reasonably high speed while operating at power
levels in the low mW region. By offering four independent
comparators in one package, many logic and other functions
can now be performed at substantial savings in circuit com-
plexity, parts count, overall physical dimensions, and power
consumption.

For limited temperature range application, the LM239 or
LM339 may be used in place of the LM139.

Itis hoped that this application note will provide the user with
a guide for using the LM139 and also offer some new
application ideas.
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IC Preamplifier Challenges
Choppers on Drift

Since the introduction of monolithic IC amplifiers there has
been a continual improvement in DC accuracy. Bias currents
have been decreased by 5 orders of magnitude over the past
5 years. Low offset voltage drift is also necessary in a high
accuracy circuits. This is evidenced by the popularity of low
dnft amplifier types as well as the requests for selected
low-drift op amps. However, until now the chopper stabilized
amplifier offered the lowest dnift. A new monolithic IC pream-
plifier designed for use with general purpose op amps Im-
proves DC accuracy to where the drift is lower than many
chopper stabilized amplifiers.

Introduction

Chopper amplifiers have long been known to offer the lowest
possible DC drift. They are not without problems, however.
Most chopper amps can be used only as inverting amplifiers,
limiting their applications. Chopping can introduce noise and
spikes into the signal Mechanical choppers need replace-
ment as well as being shock sensitive. Further, chopper
amplifiers are designed to operate over a limited power
supply, limited temperature range.

Previous low-drift op amps do not provide optimum perfor-
mance either. Selected devices may only meet their speci-
fied voltage drift under restrictive conditions. For example, if
a 741 device is selected without offset nulling, the addition of
a offset null pot can drastically change the drift. Low drift op
amps designed for offset balancing have another problem.
The resistor network used in the null circuit 1s designed to
null the dnft when the offset voltage is nulled. The mecha-
nism to achieve nulled drift depends on the difference in
temperature coefficient between the internal resistors and
the external null pot. Since the Internal resistors have a
non-linear temperature coefficient and may vary device to
device as well as between manufacturers, it can only ap-
proximately null offset drift. The problem gets worse if the
external null pot has a TC other than zero.

A new IC preamplifier is now available which can give drifts
as low as 0.2 pV/°C. It is used with conventional op amps
and eliminates the problems associated with older devices.
As well as improving the DC input characteristics of the op
amp, loop-gain is increased when an LM121 is used. This
further improves overall accuracy since DC gain error is
decreased.

The LM121 preamp is designed to give zero drift when the
offset voltage is nulled to zero. The operating current of the
LM121 is programmable by the value of the null network
resistors. The drift is independent of the value of the nulling
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network so it can be used over a wide range of operating
currents while retaining low drift. The operating current can
be chosen to optimize bias current, gan, speed, or noise
while still retaining the low drift. Further, since the drift Is
independent of the match between external and internal
resistors when the offset is nulled, lower and more predict-
able drifts can be expected in actual use. The input is fully
differential, overcoming many of the problems with single
ended chopper-amps. The device also has enough common
mode rejection ratio to allow the low drift to be fully utilized.

Circuit Description

The LM121 is a well matched differential amplifier utilizing
super-gain transistors as the input devices. A schematic 1s
shown in Figure 1. The input signal is applied to the bases of
Q3 and Q, through protection resistors Ry and R,. Qz and Q4
have two emitters to allow offset balancing which will be
explained later. The operating current for the differential
amplifier is supplied by current sources Qo and Q4. The
operating current is externally programmed by resistors con-
nected from the emitters of Q,o and Q4 to the negative
supply. Input transistors Q5 and Q, are cascoded by transis-
tors Qs and Qg to keep the collector base voltage on the
input stage equal to zero. This eliminates leakage at high
operating temperatures and keeps the common mode input
voltage from appearing across the low breakdown
super-gain input transistors. Additionally, the cascode im-
proves the common mode rejection of the differential ampli-
fier. Q; and Q, protect the input against large differential
voltages.

The ouput signal is developed across resistive loads R and
R,. The total collector current of the input is then applied to
the base of a fixed gain PNP, Q. The collector current of Q,
sets the operating current of Qg, Q42, and Q3. These tran-
sistors are used to set the operating voltage of the cascode,
Q5 and Qg. By operating the cascode biasing transistors at
the same operating current as the input stage, it is possible
to keep collector base voltage at zero; and therefore,
collector-base leakage remains low over a wide current
range. Further, this minimizes the effects of Vgg variations
and finite transistor current gain. At high operating currents
the collector base voltage of the input stage is increased by
about 100 mV due to the drop across R4s and Ryg. This
prevents the input transistors from saturating under worst
case conditions of high current and high operating
temperature.
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Circuit Description (continued)
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*Pin connections shown on diagram and typical applications are for TO-5 package

00738701

FIGURE 1. Schematic Diagram of the LM121

The rest of the devices comprise the turn-on and regulator
circuitry. Transistors Q4 4, Q;5, and Q¢ form a 1.2V regulator
for the bases of the input stage current source. By fixing the
bases of the current sources at 1.2V, their ouput current
changes proportional to absolute temperature. This compen-
sates for the temperature sensitivity of the input stage
transconductance. Temperature compensating the transcon-
ductance makes the preamp more useful in some applica-
tions such as an instrumentation amplifier and minimizes
bandwidth variations with temperature. The regulator is
started by Qg and its operating current is supplied by Q,,
and Qq, Figure 2 shows the LM121 chip.

Offset Balancing

The LM121 was designed to operate with an offset balancing
network connected to the current source transistors. The
method of balancing the offset also minimizes the drift of the

preamp. Unlike earlier devices such as the LM725, the
LM121 depends only upon the highly predictable emitter
base voltages of transistors to achieve low drift. Devices like
the LM725 depend on the match between internal resistor
temperature coefficient and the external null pot as well as
the input stage transistors characteristics for drift compen-
sation.

The input stage of the LM121 is actually two differential
amplifiers connected in parallel, each having a fixed offset.
The offset is due to different areas for the transistor emitters.
The offset for each pair is given by:

kT A4
AVge = —In—
q A2

where k is Boltzmann’s constant, T is absolute temperature,
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Offset Balancing (continued)

00738702

FIGURE 2. LM121 Chip

q is the charge on an electron, and A; and A, are emitter
areas. Because of the offset, each pair has a fixed drift.
When the pairs are connected in parallel, if they match, the
offsets and dnft cancel. However, since matching is not
perfect, the emitters of the pairs are not connected in paral-
lel, but connected to independent current sources to allow
offset balancing. The offset and drift effect of each pair 1s
proportional to its operating current, so varying the ratio of
the current from current sources will vary both the offset and
drift. When the offset is nulled to zero, the drift is nulled to
below 1 pVv/°C.

The offset balancing method used in the LM121 has several
advantages over conventional balancing schemes. Firstly,
as mentioned earlier, it theoretically zeros the drift and offset
simultaneously Secondly, since the maximum balancing
range is fixed by transistor areas, the effect of null network
variations on offset voltage is minimized. Resistor shifts of
one percent only cause a 30 pV shift in offset voltage on the
LM121, while a one percent shift in collector resistors on a
standard diff amp causes a 300 pV offset change. Finally, it
allows the value of the null network to set the operating
current.

Achieving Low Drift

A very low drift amplifier poses some uncommon application
and testing problems. Many sources of error can cause the

apparent circuit drift to be much higher than would be pre-
dicted. In many cases, the low drift of the op amp is com-
pletely swamped by external effects while the amplifier is
blamed for the high dnift.

Thermocouple effects caused by temperature gradient
across dissimilar metals are perhaps the worst offenders.
Whenever dissimilar metals are joined, a thermocouple re-
sults. The voltage generated by the thermocouple is propor-
tional to the temperature difference between the junction and
the measurement end of the metal This voltage can range
between essentially zero and hundred of microvolts per
degree, depending on the metals used. In any system using
integrated circuits a minimum of three metals are found:
copper, solder, and kovar (lead maternal of the IC).

Nominally, most parts of a circuit are at the same tempera-
ture. However, a small temperature gradient can exist across
even a few inches — and this 1s a big problem with low level
signals. Only a few degrees gradient can cause hundreds of
microvolts of error. The two places this shows up, generally
are the package-to-printed circuit board interface and tem-
perature gradients across resistors. Keeping package leads
short and the two input leads close together help greatly.

For example, a very low drift amplifier was constructed and
the output monitored over a 1 minute period. During the 1
minute 1t appeared to have input referred offset variations of
+5 pV. Shielding the circuit from air currents reduced this to
+0.5 pV. The 10 pV error was due to thermal gradients
across the circuit from air currents.

Resistor choice as well as physical placement is important
for minimizing thermocouple effects. Carbon, oxide film and
some metal film resistors can cause large thermocouple
errors. Wirewound resistors of evenohm or managanin are
best since they only generate about 2 pV/°C referenced to
copper. Of course, keeping the resistor ends at the same
temperature is important. Generally, shielding a low drift
stage electrically and thermally will yield good results.

Resistors can cause other errors besides gradient generated
voltages. If the gain setting resistors do not track with tem-
perature a gain error will result. For example a gain of 1000
amplifier with a constant 10 mV input will have a 10V output.
If the resistors mistrack by 0.5% over the operating tempera-
ture range, the error at the output is 50 mV Referred to input,
this is a 50 pV error. Most precision resistors use different
matenial for different ranges of resistor values. It 1s not un-
expected that resistors differing by a factor of 1000, do not
track perfectly with temperature. For best results insure that
the gain fixing resistors are of the same material or have
tracking temperature coefficients.

Testing low drift amplifiers is also difficult. Standard drift
testing techniques such as heating the device in an oven and
having the leads available through a connector, thermo-
probe, or the soldering iron method — do not work. Thermal
gradients cause much greater errors than the amplifier drift.
Coupling microvolt signals through connectors is especially
bad since the temperature difference across the connector
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Achieving Low Drift (continued)

can be 50°C or more. The device under test along with the
gain setting resistor should be isothermal. The circuit in
Figure 3 will yield good results if well constructed.

50K
AAA
VWV~ CONNECTOR
*
>
<
>
g 0P AMP ‘—-} S—
Vos X 1000
+
50K
- AMN——————————p >—1
OVEN =

AMBIENT

00738703
*Op amp shown in Figure 9.

FIGURE 3. Drift Measurement Circuit

Performance

It is somewhat difficult to specify the performance of the
LM121 since it is programmable over a wide range of oper-
ating currents. Changing the operating current varies gain,
bias current, and offset current — three critical parameters
in a high accuracy system. However, offset voltage and drift
are virtually independent of the operating current.

Typical performance at an operating current of 20 pA is
shown in Table 1. Figures 4, 5 show how the bias current,
offset current, and gain change as a function of program-
ming current. Drift is guaranteed at 1 pV/°C independent of
the operating current.

TABLE 1. Typical Performance at an Operating Current
of 10 pA Per Side

Offset Voltage Nulled
Bias Current 7 nA
Offset Current 0.5 nA
Offset Voltage Drift 0.3 pv/'c
Common Mode Rejection Ratio 125 dB
Supply Voltage Rejection Ratio 125 dB
Common Mode Range +13V
Gain 20 VIV
Supply Current 0.5 mA
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FIGURE 4. Bias and Offset Current vs Set Current
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00738705

FIGURE 5. Gain vs Set Current

Over a temperature range of —55°C to +125°C the LM121
has less than 1 pV/°C offset voltage drift when nulled. It is
important that the offset voltage is accurately nulled to
achieve this low drift. The drift is directly related to the offset
voltage with 3.8 pV/°C drift resulting from every millivolt of
offset. For example, if the offset is nulled to 100 pV, about 0.4
uV/°C will result — or twice the typically expected drift. This
drift is quite predictable and could even be used to cancel
the drift elsewhere in a system. Figure 6 shows drift as a
function of offset voltage. For critical applications selected
devices can achieve 0.2 pV/°C.

Figures 7, 8 show the bias current, offset current, and gain
variation over a -55°C to +125°C temperature range. These
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Performance (Continued)

performance characteristics do not tell the whole story. Since
the LM121 is used with an operational amplifier, the op amp
characteristics must be considered for overall amplifier per-
formance.

VOLTAGE DRIFT (uV/°C)
w

2 // .
1 ,/
Vg = +15V
1
0 2 4 6 8 10

OFFSET VOLTAGE (mV)
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FIGURE 6. Drift vs Offset Voltage
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FIGURE 7. Bias and Offset Current vs Temperature
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FIGURE 8. Gain vs Temperature for the LM121

Op Amp Effects

The LM121 is nominally used with a standard type of opera-
tional amplifier. The op amp functions as the second and
ensuing stages of the amplifying system. When the LM121 1s
connected to an op amp, the two devices may be treated
(and used) just as a single op amp. The inputs of the
combination are the inputs of the LM121 and the output is
from the op amp. Feedback, as with any op amp, 1s applied
back to the inputs. Figure 9 shows the general configuration
of an amplifier using the LM121.

The offset voltage and drift of the op amp used have an
effect on overall performance and must be considered. (The
bias and offset currents of today’s op amp are low enough to
be ignored.) Although the exact effects of the op amp stage
are difficult and tedious to calculate, a few approximations
will show the sources of drift.

Op amp drift is perhaps the most important source of error.
Drift of the op amp is directly reduced by the gain of the
LM121. The drift referred to the input is given by:

op amp drift

+ LM121 drift.
LM121 gain "

input drift =

If the op amp has a drift of 10 uV/°C and the LM121 is
operated at a gain of Ay = 50, there will be a 0.2 pV/°C
component of the total drift due to the op amp. It is therefore
important that the LM121 be operated at relatively high gain
to minimize the effects of op amp drift. Lower gains for the
LM121 will give proportionately less reduction in op amp
drift. Of course, a moderately low drift op amp such as the
LM108A eases the problem.

Op amp offset voltage also has an effect on total drift. For
purpose of analysis assume the LM121 to be perfect with no
offset or drift of its own. Then any offset seen when the
LM121 is connected to an op amp is due to the op amp
alone. The offset is equal to:

op amp offset

ffset voltage =
orisetvollage = = V1121 gain

or the offset is reduced by the gain of the LM121. For
example, with a gain of 50 for the LM121, 2 mV of offset on
the op amp appears as 40 pV of offset at the LM121 input.
Unlike offset due to a mismatch in the LM121, this 40 pV of
offset does not cause any drift. However, when the system is
nulled so the offset at the input of the LM121 is zero, 40 yV
of imbalance has been inserted into the LM121. The imbal-
ance caused by nulling the offset induced by the op amp will
cause a drift of about 0.14 pV/°C. With the system nulled the
drift due to op amp will cause a drift of about 0.15 uVv/°C.
With the system nulled the dnft due to op amp offset can be
expressed as:

op amp offset (mV)

arift (WV/°C) = = 121 gain

(3.6 uV/°C).

In actual operation, drift due to op amp offsets will usually be
better than predicted. This is because offset voltage and drift
are not independent. With the LM121 there 1s a strong,
predictable, correlation between offset and drift. Also, there
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Op Amp Effects (continued)

is a correlation with op amps, but it is not as strong. The drift
of the op amp tends to cancel the drift induced in the LM121
when the system is nulled.

In the previous example the drift due to the op amp offset
was 0.15 pV/°C. If the op amp has a drift of 3.6 pV/°C per
millivolt of offset (like the LM121) it will have a drift of
7.2 pVI°C. This drift is reduced by the gain of the LM121 (A,
= 50) to 0.14 pV/'C. This 0.14 pV/°C will cancel the 0.14
uV/°C drift due to balancing the LM121. Since op amps do
not always have a strong correlation between offset and drift,
the cancellation of drifts is not total. Once again, high gain for
the LM121 and a low offset op amp helps achieve low drifts.

Frequency Compensation

The additional gain of the LM121 preamplifier when used
with an operational amplifier usually necessitates additional

N

~N
~N

frequency compensation. This is because the additional gain
introduced by the LM121 must be rolled-off before the phase
shift through the LM121 and op amp reaches 180°. The
additional compensation depends on the gain of the LM121
as well as the closed loop gain of the system. Two frequency
compensation techniques are shown here that will operate
with any op amp that is unity gain stable.

When the closed loop gain of the op amp with the LM121 is
less than the gain of the LM121 alone, more compensation is
needed. The worst case situation is when there is 100%
feedback — such as a voltage follower or integrator — and
the gain of the LM121 is high. When high closed loop gains
are used — for example A,, = 1000 — and only an addi-
tional gain of 100 is inserted by the LM121, the frequency
compensation of the op amp will usually suffice.

— INPUT

+INPUT ———*.—3

Rser?

02 Rger

I
l
I
| wutieor
l
I
I

*Frequency compensation — see text for values

tiseT (RA) =

The basic circuit of the LM121 in Figure 9 shows two com-
pensation capacitors connected to the op amp (disregarding

ouTPUT

00738709

600
RseT (k)

FIGURE 9. General Purpose Amplifier Using the LM121

the 30 pF frequency compensation for the op amp alone).
The capacitor from pin 6 to pin 2 around the op amp acts as
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Frequency Compensation (continued)

an integrating capacitor to roll off the gain. Since the output
of the LM121 1s differential, a second capacitor is needed to
roll off pin 3 of the op amp These capacitors are Cs, and
Cc» in Figure 9.

With capacitors equal, the circuit retains good AC power
supply rejection The approximate value of the compensa-
tion capacitors I1s given by:

Cc farads

" 106 Act ReeT

where Rger IS the current set resistor from each current
source and where A, Is closed loop gain. Table 2 shows
typical capacitor values.

An alternate compensation scheme was developed for ap-
plications requiring more predictable and smoother roll off.
This 1s useful where the amplifier’s gain 1s changed over a
wide range. In this case C, is made large and connected to
V* rather than ground. The output of the LM121 is rendered
single ended by a 0 01 pF bypass capacitor to V* Overall
frequency compensation then i1s achieved by an integrating
capacitor around the op amp*

12
dwidth at uni in = ———
Bandwidth at unity gain 27 Rser ©
4
for 0 5 MHz bandwidth C = ———
106 Rget

TABLE 2. Typical compensation capacitors for various
operating currents and closed loop gains. Values
given apply to LM101A, LM108, and LM741 type

amplifiers.
Closed Current Set Resistor

Loop

Gain 120 kQ | 60 kQ | 30 kQ | 12 kQ 6 kQ
Ay =1 68 pF | 130 pF | 270 pF | 680 pF | 1300 pF
Ay =5 15 pF | 27 pF | 50 pF | 130 pF | 270 pF
Ay =10 10pF | 15pF | 27 pF | 68 pF | 130 pF
Ay =50 1pF 3 pF 5pF | 15pF 27 pF
Ay = 100 1 pF 3 pF 5 pF 10 pF
Ay = 500 1 pF 1pF 3 pF
Ay = 1000

For use with higher frequency op amps such as the LM118
the bandwidth may be increased to about 2 MHz. If closed
loop gain is greater than unity “C” may be decreased to:

4
" 106 AcL Rset

Applications

No attempt will be made to include precision op amp appli-
cations as they are well covered in other literature. The
previous sections detail frequency compensation and drift
problems encountered in using very low drift op amps. The
circuit shown in Figure 9 will yield good results in almost any

op amp application. However, 1t 1s important to choose the
operating current properly. From the curves given it Is rela-
tively easy to see the effects of current changes. High cur-
rents increase gain and reduce op amp effects on dnft. Bias
and offset current also increase at high current When the
operating source resistance is relatively high, errors due to
high bias and offset current can swamp offset voltage drift
errors. Therefore, with high source impedances it may be
advantageous to operate at lower currents

Another important consideration I1s output common mode
voltage This I1s the voltage between the outputs of the
LM121 and the positive power supply. Firstly, the output
common mode voltage must be within the operating com-
mon mode range of the output op amp. At currents above 10
pA there Is no problems with the LM108, LM101, and LM741
type devices. Higher currents are needed for devices with
more limited common mode range, such as the LM118 As
the operating current I1s increased, the positive common
mode limit for the LM121 is decreased. This is because there
is more voltage drop across the internal 50k load resistors
The output common mode voltage and positive common
mode limits are about equal and given by:

Output common
mode voltage positive = V+ — (0.6V+

0.65 X 50 kn)
common mode limit

RseT

If 1t 1s necessary to increase the common mode output
voltage (or limit), external resistors can be connected In
parallel with the internal 50 kQ resistors. This should only be
done at high operating currents (80 pA) since it reduces gain
and diverts part of the input stage current from the internal
biasing circuitry. A reasonable value for external resistors is
50 kQ.

The external resistors should be of high quality and low drift,
such as wirewound resistors, since they will affect drift if they
do not track well with temperature. A 20 ppm/°C difference in
external resistor temperature coefficient will introduce an
additional 0.3 pV/°C dnift.

An unusually simple gain of 1000 instrumentation amplifier
can be made using the LM121. The amplifier has a floating,
full differential, high impedance nput. Linearity is better than
1%, depending upon input signal level with maximum error
at maximum input Gain stability, as shown in Figure 10, 1s
about £2% over a -55°C to +125°C temperature range.
Finally, the amplifier has very low drift and high CMRR.

104
a
2
= 102 |
2 A
= P
=3
o
E
z 10 [
3 A
w
()
]
> Vg = +15V |
= 1= 300 e

96
—-55 —35 -15 5 25 45 65 85 105 125

TEMPERATURE (°C)
00738710

FIGURE 10. Instrumentation Amplifier
Gain vs Temperature
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Applications (continued)

Figure 11 shows a schematic of the instrumentation ampli-
fier. The LM121 is used as the input stage and operated
open-loop. It converts an input voltage to a differential output
current at pins 1 and 8 to drive an op amp. The op amp acts
as a current to voltage converter and has a single-ended
output.

Resistors R; and R, with null pot R; set the operating
current of the LM121 and provide offset adjustment. R, is a
fine trim to set the gain at 1000. There is very little interaction
between the gain and null pots.

INPUT

Lm21

*Offset adjust
fGamn tnm

R6
M
1%
A ALY
2
LM108A QUTPUT
3
+
RS 1
kL
1%
c1
30 pF

00738711

iBetter than 1% lineanty for input signals up to £10 mV gain stability typical +2% from -55°C to +125°C CMRR 110 dB

FIGURE 11. Gain of 1000 Instrumentation Amplifier

This instrumentation amplifier is limited to a maximum input
signal of £10 mV for good linearity. At high signal levels the
transfer characteristic of the LM121 becomes rapidly
non-linear, as with any differential amplifier. Therefore, it is
most useful as a high gain amplifier.

Since feedback is not applied around the LM121, CMRR is
not dependent on resistor matching. This eliminates the
need for precisely matched resistor as with conventional
instrumentation amplifiers. Although the linearity and gain
stability are not as good as conventional schemes, this
amplifier will find wide application where low drift and high
CMRR are necessary.

A precision reference using a standard cell is shown in
Figure 12. The low drift and low input current of the LM121A
allow the reference amplifier to buffer the standard cell with
high accuracy. Typical long term drift for the LM121 operat-
ing at constant temperature is less than 2 pV per 1000 hours.

To minimize temperature gradient errors, this circuit should
be shielded from air currents. Good single-point wiring
should also be used. When power is not applied, it is nec-
essary to disconnect the standard cell from the input of the
LM121 or it will discharge through the internal protection
diodes.

Conclusions

A new preamplifier for operational amplifiers has been de-
scribed. It can achieve voltage drifts as low as many chopper
amplifiers without the problems associated with chopping.
Operating current is programmable over a wide range so the
input characteristics can be optimized for the particular ap-
plication. Further, using a preamp and a conventional op
amp allows more flexibility than a single low-drift op amp.
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Conclusions (continued)
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FIGURE 12. 10V Reference
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Comparing the High Speed
Comparators

Introduction

Several integrated circuit voltage comparators exist which
were designed with high speed and complementary TTL
outputs as the main objectives. The more common applica-
tions for these devices are high speed analog to digital (A to
D) converters, tape and disk-file read channels, fast
zero-crossing detectors, and high speed differential line re-
ceivers. This note compares the National Semiconductor
devices to similar devices from other manufacturers.

The product philosophy at National was to create pin-for-pin
replacement circuits that could be considered as
second-sources to the other comparators, while simulta-
neously containing the improvements necessary to make a
more optimum device for the intended usage. Optimized
parameters include speed, input accuracy and impedance,
supply voltage range, fanout, and reliability. The LM160/

National Semiconductor
Application Note 87

LM260/LM360 are replacement devices for the pA760, while
the LM161/LM261/LM361 replace the SE/NE529. Tables 1,
2 compare the critical parameters of the National commer-
cial range devices to their respective counterparts.

Speed

Throughout the universe the subject of speed must be ap-
proached with caution; the same holds true here. Speed
(propagation delay time) is a function of the measurement
technique. The earlier “standard” of using a 100 mV input
step with 5.0 mV overdrive has given way to seemingly
endless vanations. To be meaningful, speed comparisons
must be made with identical conditions. It is for this reason
that the speed conditions specified for the National parts are
the same as those of the parts replaced.

TABLE 1. LM360/pA760C Comparison

0'C <Tp<+70°C, V* = +5.0V, V- = -5.0V

Parameter LM360 HA760C Units

Input Offset Voltage 5.0 6.0 mV max
Input Offset Current 3.0 7.5 HA max
Input Bias Current 20 60 HA max
Input Capacitance 4.0 8.0 pF typ
Input Impedance 17 5.0 kQ typ @ 1 MHz 25°C
Differential Voltage Range +5.0 +5.0 V typ
Common Mode Voltage Range +4.0 +4.0 V typ
Gain 3.0 3.0 V/mV typ 25°
Fanout 4.0 2.0 74 Series TTL Loads
Propagation Delays:

(1) 30 mVp-p 10 MHz Sinewave in 25 30 ns max 25°

(2) 2.0 Vp-p 10 MHz Sinewave in 20 25 ns max 25°

(3) 100 mV Step + 5.0 mV Overdrive 14 22 ns typ 25°

TABLE 2. LM261/NE529 Comparison

0'C < Tp < +70°C, V* = +10V, V- = —10V, Vg = +5.0V

Parameter LM261 NE529 Units
Input Offset Voltage 3.0 10 mV max
Input Offset Current 3.0 15 HA max
Input Bias Current 20 50 UA max
Input Impedance 17 5.0 kQ typ @ 1 MHz 25°C
Differential Voltage Range +5.0 +5.0 V typ
Common Mode Voltage Range +6.0 +6.0 V typ
Gain 3.0 4.0 V/mV typ 25°
Fanout 4.0 6.0 74 Series TTL Loads
Propagation Delay - 50 mV Overdrive 20 22 ns max 25°

Probably the most impressive speed characteristic of the six
National parts is the fact that propagation delay is essentially
independent of input overdrive (Figure 1); a highly desirable
characteristic in A to D applications. Their delay typically
varies only 3 ns for overdrive variations of 5.0 mV to 500 mV,

whereas the other parts have a corresponding delay varia-
tion of two to one. As can be seen in Tables 1, 2, the National
parts have an improved maximum delay specification. Fur-
ther, the 20 ns maximum delay is meaningful since it is
specified with a representative load: a 2.0 kQ resistor to
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Speed (Continued)

+5.0V and 15 pF total load capacitance. Figure 2 shows
typical delay variation with temperature.

T 1T T 11T
18 Ta =25°C
z Vee = +6V
N LOAD = 2.0 k2
< 16 MM T Vee + 15 pF TOTAL
a
zZ u
b=t
<
-]
g 12 =Summ
=]
@<
o.
10
10 30 10 30 100 300 1000
DIFFERENTIAL INPUT OVERDRIVE (mV)
00740701
FIGURE 1. Delay vs Overdrive
1T 1T
24 |- Ve =+5.0V %
z | LoAD=20ka /
> TO Vcc +15 pF TOTAL /
; 20 |- Vjy = £50 mV PULSE /i
e t
= / et
=]
= 16 74
s /
L]
< T
S — todo __|_A
z LA

-55 -15 25 65 125

Ta (°C)
00740702

FIGURE 2. Delay vs Temperature

Input Parameters

The A to D, level detector, and line receiver applications of
these devices require good input accuracy and impedance.
In all these cases the differential input voltage is relatively
large, resulting in a complete switch of input bias current as
the input signal traverses the reference voltage level. This
effect can give rise to reduced gain and threshold inaccu-
racy, dependent on input source impedances and compara-
tor input bias currents. Tables 1, 2 show that the National
parts have a substantally lower maximum bias current to
ease this problem. This was done without resorting to Dar-
lington input stages whose price is higher offset voltages and
longer delay times. The lower bias currents also raise input
resistance In the threshold region. Lower input capacitance
and higher input resistance result in higher input impedance
at high frequencies.

Even with low source impedances, input accuracy is still
dependent on offset voltage. Since none of the devices
under discussion has internal offset null capability, ultimate

accuracy was improved by designing and specifying lower
maximum offset voltage. Refer to Figure 3 for typical offset
voltage drift with temperature.

1.0
0.8

: 4
' /

0.2
0

-0.2
)

-04 7
-0.6

-0.8

INPUT OFFSET VOLTAGE (mV)

—~55 -15 25 65 125

Ta (°C)
00740703

FIGURE 3. Offset Temperature Coefficient

Other Performance Areas

In the case of the LM160/LM260/LM360, fanout was doubled
over the previous device. For the LM161/LM261/LM361,
operating supply voltage range was extended to +15V op
amp supplies which are often readily available where such a
comparator is used. Figure 4 reveals the common mode
range of the latter device.

277
= LZPOSITIVE LIMIT 1
S 30
w
(<]
-
= 10
w /
(=]
(=]
= 5.0
z NEGATIVE LIMIT
=
E oo | Vec=+50V
= GND = 0V
Ta =25°C
L L 1

5.0 1.0 9.0 n 13 15

v* OR V™ (xV)
00740704

FIGURE 4. LM161 Common Mode Range

The performance improvements previously mentioned were
a result of circuit design (Figures 5, 6) and device process-
ing. Schottky clamping, which can give rise to reliability
problems, was not used. Gold doping, which results in pro-
cessing dependent speeds and low transistor beta, was not
used. Instead a non-gold-doped process with high break-
down voltage, high beta, and high f+ (=1.5 GHz) was se-
lected which produced remarkably consistent performance
independent of normal process variation. The higher break-
down voltage allows the LM161/LM261/LM361 to operate on
+15V supplies and results in lower transistor capacitance;
higher beta provides lower input bias currents; and higher ;-
helps reduce propagation time.
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Other Performance Areas (Continued)
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FIGURE 5. LM161 Schematic Diagram
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Other Performance Areas (Continued)
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FIGURE 6. LM160 Schematic Diagram

Applications

Typical applications have been mentioned previously. The
LM160 and LM161 may be combined as in Figure 7 to create
a fast, accurate peak detector for use in tape and disk-file
read channels. A 3-bit A to D converter with 21 ns typical
conversion time is shown in Figure 8. Although primarily

intended for interfacing to TTL logic, direct connection may
be made to ECL logic from the LM161 by the technique
shown in Figure 9. When used this way the common mode
range is shifted from that of the TTL configuration. Finally
level detectors or line receivers may be implemented with
hysteresis in the transfer characteristic as seen in Figure 10.
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Applications (continued)

INPUT (Viy)

DERIVATIVE [\

OF INPUT (A) \f

Vour

Vi O N4 ')
LM160
Vin O—@r - 5
L b
o r— - - —
A £ |
I Vour
|
LM161 I
AlQR b e e ]

00740707

FIGURE 7. Peak Detector
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Applications (continued)
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FIGURE 8. High Speed 3-bit A to D Converter
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Applications (continued)
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FIGURE 9. Direct Interfacing to ECL
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Use the
LM158/LM258/LM358 Dual,
Single Supply Op Amp

Introduction

Use the LM158/LM258/LM358 dual op amp with a single

supply in place of the LM1458/LM1558 with split supply and

reap the profits in terms of:

a. Input and output voltage range down to the negative
(ground) rail

b. Single supply operation

c. Lower standby power dissipation

d. Higher output voltage swing

e. Lower input offset current

f. Generally similar performance otherwise

The main advantage, of course, is that you can eliminate the

negative supply in many applications and still retain equiva-

lent op amp performance. Additionally, and in some cases

more importantly, the input and output levels are permitted to

swing down to ground (negative rail) potential. Table 1

shows the relative performance of the two in terms of guar-

anteed and/or typical specifications.

National Semiconductor
Application Note 116

In many applications the LM158/LM258/LM358 can also be
used directly in place of LM1558 for split supply operation.

Single Supply Operation

The LM1458/LM1558 or similar op amps exhibit several
important limitatons when operated from a single positive
(or negative) supply. Chief among these is that input and
output signal swing is severely limited for a given supply as
shown in Figure 1. For linear operation, the input voltage
must not reach within 3 volts of ground or of the supply, and
output range 1s similarly limited to within 3-5 volts of ground
or supply. This means that operation with a +12V supply
could be limited as low as 2 Vp-p output swing. The LM358
however, allows a 10.5 Vp-p output swing for the same 12V
supply. Admittedly these are worst case specification limits,
but they serve to illustrate the problem.

TABLE 1. Comparison of Dual Op Amps LM1458 and LM358

Characteristic LM1458 LM358
Vio 6 mV Max 7 mV Max
CMV, 24 Vp-p* 0-28.5V*
lio 200 nA 50 nA
los 500 nA -500 nA
CMRR 60 dB Min @ 100 Hz 85 dB Typ @ DC
90 dB Typ
e, @ 1 kHz, Rgen 10 kQ 45 nV/VHz Typ 40 nVAHz Typ**
Zin 200 MQ Typ Typ 100 MQ
Avor 20k Min 100k Typ
100k Typ
fe 1.1 MHz Typ 1 MHz Typ **
Paw 14 kHz Typ 11 kHz Typ **
dV/dt 0.8V/us Typ 0.5V/ps Typ**
V, @ R_ = 10k/2k 24/20 Vp-p* 28.5 Vp-p
Isc 20 mA Typ Source 20 mA Min (40 Typ)
Sink 10 mA Min (20 Typ)
PSRR @ DC 37 dB Min 100 dB Typ
90 dB Typ
Ip (RL = =) 8 mA Max 2 mA Max

$From laboratory measurement
*Based on Vg = 30V on LM358 only, or Vg = 15V
**From data sheet typical curves
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Single Supply Operation (continued)

6 3V (R = 10k)
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2k
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FIGURE 1. Worst Case Signal Levels with +12V Supply
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FIGURE 2. Operating with AC Signals

AC Gain

For AC signals the input can be capacitor coupled. The input
common mode and quiescent output voltages are fixed at
one-half the supply voltage by a resistive divider at the
non-inverting input as shown in Figure 2. This quiescent
output could be set at a lower voltage to minimize power
dissipation in the LM358, if desired, so long as Vq = V,\ pk.
For the LM1458 the quiescent output must be higher, VQ >
3V + V) pk thus, for small signals, power dissipation is much
greater with the LM1458. Example: Required Vo = Vg =1V
pkinto 2k, VguppLy = as required. Find quiescent dissipation
in load and amplifier for LM1458 and LM358.

LM358
Vg = +1V
VsuppLy = ;3-5‘/
B 1

PLOAD = R_L = ﬂ = 0.5mW
Pp = Vglg* + (VS - VQ)'L
= 3.5V X 0.7mA + (3.5 - 1)

Pp = 2.45 + 1.25 = 3.7 mW
ProtaL = 3.7 + 0.5 = 4.2mW

*From typical characteristics

v
2k

LM1458
Vg = 4V
VsyppLy = 8V
Plop = 57 = 8mW

Pp = Ppr + (V5 = Vo)l

= 22mW+ (8 - 4) &Y

2k
Pp =22+ 8= 30mW

ProraL = 30 + 8 = 38 mW

*From typical characteristics

The LM1458 requires over twice the supply voltage and
nearly 10 times the supply power of the LM358 in this
application.

Inverting DC Gain

Connections and biasing for DC inverting gain are essen-
tially the same as for the AC coupled case. Note, of course,
that the output cannot swing negative when operated from a
single positive supply. Figure 3 shows the connections and
signal limitations.
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Non-Inverting DC Gain

The non-inverting gain connection does not require the Vg
biasing as before; the inverting input can be returned to
ground in the usual manner for gains greater than unity, (see
Figure 4). A tremendous advantage of the LM358 in this
connection Is that input signals and output may extend all the
way to ground; therefore DC signals in the low-millivolt range
can be handled. The LM1458 still requires that V,y =
3V-17V. Therefore maximum gain is Imited to A, = (Vo—3)/
3, or Ay max = 5.4 for a 20V supply.

There is no similar limitation for the LM358.

ANV
+20V
Viy = 3-17V O—AW -
LM1458 —O vy = 3-17V
Vg = 3-17V >
+20V + % 10k

00742405

FIGURE 3. Typical DC Coupled Inverting Gain

\AAd
R1* +20V
LW
- LM1458 —O vy = 3-17V
>
<
= + >
le-3—17v0—'\/v\«—1 j»Lm"

*R1 -
Ay

oo for Ay = +1
5.4 for 20V Supply

IA

00742407

FIGURE 4. Typical DC Coupled Non-Inverting Gain

R1

VIRTUAL / -

GROUNDS

Crossover (distortion) occurs at VO = VS -

FIGURE 5. Split Supply Operation of LM358

The output load to negative supply forces the amplifier to
source some minimum current at all times, thus eliminating
crossover distortion. Crossover distortion without this load

Viy = 0-18 5V O—AAA~

Zero T.C. Input Bias Current

An nteresting and unusual characteristic is that I,y has a
zero temperature coefficient. This means that matched re-
sistance 1s not required at the input, allowing omission of one
resistor per op amp from the circuit In most cases.

Balanced Supply Operation

The LM358 will operate satisfactorily in balanced supply
operation so long as a load I1s maintained from output to the
negative supply.

Vg = 01-185V
+20V

00742406

Vo = 0-18.5V

Viy = 0-18 5V O

*R1 = 0o for Ay = +1
Ay not limited
00742408

R
R+ Re
00742409

would be more severe than that expected with the normal op
amp. Since the single supply design took notice of this
normal load connection to ground, a class AB output stage
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Balanced Supply Operation TABLE 2. Conventional Op Amp Circuits
(Continued) Suitable for Single Supply Operation
was not included. Where ground referenced feedback resis- Application . Limitations

tors are used as in Figure 5, the required load to the negative AC Coupled amp# Va
supply depends upon the peak negative output signal level Inverting amp Va
desirgd wit.hout exhibiting crossover distortion. R, to the Non-inverting amp OK*
negative rail should be chosen small enough that the voltage ) in buff oK
divider formed by R and R, will permit V,, to swing negative Unity gain buffer
to the desired point according to the equation: Summing amp Va
Ve - Difference amp Va
R = Re S0 Differentiator Va
Vo Integrator Vqo
» ) LP Filter Va
R, could also be returned to the positive supply with the IV v
advantage that V, max would never exceed (Vg+ — 1.5V). -V Connector aQ
Then with £15V supplies R yn Would be 0.12 Rg. The PE Cell Amp OK
disadvantage would be that the LM358 can source twice as | Source | -]
much current as it can sink, therefore R, to negative supply . O MIN ™ R
L | Sink OK
can be one-half the value of R_ to positive supply.
The need for single or split supply is based on system Volt Ref - OK o o
requirements which may be other than op amp oriented. FW Rectifier Vg or modified circuit
However if the only need for balanced supplies is to simplify Sine wave osc Vo
the biasing of op amps, there are many systems which can .
find a cost effective benefit in operating LM358'’s from single Triangular generator Va
supplies rather than standard op amps from balanced sup- Threshold detector OK
plies. Of the usual op amp circuits, Table 2 shows those few Tracking, regulator PS Not practical
v'\\lllhicth rlr;a\ée Iir(r;itedt I:unctic:: wnttrl: tsingle su:)p}y ;pergtio?é Programmable PS oK
ost are based on the premise that to operate from a sin
P b 9 Peak Detector OK 10 Vjy = 0

supply, a reference Vo at about one-half the supply be ) )

available for bias or (zero) signal reference. The basic cir- ¥See AN-20 for conventional circuits v
. h listed in AN-20 Vq denotes need for a reference voltage, usually at about 's

cuits are those . OK means no reference voltage required 2
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IC Voltage Reference has
1 ppm per Degree Drift

A new linear IC now provides the ultimate in highly stable
voltage references Now, a new monolithic IC the LM199,
out-performs zeners and can provide a 6.9V reference with a
temperature drift of less than 1 ppm/® and excellent long term
stability. This new IC, uses a unique subsurface zener to
achieve low noise and a highly stable breakdown. Included
is an on-chip temperature stabilizer which holds the chip
temperature at 90°C, eliminating the effects of ambient tem-
perature changes on reference voltage.

The planar monolithic IC offers superior performance com-
pared to conventional reference diodes. For example, active
circuitry buffers the reverse current to the zener giving a
dynamic impedance of 0.5Q and allows the LM199 to oper-
ate over a 0.5 mA to 10 mA current range with no change in
performance. The low dynamic impedance, coupled with low
operating current significantly simplifies the current drive
circuitry needed for operation. Since the temperature coeffi-
cient is independent of operating current, usually a resistor is
all that is needed.

Previously, the task of providing a stable, low temperature
coefficient reference voltage was left to a discrete zener
diode. However, these diodes often presented significant
problems. For example, ordinary zeners can show many
millivolts change if there is a temperature gradient across the
package due to the zener and temperature compensation
diode not being at the same temperature. A 1°C difference
may cause a 2 mV shift in reference voltage. Because the
on-chip temperature stabilizer maintains constant die tem-
perature, the IC reference is free of voltage shifts due to
temperature gradients. Further, the temperature stabilizer,
as well as eliminating drift, allows exceptionally fast warm-up
over conventional diodes. Also, the LM199 is insensitive to
stress on the leads—another source of error with ordinary
glass diodes. Finally, the LM199 shows virtually no hyster-
esis In reference voltage when subject to temperature cy-
cling over a wide temperature range. Temperature cycling
the LM199 between 25°C, 150°C and back to 25°C causes
less than 50 uV change in reference voltage. Standard ref-
erence diodes exhibit shifts of 1 mV to 5 mV under the same
conditions.
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FIGURE 1. Subsurface Zener Construction

National Semiconductor
Application Note 161

Sub Surface Zener Improves
Stability

Previously, breakdown references made in monolithic IC’s
usually used the emitter-base junction of an NPN transistor
as a zener diode. Unfortunately, this junction breaks down at
the surface of the silicon and 1s therefore susceptible to
surface effects. The breakdown is noisy, and cannot give
long-term stabilities much better than about 0.3%. Further, a
surface zener is especially sensitive to contamination in the
oxide or charge on the surface of the oxide which can cause
short-term instability or turn-on drift.

The new zener moves the breakdown below the surface of
the silicon into the bulk yielding a zener that is stable with
time and exhibits very low noise. Because the new zener is
made with well-controlled diffusions in a planar structure, It is
extremely reproducible with an initial 2% tolerance on break-
down voltage.

A cut-away view of the new zener is shown in Figure 1. First
a small deep P* diffusion is made into the surface of the
silicon. This is then covered by the standard base diffusion.
The N* emitter diffusion is then made completely covering
the P* diffusion. The diode then breaks down where the
dopant concentration is greatest, that is, between the P* and
N*. Since the P* 1s completely covered by N* the breakdown
1s below the surface and at about 6.3V. One connection to
the diode is to the N* and the other is to the P base diffusion.
The current flows laterally through the base to the P* or
cathode of the zener. Surface breakdown does not occur
since the base P to N* breakdown voltage is greater than the
breakdown of the buried device. The buried zener has been
In volume production since 1973 as the reference in the
LX5600 temperature transducer.

ISOLATION
DIODE

00561318

FIGURE 2. Functional Block Diagram

Circuit Description

The block diagram of the LM199 is shown in Figure 2. Two
electrically independent circuits are included on the same
chip—a temperature stabilizer and a floating active zener.
The only electrical connection between the two circuits is the
isolation diode inherent in any junction-isolated integrated
circuit. The zener may be used with or without the tempera-
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Circuit Description (continued)

ture stabilizer powered. The only operating restriction is that
the isolation diode must never become forward biased and
the zener must not be biased above the 40V breakdown of
the isolation diode.

The actual circuit is shown in Figure 3. The temperature
stabilizer 1s composed of Q1 through Q9. FET Q9 provides
current to zener D2 and Q8. Current through Q8 turns a loop
consisting of D1, Q5, Q6, Q7, R1 and R2. About 5V is
applied to the top of R1 from the base of Q7. This causes
400 pA to flow through the divider R1, R2. Transistor Q7 has
a controlled gain of 0.3 giving Q7 a total emitter current of
about 500 pA. This flows through the emitter of Q6 and
drives another controlled gain PNP transistor Q5. The gain of
Q5 is about 0.4 so D1 1s driven with about 200 pA. Once
current flows through Q5, Q8 is reverse biased and the loop
is self-sustaining. This circuitry ensures start-up.

The resistor divider applies 400 mV to the base of Q4 while
Q7 supplies 120 pA to its collector. At temperatures below
the stabilization point, 400 mV is insufficient to cause Q4 to
conduct. Thus, all the collector current from Q7 is provided

as base drive to a Darlington composed of Q1 and Q2. The
Darlington is connected across the supply and initially draws
140 mA (set by current limit transistor Q3). As the chip heats,
the turn on voltage for Q4 decreases and Q4 starts to
conduct. At about 90°C the current through Q4 appreciably
increases and less drive is applied to Q1 and Q2. Power
dissipation decreases to whatever is necessary to hold the
chip at the stabilization temperature. In this manner, the chip
temperature is regulated to better than 2°C for a 100°C
temperature range.

The zener section Is relatively straight-forward. A buried
zener D3 breaks down biasing the base of transistor Q13.
Transistor Q13 drives two buffers Q12 and Q11. External
current changes through the circurt are fully absorbed by the
buffer transistors rather than D3. Current through D3 is held
constant at 250 YA by a 2k resistor across the emitter base
of Q13 while the emitter-base voltage of Q13 nominally
temperature compensates the reference voltage.

The other components, Q14, Q15 and Q16 set the operating
current of Q13. Frequency compensation is accomphshed
with two junction capacitors.
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FIGURE 3. Schematic Diagram of LM199 Precision Reference
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Performance

A polysulfone thermal shield, shown in Figure 4, is supplied
with the LM199 to minimize power dissipation and improve
temperature regulation. Using a thermal shield as well as the
small, high thermal resistance TO-46 package allows opera-
tion at low power levels without the problems of special IC
packages with built-in thermal 1solation. Since the LM199 1s
made on a standard IC assembly line with standard assem-
bly techniques, cost Is significantly lower than if special
techniques were used. For temperature stabilization only
300 mW are required at 25°C and 660 mW at -55°C.

.zizs / _Eﬂ
1 % . AW

00561303

FIGURE 4. Polysulfone Thermal Shield

Temperature stabilizing the device at 90°C virtually elimi-
nates temperature drift at ambient temperatures less than
90°C. The reference is nominally temperature compensated
and the thermal regulator further decreases the temperature
dnft. Drift is typically only 0.3 ppm/°C. Stabilizing the tem-
perature at 90°C rather than 125°C significantly reduces
power dissipation but still provides very low drift over a major
portion of the operating temperature range. Above 90°C
ambient, the temperature coefficient is only 15 ppm/°C.

A low drift reference would be virtually useless without
equivalent performance in long term stability and low noise.
The subsurface breakdown technology yields both of these.
Wideband and low frequency noise are both exceptionally
low. Wideband noise is shown in Figure 5 and low frequency
noise is shown over a 10 minute period in the photograph of
Figure 6. Peak to peak noise over a 0.01 Hz to 1 Hz
bandwidth is only about 0.7 pV.

Long term stability is perhaps one of the most difficult mea-
surements to make. However, conditions for long-term sta-
bility measurements on the LM199 are considerably more
realistic than for commercially available certified zeners.
Standard zeners are measured in £0.05°C temperature con-
trolled both at an operating current of 7.5 mA +0.05 pA.
Further, the standard devices must have stress-free contacts
on the leads and the test must not be interrupted during the
measurement interval. In contrast, the LM199 is measured in
still air of 25°C to 28°C at a reverse current of 1 mA +0.5%.
This 1s more typical of actual operating conditions in instru-
ments.

When a group of 10 devices were monitored for long-term
stability, the variations all correlated, which indicates
changes in the measurement system (limitation of 20 ppm)
rather than the LM199.
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FIGURE 5. Wideband Noise of the LM199 Reference
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FIGURE 6. Low Frequency Noise Voltage

Because the planar structure does not exhibit hysteresis with
temperature cycling, long-term stability is not impaired if the
device is switched on and off.

The temperature stabilizer heats the small thermal mass of
the LM199 to 90°C very quickly. Warm-up time at 25°C and
-55°C is shown in Figure 7. This fast warm-up is significantly
less than the several minutes needed by ordinary diodes to
reach equilibrium. Typical specifications are shown in Table
1.
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FIGURE 7. Fast Warmup Time of the LM199
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Performance (continued)
TABLE 1. Typical Specifications for the LM199

Reverse Breakdown Voltage 6.95V
Operating Current 0.5 mAto 10 mA
Temperature Coefficient 0.3 ppm/°C
Dynamic Impedance 0.5Q
RMS Noise (10 Hz to 10 kHz) 7uv
Long-Term Stability <20 ppm
Temperature Stabilizer 9V to 40V
Operating Voltage
Temperature Stabilizer Power Dissipation
(25°C) 300 mW
Warm-up Time 3 Seconds

Applications

The LM199 is easier to use than standard zeners, but the
temperature stability is so good—even better than precision
resistors—that care must be taken to prevent external cir-
cuitry from limiting performance. Basic operation only re-
quires energizing the temperature stabilizer from a 9V to 40V
power source and biasing the reference with between 0.5
mA to 10 mA of current. The low dynamic impedance mini-
mizes the current regulation required compared to ordinary
zeners.

The only restriction on biasing the zener is the bias applied
to the isolation diode. Firstly, the isolation diode must not be
forward biased. This restricts the voltage at either terminal of
the zener to a voltage equal to or greater than the V-.

A dc return is needed between the zener and heater to
insure the voltage limitation on the isolation diodes are not
exceeded. Figure 9 shows the basic biasing of the LM199.
The active circuitry in the reference section of the LM199
reduces the dynamic impedance of the zener to about 0.5Q.
This is especially useful in biasing the reference. For ex-
ample, a standard reference diode such as a 1N829 oper-

ates at 7.5 mA and has a dynamic impedance of 15Q. A 1%
change in current (75 pA) changes the reference voltage by
1.1 mV. Operating the LM199 at 1 mA with the same 1%
change in operating current (10 pA) results in a reference
change of only 5 pV. Figure 8 shows reverse voltage change
with current.

Biasing current for the reference can be anywhere from 0.5
mA to 10 mA with little change in performance. This wide
current range allows direct replacement of most zener types
with no other circuit changes besides the temperature stabi-
lizer connection. Since the dynamic impedance is constant
with current changes regulation is better than discrete zen-
ers. For optimum regulation, lower operating currents are
preferred since the ratio of source resistance to zener im-
pedance is higher, and the attenuation of input changes is
greater. Further, at low currents, the voltage drop in the
wiring is minimized.
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FIGURE 8. The LM199 Shows Excellent Regulation
Against Current Changes

Mounting is an important consideration for optimum perfor-
mance. Although the thermal shield minimizes the heat low,
the LM199 should not be exposed to a direct air flow such as
from a cooling fan. This can cause as much as a 100%
increase in power dissipation degrading the thermal regula-
tion and increasing the drift. Normal conviction currents do
not degrade performance.
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Applications (continued)
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FIGURE 9. Basic Biasing of the LM199

Printed circuit board layout is also important. Firstly, four wire
sensing should be used to eliminate ohmic drops in pc
traces. Although the voltage drops are small the temperature
coefficient of the voltage developed along a copper trace can
add significantly to the drift. For example, a trace with 1Q
resistance and 2 mA current flow will develop 2 mV drop.
The TC of copper 1s 0.004%/°C so the 2 mV drop will change
at 8 pV/°C, an additional 1 ppm drift error. Of course, the
effects of voltage drops in the printed circuit traces are
eliminated with 4-wire operation. The heater current also
should not be allowed to flow through the voltage reference
traces. Over a -55°C to +125°C temperature range the
heater current will change from about 1 mA to over 40 mA.
These magnitudes of current flowing reference leads or
reference ground can cause huge errors compared to the
drift of the LM199.

Thermocouple effects can also use errors. The kovar leads
from the LM199 package from a thermocouple with copper
printed circuit board traces. Since the package of the 199 is
heated, there is a heat flow along the leads of the LM199
package. If the leads terminate into unequal sizes of copper
on the p.c. board greater heat will be absorbed by the larger
copper trace and a temperature difference will develop. A
temperature difference of 1°C between the two leads of the
reference will generate about 30 pA. Therefore, the copper
traces to the zener should be equal in size. This will gener-
ally keep the errors due to thermocouple effects under about
15 pVv.

The LM199 should be mounted flush on the p.c. board with
a minimum of space between the thermal shield and the
boards. This minimizes air flow across the kovar leads on the
board surface which also can cause thermocouple voltages.
Air currents across the leads usually appear as ultra-low
frequency noise of about 10 pV to 20 pV amplitude.

It 1s usually necessary to scale and buffer the output of any
reference to some calibrated voltage. Figure 10 shows a
simple buffered reference with a 10V output. The reference
is applied to the non-inverting input of the LM108A. An RC
rolloff can be inserted in series with the input to the LM108A
to roll-off the high frequency noise. The zener heater and op
amp are all powered from a single 15V supply. About 1%
regulation on the input supply is adequate contributing less
than 10 pV of error to the output. Feedback resistors around
the LM308 scale the output to 10V.

Although the absolute values of the resistors are not ex-
tremely important, tracking of temperature coefficients is
vital. The 1 ppm/°C drift of the LM199 is easily exceeded by
the temperature coefficient of most resistors. Tracking to
better than 1 ppm is also not easy to obtain. Wirewound
types made of Evenohm or Mangamin are good and also
have low thermoelectric effects. Film types such as Vishay
resistors are also good. Most potentiometers do not track
fixed resistors so it is a good idea to minimize the adjustment
range and therefore minimize their effects on the output TC.
Overall temperature coefficient of the circuit shown in Figure
10 is worst case 3 ppm/°C. About 1 ppm is due to the
reference, 1 ppm due to the resistors and 1 ppm due to the
op amp.

Figure 11 shows a standard cell replacement with a 1.01V
output. LM321 and LM308 are used to minimize op amp dnift
to less than 1 pV/°C. Note the adjustment connection which
minimizes the TC effects of the pot. Set-up for this circuit
requires nulling the offset of the op amp first and then
adjusting for proper output voltage.
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Applications (continued)

The drift of the LM321 is very predictable and can be used to
eliminate overall drift of the system. The drift changes at 3.6
uV/°C per millivolt of offset so 1 mV to 2 mV of offset can be
introduced to minimize the overall TC.

> 75k
b3

TEMPERATURE
STABILIZER

695V

1L

00561312

FIGURE 10. Buffered 10V Reference
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FIGURE 11. Standard Cell Replacement

For circuits with a wide input voltage range, the reference
can be powered from the output of the buffer as is shown in
Figure 12. The op amp supplies regulated voltage to the
resistor biasing the reference minimizing changes due to
input variation. There is some change due to variation of the
temperature stabilizer voltage so extremely wide range op-
eration is not recommended for highest precision. An addi-
tional resistor (shown 80 kQ) is added to the unregulated
input to insure the circuit starts up properly at the application
of power.

A precision power supply I1s shown in Figure 13. The output
of the op amp is buffered by an IC power transistor the
LM395. The LM395 operates as an NPN power device but
requires only 5 pA base current. Full overload protection
inherent in the LM395 includes current limit, safe-area pro-
tection, and thermal limit.

A reference which can supply either a positive or a negative
continuously variable output is shown in Figure 14. The
reference is biased from the +15 input supplies as was
shown earlier. A ten-turn pot will adjust the output from +V,
to -V continuously. For negative output the op amp oper-
ates as an inverter while for positive outputs it operates as a
non-inverting connection.

Op amp choice is important for this circuit. A low drift device
such as the LM108A or a LM108-LM121 combination will
provide excellent performance. The pot should be a preci-
sion wire wound 10 turn type. It should be noted that the
output of this circuit is not linear.
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associated with conventional zeners such as hysteresis,

Conclusions e . o

o . stress sensitivity and temperature gradient sensitivity have
A new monolithic reference which exceeds the performance also been eliminated. Finally, long-term stability and noise
of conventional zeners has been developed. In fact, the are equal of the drift performance of the new device.

LM199 performance is imited more by external components
than by reference drift itself. Further, many of the problems
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FIGURE 12. Wide Range Input Voltage Reference
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FIGURE 13. Precision Power Supply
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IC Zener Eases Reference
Design

Description

A new IC zener with low dynamic impedance and wide
operating current range significantly simplifies reference or
regulator circuit design. The low dynamic impedance pro-
vides better regulation against operating current changes,
easing the requirements of the biasing supply. Further, the
temperature coefficient is independent of operating current,
so that the LM129 can be used at any convenient current
level. Other characteristics such as temperature coefficient,
noise and long term stability are equal to or better than good
quality discrete zeners.

The LM129 uses a new subsurface breakdown IC zener
combined with a buffer circuit to lower dynamic impedance.
The new subsurface zener has low noise and excellent long
term stability since the breakdown is in the bulk of the silicon.
Circuitry around the zener supplies internal biasing currents
and buffers external current changes from the zener. The
overall breakdown is about 6.9V with devices selected for
temperature coefficients.

The zener is relatively straightforward. A buried zener D1
breaks down biasing the base of transistor Q1. Transistor Q1
drives two buffers Q2 and Q3. External current changes
through the circuit are fully absorbed by the buffer transistors
rather than by D1. Current through D1 is held constant at
250 pA by a 2k resistor across the emitter base of Q1 while
the emitter-base voltage of Q1 nominally temperature com-
pensates the reference voltage.

The other components, Q4, Q5 and Q6, set the operating
current of Q1. Frequency compensation is accomplished
with two junction capacitors.

All that is needed for biasing in most applications is a resistor
as shown in Figure 2. Biasing current can be anywhere from
0.6 mAto 15 mA with little change in performance. Optimally,
however, the biasing current should be as low as possible for
the best regulation. The dynamic impedance of the LM129 is
about 1 Q and is independent of current. Therefore, the
regulation of the LM129 against voltage changes is 1/Rs.

Lower currents or higher Rs give better regulation. For ex-
ample, with a 15V supply and 1 mA operating current, the
reference change for a 10% change in the 15V supply is 180
pV. If the LM129 is run at 5 mA, the change is 900 pV or 5
times worse. By comparison, a standard IN821 zener will
change about 17 mV. All discrete zeners have about the
same regulation since their dynamic impedance is inversely
proportional to operating current.

If the zener does not have to be grounded, a bridge com-
pensating circuit can be used to get virtually perfect regula-
tion, as shown in Figure 3. A small compensating voltage is
generated across R1, which matches the dynamic imped-
ance of the LM129. Since the dynamic impedance of the
LM129 is linear with current, this circuit will work even with
large changes in the unregulated input voltage.
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FIGURE 1. IC Reference Zener
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FIGURE 2. Basic Biasing

Other output voltages are easily obtained with the simple
op-amp circuit shown in Figure 4. A simple non-inverting
amplifier is used to boost and buffer the zener to 10V. The
reference is run directly from the input power rather than the
output of the op-amp. When the zener is powered from the
op-amp, special starting circuitry is sometimes necessary to
insure the output comes up in the right polarity. For outputs
lower than the breakdown of the LM129 a divider can be
connected across the zener to drive the op-amp.

An AC square wave or bipolarity output reference can easily
be made with an op-amp and FET switch as shown in Figure
5. When Q1 is “ON”, the LM108 functions as a normal
inverting op-amp with a gain of -1 and an output of -6.9V.
With Q1 “OFF” the op-amp acts as a giving 6.9V at the
output. Some non-symmetry will occur from loading change
on the LM129 in the different states and mismatch of R1 and
R2. Trimming either R1 or R2 can make the output exactly
symmetrical around ground.
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Description (continued)
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Descr iption (Continued)
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FIGURE 6. High Stability 10V Regulator

By combining the LM129 with an LM117 three-terminal regu-
lator a high stability power regulator can be made. This is
shown in Figure 6. Resistor R1 biases the LM129 at about
1 mA from the 1.25V reference in the LM117. The voltage of
the LM129 is added to the 1.25V of the LM117 to make a
total reference voltage of 8.1V. The output voltage is then set
at 10V by R2 and R3. Since the internal reference of the
LM117 contributes only about 20% of the total reference
voltage, regulation and drift are essentially those of the
external zener. The regulator has 0.2% load and line regu-
lation and if a low drift zener such as the LM129A is used
overall temperature coefficient is less than 0.002%/°C.

The new zener can be used as the reference for conven-
tional IC voltage regulators for enhanced performance.
Noise is lower, time stability is better, and temperature coef-
ficient can be better depending on the device selected.
Further, the output voltage is independent of power changes
in the regulator.

Figure 7 shows an LM723 using an external LM129 refer-
ence. The internal 7V reference is not used and a single
resistor biases the LM129 as the reference. The 5k resistor
chosen provides sufficient operating current for the zener
over the 10V to 40V input voltage range of the LM723. Since
the dynamic impedance of the LM129 is so low, the refer-
ence regulation against line changes is only 0.02%/V. This is
small compared to the regulation of 0.1%/V for the LM723;
however, the resistor can be replaced by a 1 mA to 5 mA
FET used as a constant current source for improved regula-
tion. When the FET is used reference regulation is easily
0.001%/V. Output voltage is set in the standard manner
except that for low output voltages sufficient current must be
run through the zener to power the voltage divider supplying
the reference to the LM723.

An overload protected power shunt regulator is shown in
Figure 8. The output voltage is about 7.8V - the 7V break-
down of the LM129 plus the 0.8V emitter-base voltage of the

LM395. The LM395 is an IC, 1.5 A power transistor with
complete overload protection on the chip. Included on the
chip are current limiting and thermal limiting, making the
device virtually blowout-proof. Further, the base current is
only 5 pA, making It easy to drive as a shunt regulator. As the
input voltage rnises, more drive is applied to the base of the
LM395, turning it on harder and dropping more voltage
across the series resistance. Should the input voltage rise
too high, the LM395 will current limit or thermal limit, protect-
ing itself.

The new IC zener can replace existing zeners in just about
any application with improved performance and simpler ex-
ternal circuitry. As with any zener reference, devices are
selected for temperature coefficient and operating tempera-
ture range. Since the devices are made by a standard inte-
grated circuit process, cost is low and good reproducibility is
obtained in volume production.

Finally, since the device 1s actually an IC, it is packaged in a
rugged TO-46 metal can package or a 3-lead plastic transis-
tor package.
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FIGURE 7. External Reference For IC
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Super Matched Bipolar
Transistor Pair Sets New
Standards for Drift and
Noise

Matched bipolar transistor pairs are a very powerful design
tool, yet have received less and less attention over the last
few years. This is primarily due to the proliferation of
high-performance monolithic circuits which are replacing
many designs previously implemented with discrete compo-
nents. State-of-the-art circuitry, however, Is still the realm of
the discrete component, especially because of recent im-
provements In the components themselves.

It has become clear in the past few years that ultimate
performance in monolithic transistor pairs was being limited
by statistical fluctuations in the material itself and in the
processing environment. This led to a matched transistor
parr fabricated from many different individual transistors
physically located in a manner which tended to average out
any residual process or material gradients. At the same time,
the large number of parallel devices would reduce random
fluctuations by the square root of the number of devices.

The LM194 1s the end result. It is a monolithic bipolar
matched transistor pair which offers an order-of-magnitude
improvement in matching properties and parasitic base and
emitter resistance over conventional transistor pairs. This
was accomplished without compromising breakdown voltage
or current gain. The LM194 s specified at 40V minimum
collector-to-emitter breakdown voltage and has a minimum
heg of 500 at 1 mA collector current. Maximum offset voltage
1s 50 pV over a collector current range of 1 pA to 1 mA.
Maximum hgg mismatch is 2%. Common mode rejection of
offset voltage (dVog/dVeg) is 124 dB minimum. An added
benefit of paralleling many transistors is the resultant drop in
overall ry, and r.., Which are 40Q and 0.4Q respectively.
This makes the logarithmic conformity of emitter-base volt-
age to collector current excellent even at higher current
levels where other devices become non-theoretical. In addi-
tion, broadband noise is extremely low, especially at higher
operating currents.

The key to the success of the LM194 is the nearly
one-to-one correlation between measured parameters and
those predicted by a theoretical bipolar transistor model. The
relationship between emitter-base voltage and collector cur-
rent, for instance, Is perfectly logarithmic over an extremely
wide range of collector currents, deviating in the pA range
because of leakage currents and above several millamperes
due to the finite 0.4Q emitter resistance. This gives the
LM194 a distinct advantage in non-linear designs where true
logarithmic behavior is essential to circuit accuracy. Of equal
importance is the absolute nature of the logarithmic con-
stant, both between the two halves of the device and from
unit to unit. The relationship can be expressed as:

kT Ilc
VBE1 - VBE2 = ;In (El)
2

This relationship holds true both within a single transistor
where I and I, represent two different operating currents
and between the two halves of the LM194 where collector

National Semiconductor
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currents are unbalanced. Of particular importance is the fact
that the kT/q logarithmic constant is an absolute quantity
dependent only on Boltzman’s constant (k), absolute tem-
perature (T), and the charge on the electron (q). Since these
values are independent of processing, there Is virtually no
variation from unit to unit at a fixed temperature. Lab mea-
surements Iindicate that the logarithmic constant measured
at a 10:1 collector current ratio does not vary more than
+0.5% from its theoretical value. Applications such as loga-
rithmic converters, multipliers, thermometers, voltage refer-
ences, and voltage-controlled amplifiers can take advantage
of this inherent accuracy to provide adjustment-free preci-
sion circuits.

Approaching Theoretical Noise

In many low-level amplifier applications, the imiting factor on
performance is noise. With bipolar transistors, the theoretical
value for emitter-base voltage noise i1s a function only of
absolute temperature and collector current.

2
en = kT 4 [——— Volts/VHz
qlc

This formula indicates that voltage noise can be reduced to
low levels by simply raising collector current. In fact, that is
exactly what happens until collector current reaches a level
where parasitic transistor noise limits any further reduction.
This “noise floor” is usually created by and modeled as an
equivalent resistor (r,y,'") in series with the base of the tran-
sistor. Low parasitic base resistance is therefore an impor-
tant factor in ultra-low-noise applications where collector
current is pushed to the limits. The 40Q equivalent r,,' of the
LM194 is considerably lower than that of other small-signal
transistors. In addition, this device has no excess noise at
lower current levels and coincides almost exactly with the
predicted values. A low-noise design can be done on paper
with a minimum of bench testing.

Another noise component in bipolar transistors is base cur-
rent noise. For any finite source impedance, current noise
must be considered as a quadrature addition to voltage
noise.

total equivalent
input voltage noise

=en = Vep2 + (in ® g)2Volts/Hz

where rg is the source impedance

In the LM194, base current noise is a well-defined function of
collector current and can be expressed as:

2q e |
o ,ﬂ_c Amps/VHz
hre

in

1-93

www.national.com

CCCNV



AN-222

Approaching Theoretical Noise
(Continued)

To find the collector current which yields the minimum overall
equivalent input noise with a given source impedance, the
total noise formula can be differentiated with respect to I
and set equal to zero for finding a minimum.

eN2 = €2 + (in2erg2) + 4kT erg
(4 KT ® rg = noise2 of rg)
2k2eT2 2qeigerg?

= + + 4kT er,
aelc hre N

dVN?) _ —2k2eT2  2qer? _
d(lc) qelc? hre
KT, Jhee

Ic (optimum) =
P q TIs

For very low source impedances, the 40Q r,,' of the LM194
should be added to r, in this calculation. A plot of noise figure
versus collector current (see curve) shows that the formula
does indeed predict the optimum value. The curves are very
shallow, however, and actual current can be varied by 3:1
without losing more than 1 dB noise figure in most cases.
This may be a worthwhile tradeoff if low bias current
(Ilc < lopy) Or wide bandwidth (Ic > lop) is also important.
Figure 1 is a plot of best obtainable noise figure versus
source impedance for the LM194 and a very low noise
junction FET (PF5102). Collector current for the LM194 is
optimized for each source impedance and is also plotted on
the graph using the right side scale. The PF5102 Is operated
at a constant 1 mA. It is obvious that the bipolar device gives
significantly better noise figures for low source impedances
and/or low frequencies. FETs are particularly poor at very
low frequencies (< 10 Hz) and offer advantages only for very
high source impedances.
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FIGURE 1. Noise Figure vs Source Impedance

Reactive Sources

Calculations may also be done to derive an optimum collec-
tor current when the signal source is reactive. In this case,
upper and lower frequencies (f; and f ) must be specified.
Also, optimum current is different for an amplifier with a
summing junction input (Z;y = 0) as compared to a high
impedance input (Z,y > Xg, X.). The formulas below give
optimum collector current for noise within the frequency
band f_ to fy. For audio applications, lowest “perceived”
noise may be somewhat different because of the variation in
sensitivity of the ear to frequencies in the audio range
(Fletcher-Munson effect).

Capacitive source into high impedance:
kT
Ic (opt) = -q— eCe27 ojheg @ Vo f

Capacitive source into summing junction:

KT _ JRre

Ic(opt) = — X —=X
9 Rt

I41T2'Rf2'02(f|_2 + 2+ fLefn) + 4moReCo(fy + 1) +

3 2 !

Inductive source into high impedance:

KT
g *vhee 3
Ic (opt) = A
clr) = T Vg s e+ ety

Keep in mind that the simple formula for total input-referred
noise, though accurate in itself, does not take into account
the effects of noise created in additional stages or noise
injected from supply lines. In most cases voltage gain of the
LM194 stage will be sufficient to swamp out second stage
effects. For this to be true, first stage gain must be at least
3 * v,,o/vy, Where v, is the voltage noise of the second stage
and vy, is the desired total input referred voltage noise. A
simple formula for voltage gain of an LM194 stage, assum-
ing no second stage loading, is given by:

_ (Ru(o)

where R__is th i
KT/q re Ry_is the load resistor

Noise injected from power supplies is an often overlooked
problem in low noise designs. This is probably in part due to
the use of IC op amps with their high power supply rejection
ratio and differential inputs. Many low-noise designs are
single-ended and do not enjoy the inherent supply rejection
of differential designs. For a single-ended amplifier with its
load resistor tied directly to the power supply, noise on the
supply must be no higher than (R_ ® I ® vy)/(3 KT/q) or noise
performance will be degraded. For a differential stage (see
Figure 2) with the common emitter resistor tied to the nega-
tive supply and the collector resistors tied to the positive
supply, supply noise is not generally a problem, at least at
low frequencies. For this to be true at higher frequencies, the
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Reactive Sources (continued)

capacitance at the collector nodes must be kept low and
balanced. In an unbalanced situation, noise from either sup-
ply will feed through unattenuated at higher frequencies
where the reactance of the capacitor is much lower than the
collector resistance.

I v+
‘[ [ c3*
> > —— ———
D Y r AF--3
r{b—¢ rdb4— |
L+ |&
LM194
C1-C24C3

00692202

FIGURE 2. High Frequency Power Supply Rejection

Bandwidth Considerations

Because of its large area, the LM194 has
capacitance-limited bandwidth. The hy, * f product is roughly
0.08 MHz per microampere of collector current, yielding an f,
of 80 MHz at Ic = 1 mA and 800 kHz at I = 10 pA.

Collector-base capacitance on the LM194 is somewhat
higher than ordinary small-signal transistors due to the large
device geometry. C,, is 17 pF at Vcg = 5V. For high gain
stages with finite source impedance, the Millering effect of
Cop Will usually be the limiting factor on voltage gain band-
width. At Ic = 100 pA and R_ = 50 kQ, for instance, DC
voltage gain will be (R, )(Ic)/(kT/q) = 200, but bandwidth will
be limited to

KT/q

B = e RD0(RaCon)

= 50 kHz

for a source impedance (R;) of 1 kQ.

Low Noise Applications

Figure 3 and Figure 4 represent two different approaches to
low noise designs. In Figure 3, the LM194 is used to replace
the input stage of an LM118 high speed operational amplifier
to create an ultra-low-distortion, low-noise RIAA-equalized
phono preamplifier. The internal input stage of the LM118 is
shut off by tying the unused inputs to the negative supply.
This allows the LM194 to be used in place of the internal
input stage, avoiding the loop stability problems created
when extra stages are added. The stability problem is espe-
cially critical in an RIAA circuit where 100% feedback is used
at high frequencies. Performance of this circuit exceeds the

ability of most test equipment to measure it. As shown in the
accompanying chart, Figure 3, harmonic distortion is below
the measurable 0.002% level over most of the operating
frequency and amplitude range. Noise referred to a 10 mV
input signal is 90 dB down, measuring 0.55 pVgys and
70 pAgrwus in a 20 kHz bandwidth. More importantly, the noise
figure is less than 2 dB when the amplifier is used with
standard phono cartridges, which have an equivalent wide-
band (20 kHz) noise of 0.7 pV'. Further improvements in
amplifier noise characteristics would be of little use because
of the noise generated by the cartridge itself.

A special test was performed to check for “Transient Inter-
modulation Distortion”2. 10 kHz and 11 kHz were mixed 1:1
at the input to give an RMS output voltage of
2V (input = 200 mV). The resulting 1 kHz intermodulation
product measured at the output was 80 V. This calculates to
0.004% distortion, an incredibly low level considering that
the 1 kHz has 14 dB (5:1) gain with respect to the 10 kHz
signal in an RIAA circuit. Of special interest also is the use of
all DC coupling. This eliminates the overload recovery prob-
lems associated with coupling and bypass capacitors. Worst
case DC output offset voltage is about 1V with a cartridge
having 1 kQ DC resistance.

RS C3
12k 20pF

+15V

:ﬁ-oumn
g 1 ¢
> 10k 0008
E B2 I 2

> 100k 0033

R3
200Q

- -15V

G=50 @ 1khz =

00692203
NOTE Cartridge I1s assumed to have less than 5 kQ DC resistance Do not
capacitor couple the cartndge R1, R2, and R3 should be low noise metal
film resistors

FREQUENCY TOTAL HARMONIC DISTORTION

(Hz)

20 <0.002 | <0.002 | <0.002 | <0.002 | <0.002
100 <0.002 | <0.002 | <0.002 | <0.002 | <0.002
1k <0.002 | <0.002 | <0.002 | <0.002 | <0.002
10k <0.002 | <0.002 | <0.002 | 0.0025 | <0.003
20k <0.002|<0.002| 0.004 | 0.004 | 0.007

0.03 0.1 0.3 1.0 5.0

OUTPUT AMPLITUDE (V) RMS

FIGURE 3. Ultra Low Noise RIAA Phono Preamplifier
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Low Noise Applications (continued)
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FIGURE 4. Ultra Low Noise Preamplifier

The single-ended amplifier shown in Figure 4 was designed
for source impedances below 250L2. At this level, the LM194
should be biased at 2.5 mA (or higher) collector current.
Unfortunately, r,,', even at 40Q, is the limiting factor on noise
at these current levels. To achieve better performance, the
two halves of the LM194 are paralleled to reduce r,,;,' to 20Q.
Total input voltage noise for this design is given by:

N = V4KT(rpp’ + R3) + en2
= 0.504 + 0.096 = 0.775 nV/yHz

The current noise is 1.2 pA/yHz, and when this flows
through a 250Q source resistance, it causes an additional
0.30 nV/yHz. Since the Johnson noise of a 250Q resistor is
2.0 nV/yHz, the noise figure is:

Y2nV)2 + (0.3nV)2 + (0.775 nV)2
o9 20V

NF = 20| =0.74dB

Several unique features of this circuit should be pointed out.
First, it has only one internal capacitor which functions as an
AC bypass for both stages. Second, no input stage load
resistor bypassing is used, yet the circuit achieves 56 dB
supply rejection referred to input. The optional supply filter
shown in dotted lines improves this by an additional 50 dB
and is necessary only if supply noise exceeds 20 nV/JHz.
Finally, the problem of AC coupling the 10Q feedback imped-
ance is eliminated by using a DC biasing scheme which
biases both stages simultaneously without relying on feed-
back from the output.

Harmonic distortion is very low for a “simple” two stage
design. At 300 mV output, total harmonic distortion mea-

sured 0.016%. For normal signal levels of 50 mV and below,
distortion was lost in the noise floor. Small-signal bandwidth
is 3 MHz.

An ideal application for this amplifier is as a head pre-amp
for moving-coil phono cartridges. These cartridges have very
low output impedance (< 50Q at low frequencies) and have
a full-output signal below 1 mV. Obviously, the preamp used
for such a low signal level must have superb noise proper-
ties. The amplifier shown has a total RMS input noise of
0.11 pV in a 20 kHz bandwidth, yielding a signal-to-noise
ratio of 70 dB when used with a 40Q source impedance at a
0.5 mV signal level.

Low-Noise, Low-Drift
Instrumentation Amplifier has
Wide Bandwidth

The circuit in Figure 5 is a high-performance instrumentation
amplifier for low-noise, low-drift, wide-bandwidth applica-
tions. Input noise voltage is 2 nV/JHz up to 20 kHz, rising

C1F <Rt

0 002 :: 8k

R7
160Q

+ O

-4 D2
R4 A IN914

BW = 1MHz @ G=50

¥ e
Ll

DRIVER
2 RS=R3

L R6 = R4

GAIN = R3/R4

1—AAA
|t
o
)
T—AAA

00692205

FIGURE 5. Low Drift-Low Noise Instrumentation
Amplifier

to 3.5 nV/yHz at 100 kHz. Bandwidth at a gain of 50 is
1 MHz and gain can be varied over the range of 10-100
simply by changing the value of R; and Rg. Input offset
voltage drift is determined by the LM194 and the tracking of
the (R;—Ry), (Rs—Rg), and (R,—Rs) pairs. 20 ppm/°C mis-
match on all pairs will generate 1.1 pV/°C referred to input,
dominating the drift due to the LM194. Resistor pairs which
track to 5 ppm/°C or better are recommended for very low
drift applications. Input bias current is about 1 pA, rather high
for general purpose use, but necessary in this case to
achieve wide bandwidth and low noise. The tight matching of
the LM194, however, reduces input offset current to 20 nA,
and input offset current drift to 0.5 nA/°C. Input bias current
drift is under 10 nA/°C. In terms of source impedance, total
input referred voltage drift will be degraded 1 pV/°C for each
100Q of unbalanced source resistance and 0.05 pV/°C for
each 100Q of balanced source resistance. DC common
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Low-Noise, Low-Drift
Instrumentation Amplifier has
Wide Bandwidth (continued)

mode rejection of this amplifier is extremely good, depending
mostly on the match of the ratio of Ry/R, to Rg/Rg. 0.1%
matching gives better than 90 dB. Rejection will improve with
tighter matching and 1s not limited by the LM194 until CMRR
approaches 120 dB. High frequency CMRR 1s also very
good, measuring 80 dB at 20 kHz and 60 dB at 100 kHz.
Settling time for a 10V output step is 1.5 us to 0.1%, and 5 ps
to 0.01%. Distortion with 10 V., output is virtually unmea-
surable (< 0.002%) at low frequencies, rising to 0.1% at
50 kHz, and 1% at 200 kHz.

Low Drift Designs

Offset voltage drive in the LM194 quite closely follows the
theoretical value derived by differentiating the logarithmic
formula. In other words it is a function only of the original
offset voltage. If Vg is the original room temperature offset
voltage, drift of offset as given by differentiation yields:

e

d(Vos) _ \dkT/qInekTa
13 dT

Vos

T

At room temperature (T = 297°K), 1 mV of offset voltage will
generate 1 mV/297°K = 3.37 uV/°C drift. The LM194 with a
maximum offset voltage of 50 pV could be expected to have
a maximum offset voltage drift of 0.17 uV/°C. Lab measure-
ments indicate that it does not deviate from this theoretical
drift by more than 0.1 uV/°C. This means the LM194 can be
specified at 0.3 pV/°C drift without an individual drift test on
each device. In addition, if initial offset voltage is zeroed out,
maximum drift will be less than 0.1 pV/°C. The zeroing, of
course, must be done in a way that theoretically zeroes drift.
This is best done as shown in Figure 6 with a small trimpot
used to unbalance collector load resistors. (See National’s
Application Note AN-3.)

N

2ND
STAGE

*Ro=1% OF R

00692206

FIGURE 6. Zeroing Offset and Drift

To obtain optimum performance from such a low-dnft device,
strict attention must be paid to sources of drift external to the
device itself. These include thermocouple effects, mismatch
in load-resistor temperature coefficients, second-stage load-
Ing, collector leakage, and finite source impedance.

Thermocouple effects in ultra-low-drift amplifiers are often
the lmiting factor in performance. The copper-to-Kovar
(LM194 leads) thermocouple will generate 35 pV/"C. This
sounds extremely high, but is not a problem if all input leads
on the LM194 are at the same temperature. For optimum
drift performance, the differential lead temperature where
copper connects to Kovar should not exceed 0.5 millide-
grees per degree change in ambient. |f the LM194 s
mounted on a printed circuit board, emitter and base leads
should be soldered to identical size pads and the package
orientation should place emitter and base leads on isother-
mal lines if any significant power is being dissipated on the
board. The board should be kept in a still-air environment to
minimize the effects of circulating air currents. “Still” air 1s
particularly important when the LM194 leads are soldered
directly to wires and when low (< 10 Hz) noise Is critical
Individual wires in air can easily generate a differential end
temperature of 10 millidegrees in an ordinary room ambient,
even with the wires twisted together. This can cause up to
1 PV, fluctuation in offset voltage. The 0.001 Hz to 10 Hz
noise of the LM194 operating differentially at 100 pA 1s
typically 40 nV,, (see Figure 7), so the thermally generated
signal represents a 25:1 degradation of low frequency noise.
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FIGURE 7. Low Frequency Noise of Differential Pair.
Unit must be in still air environment so that differential
lead temperature is held to less than 0.0003°C.

If the load resistors used to bias the LM194 do not have
identical temperature coefficients, they will contribute to off-
set voltage drift. A 1 ppm/°C mismatch In resistor drift will
generate 0.026 pV/°C drift In the LM194. Resistors with 10
ppm/°C differential drift will seriously degrade the dnft of an
otherwise perfect circuit design. Resistors specified to track
better than 2 ppm/°C are available from several manufactur-
ers including Vishay, Julie, RCL, TRW, and Tel Labs.

Source impedance must be considered in a low-drift ampli-
fier since voltage drift at the output can result from drift of the
base currents of the LM194. Base current changes at about
—0.8%/°C. This I1s equal to 2 nA/°C at a collector current of
100 pA and an hge of 400. If dnft error caused by the
changing base current is to be kept to less than 0.05 pV/°C,
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Low Drift Designs (Continued)

source unbalance cannot exceed 25Q in this example. If a
balanced condition exists, source impedance is still limited
by the base current mismatch of the LM194. Worst case
offset in the base current is 2%, and this offset can have a
temperature drift of up to 2%/°C, yielding a change in offset
current of up to
(2%)(100 pA)(2%/°C)/hgg = 0.1 nA/°C

at a collector current of 100 pA. This limits balanced source
impedances to 500Q at collector currents of 100 pA if drift
error is to be kept under 0.05 uV/°C. For higher source
impedances, collector current must be reduced, or drift trim-
ming must be used.

Collector-leakage effects on drift are generally very low for
temperatures below 50°C. At higher temperatures, leakage
can be a factor, especially at low collector currents. At 70°C,
total collector leakage (to base and substrate) is typically
2 nA, increasing at 0.2 nA/°C. Assuming a 10% mismatch
between collector leakages, input-referred drift will be
0.05 uV/°C at a collector current of 10 pA, and 0.005 uV/°C at
100 pA. At 125°C, input referred drift will be 1.5 pv/°C and
0.15 pV/°C respectively.

The amplifier used in conjunction with the LM194 may con-
tribute significantly to drift if its own drift characteristics are
poor. An LM194 operated with 2.5 V¢ across its load resis-
tors has a voltage gain of approximately 100. If the second
stage amplifier has a voltage drift of 20 pV/°C (normal for an
amplifier with Vog = 6 mV) the drift referred to the LM194
inputs will be 0.2 pV/°C, a significant degradation in drift.
Amplifiers with low drift such as the LM108A or LM308A
(5 pV/°C max) are recommended.

For the ultimate in low drift applications, the residual drift of
the LM194 can be zeroed out. This is particularly easy
because of the known relationship between a change in
room-temperature offset and the resultant change in offset
drift. The zeroing technique involves only one oven test to
establish initial drift. The drift can then be reduced to below
0.03 pV/°C with a simple room-temperature adjustment. The
procedure is as follows: (See Figure 8.)

1. Zero the offset voltage at room temperature (T,).

2. Raise oven temperature to desired level (Ty) and mea-
sure offset voltage.

3. Bring circuit back to room temperature and adjust offset
voltage to (Vos at Ty) © (TA)/(Ty — Ta). (Tisin °K.)

4. Re-adjust offset voltage to zero with an external refer-
ence source by summing the two signals. (Do not
re-adjust the offset of the LM194.)

This technique can be extended to include drift correction for

source-generated drift as well since the basic correcting

mechanism is independent of the source of drift.

(USED AS TC TRIM)

OFFSET

VOLTAGE
ZER0 Y Ro

4: RL
STABLE
POSITIVE
VOLTAGE

m—f - ~ - 100k* = 100k
N\ 700 ADJUST AT
INPUT STEP 4

(SEE APP NOTE)

STABLE
NEGATIVE

*SELECT FOR VOLTAGE

REQUIRED RANGE

00692208

FIGURE 8. Correcting for Residual or Source
Generated Drift

Voltage Reference

Voltage references utilizing the bandgap voltage of silicon
were first used 8 years ago, and have since gained wide
acceptance in such circuits as the LM109, LM113, LM340,
LM117, pA7800, AD580, and REF 01. The theory has been
well publicized and is not reiterated here.

The circuit in Figure 9is a micropower version of a bandgap
technique first used by Analog Devices. It operates off a
single 2.5V to 6V supply and draws only 25 pA idling current.
Two AA penlight cells will power the reference for over a year
of continuous operation. Maximum output current is 0.5 mA,
with an output resistance of 0.2Q. Line regulation is
~0.01%/V and output noise is 20 pVryus over a 10 kHz
bandwidth. Temperature drift is less than £50 ppm/°C when
the output is trimmed to 1.21V. Much lower drift can be
obtained by adjusting the output of each reference to the
optimum value. A 1% shift in output voltage changes drift
33 ppm/°C. Temperature range is -25°C to +100°C.

The LM194 is the entire reference in this design, supplying
both Vge and AVge portions of the reference. One half
LM114 delivers a constant bias current to the LM4250. The
other half, in conjunction with the 2N4250 PNP, ensures
startup of the circuit under worst cast (2.4k) load current.
R;—Rz and R,—R5 should track to 50 ppm/’C. Rg should
have a TC of under 250 ppm/°C. The circuit is stable for
capacitive loads up to 0.047 pF. C, is optional, for improved
ripple rejection.
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Strain Gauge Amplifier

The instrumentation amplifier shown in Figure 10 is an ex-
ample of an ultra-low-drift design specifically optimized for
strain-gauge applications. A typical strain-gauge bridge has
one end grounded and the other driven by a 3-to-10 volt
precision voltage reference. The differential output signal of
the bridge has a 1.5 to 5 volt common-mode level and a
typical full-scale differential signal level of 5-50 mV. Source
impedance is in the range of 1002 to 500€2, with an imped-
ance imbalance of less than 2%. This amplifier has been
specifically optimized for these types of signals. It has a +1V
to +10V common mode range, a full scale input of 20 mV (1
mV to 100 mV is possible) and fully balanced inputs with a
differential input impedance > 10 MQ. Common mode input
impedance is 100 MQ. Common mode rejection ratio is 120
dB at 60 Hz, 114 dB at 1 kHz, and 94 dB at 10 kHz referred
to input. Power supply rejection at DC is 114 dB on the V+

supply and 108 dB on the V- supply. Small signal bandwidth
is > 50 kHz and slew rate is 0.1 V/ps. Gain error is deter-
mined by the accuracy of Rg, Rg, R4, and Rs. For the values
shown, gain is 500. R; can be varied to set gain as desired
from 250 (800Q) to 10,000 (20L). Gain non-linearity is
< 0.05% for a 10V output and < 0.012% for a 5V output). R,
is a +0.3%/°C positive-temperature-coefficient wirewound re-
sistor for compensation of gain with temperature. Without
this resistor, gain change with temperature 1s 0.007%/°C. If
R 1s omitted, replace Rq with 12.4 kQ.

Input offset voltage drift is determined primarily by resistor
mismatches between R,/R, and Rg/Rg. If either of these
ratios dnfts by 5 ppm/°C, an input offset voltage drift of
0.15 puV/°C will be created. Other resistor drifts contribute to
gain error only. R, Is used to adjust room temperature offset
voltage to zero.
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FIGURE 10. Strain Gauge Instrumentation Amplifier
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Thermocouple Amplifier with Cold
Junction Compensation

Thermocouple amplifiers need low offset voltage drift, good
gain accuracy, low noise, and most importantly, cold-junction
compensation. The amplifier in Figure 11 does all that and
more. ltis specifically designed for ease of calibration so that
repeated oven cycling is not required for calibration of gain
and zero. Also, no mathematical calculations are required in
the calibration procedure.

The circuit is basically a non-inverting amplifier with the gain
set to give 10 mV/(’F or °C) at the output. This output
sensitivity is arbitrary and can be set higher or lower.
Cold-junction compensation is achieved by deliberately un-
balancing the collector currents of the LM194 so that the
resulting input offset voltage drift is just equal to the thermo-
couple output (o) at room temperature. By combining the
formulas for offset voltage versus current imbalance and
offset voltage drift, the required ratio of collector currents is
obtained.

dVes) _ Vos _ ko1
dT T q o,

(o = thermocouple output in V/°C)

This technique does require that the LM194 be at the same
temperature as the thermocouple cold junction. The thermo-
couple leads should be terminated close to the LM194.

The deliberate offset voltage created across the LM194 in-
puts must be subtracted out with an external reference which
is also used to zero shift the output to read directly in °C or
°F. This is done in a special way so that at some arbitrarily
selected temperature (T,), the gain adjustment has no effect
on zero, vastly simplifying the calibration procedure. Design
equations for the circuit are shown with the schematic in
descending order of their proper use. Also shown is the
calibration procedure, which requires only one oven trip for
both gain and zero. Use of the nearest pocket calculator
should yield all resistor values in a few minutes. The values
shown on the schematic are for a 10 mV/°C output with a
Chromel-Alumel thermocouple delivering 40 pV/°C, with T,
selected at room temperature (297°K). Ali resistors except
Rg and R, should be 1% metal film types for low thermo-
couple effects (resistors do generate thermocouple voltages
if their ends are at different temperatures) and should have
low temperature coefficients. Ry and R4, should track to 10
ppm/°C. R3, Re, and Ry, should not have a TC higher than
250 ppm/°C. R4, R,, and R, should track to 20 ppm/°C. C,
can be added to reduce spikes and noise from long thermo-
couple lines. .

+15V

ouTPUT +15V

10mv/°C
R12
12k
R3
50Q R1 R6
CERMET 590k 50k
‘VAVAV ) g ‘M—A VWA

THERMOCOUPLE

t |

D1

R2
1.06k LM129C

00692211

FIGURE 11. Thermocouple Amplifier with Cold-Junction Compensation

1. Select R9 = 300 kQ
2. Set R10 equal to R9 ¢ g=(116 x 104)

3. R8 = 200k
4. Select R4 in the range 50 kQ to 250 kQ
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Thermocouple Amplifier with Cold
Junction Compensation (continued)

5.
(R4)(T1)(a)
RS = ———
S(Ty = To) — a(Ty)
6.
R2 = a(R4)(R5)(1 — E‘(Q‘SO)
al
- [rs - 222
7.
_UR2)eVz — o(Ty)}
R1 = prey (0 95)
8.
_ (BR2)
R ="

9. R7 = (R9/R10)(R2)
10. R6é = R1/10
E= Gain error allowed for (=2.5%)

T,= Temperature in ‘K at which it is desired to have the
gain control not interact with the zero control
To= Temperature In ‘K at which the desired temperature
scale ("C or °F) is equal to zero
S= Required output scale factor. Use V/°C even though
actual output may be in °F
Vz= Zener reference voltage
a= Thermocouple output in V/°C

Values shown on schematic are for 10 mV/°C.

See below for 10 mV/’F values using a Chromel-Alumel

thermocouple with room temperature for T,.

R1 = 367k, R2 = 629Q, R3 =Q, R4 = 250k,

R5 = 4.08k, R6 = 50k, R7 = 1k, R10 = 191k

CALIBRATION: (Note 1)

a. Setoven to T, and adjust R6 to give proper output (zero
adjust).

b. Raise (or lower) oven to T, and adjust R3 to give proper
output at T, (gain adjust).

c. Return to room temperature and short thermocouple and
D1 to ground. Adjust R11 to give proper output (room
ambient) in °K or "R.

For 10 mV/°C, this is 2.98V @ T, = 25°C.
For 10 mV/°F, this is 5.37V @ T, = 77°F.

d. Remove shorts and re-adjust R6 if necessary to zero

output.
Note: Steps C and D can be eliminated if exact cold
junction compensation is not required. R11 is simply
shorted out. Compensation will be within £5% without
adjustment (<0.05°C/°C).

Note 1: Thermocouple only in oven

Input impedance for this circuit is > 100 MQ, so high ther-

mocouple impedance will not affect scale factor. “Zero shift”

due to input bias current is approximately 1°C for each 400Q
of thermocouple lead resistance with a 40 puV/°C thermo-
couple.

No provision is made for correction of thermocouple
non-linearity. This could be accomplished with a slight non-
linearity introduced into R, with additional resistors and di-
odes. Another possibility is to digitize the output and correct
the nonlinearity digitally with a ROM programmed for a spe-
cific thermocouple type.

Power Meter

The power meter in Figure 12 is a good example of
minimum-parts-count design. It uses only one transistor pair
to provide the complete (X) ¢ (Y) function. The circuit is
intended for 117 V¢ £ 50 V¢ operation, but can be easily
modified for higher or lower voltages. It measures true
(non-reactive) power being delivered to the load and re-
quires no external power supply. ldling power drain is only
0.5W. Load current sensing voltage is only 10 mV, keeping
load voltage loss to 0.01%. Rejection of reactive load cur-
rents is better than 100:1 for linear loads. Nonlinearity 1s
about 1% full scale when using a 50 yA meter movement.
Temperature correction for gain is accomplished by using a
copper shunt (+0.32%/°C) for load-current sensing. This cir-
cuit measures power on negative cycles only, and so cannot
be used on rectifying loads.

Low Cost Mathematical Functions

Many analog circuits require a mathematical function to be
performed on one or more signals other than the standard
addition, subtraction, or scaling which can be accomplished
with resistor networks. The circuits shown in Figure 13
through Figure 15 are examples of low-cost function gener-
ating circuits using the LM394 with operational amplifiers.
The logarithmic relationship of Vgg to I on the LM394 is
utilized in each case to log-antilog the input signals so that
addition and subtraction can be used to multiply, divide,
square, etc. When transistors are used in this manner,
matching is very critical. A 1 mV offset in Vg appears as a
4% of signal error even in the best case where operation is
restricted to one quadrant. Parasitic emitter or base resis-
tance (ree', f'op') €aN also seriously degrade accuracy. At I =
100 pA and hgeg = 100, each Q of emitter resistance and
each 100Q of base resistance will cause 0.4% signal error.
Most matched transistor pairs available today have signifi-
cant parasitic resistances which severely limit their use in
high-accuracy circuits. The LM394, with offset guaranteed
below 0.15 mV and a typical emitter-referred total parasitic
resistance of 0.4Q2 gives an order of magnitude improvement
in accuracy to nonlinear designs at all current levels.

Multiplier/Divider

The circuit in Figure 13 will give an output proportional to the
product of the (X) and (Y) inputs divided by the Z input. All
inputs must be positive, limiting operation to one quadrant,
but this restriction removes the large error terms found in 2-
and 4-quadrant designs. In a large percentage of cases,
analog signals requiring multiplication are of one polarity
only and can be inverted if negative. A nice feature of this
design is that all gain errors can be trimmed to zero at one
point. Rs is paralleled with 2.4 MQ to drop its nominal value
2%. Rg then gives a £2% gain trim to account for errors in
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Multiplier/Divider (continued)

R, Ry, Rs, Rz, and any offset in Q, or Q,. For very low level
inputs, offset voltage in the LM308s may create large per-
centage errors referred to input. A simple scheme for offset-
ting any of the LM308s to zero is shown in dotted lines; the
+ input of the appropriate LM308 is simply tied to R, instead
of ground for zeroing. The summing mode of operation on all
inputs allows easy scaling on any or all inputs. Simply set the
input resistor equal t0 (Vinmax)/(200 pA). Vour is equal to:

() (7)o
Z
R7

Vout =

Input voltages above the supply voltage are allowed be-
cause of the summing mode of operation. Several inputs
may be summed at “X”, “Y,” or “2.”

Proper scaling will improve accuracy by preventing large
current imbalances in Q; and Q,, and by creating the largest
possible output swing. Keep in mind that any multiplier
scheme must have a reference and this circuit is no different.
For a simple (X) ¢ (Y) or (X)/Z function, the unused input
must be tied to a reference voltage. Perturbations in this
reference will be seen at the output as scale factor changes,
so a stable reference I1s necessary for precision work. For
less critical applications, the unused input may be tied to the
positive supply voltage, with R = V*/200 pA.

Square Root

The circuit in Figure 14 will generate the square root function
at low cost and good accuracy. The output is a current which

17V

may be used to drive a meter directly or be converted to a
voltage with a summing junction current-to-voltage con-
verter. The —15V supply is used as a reference, so it must be
stable. A 1% change in the —15V supply will give a 2% shift
in output reading. No positive supply is required when an
LM301A is used because its inputs may be used at the same
voltage as the positive supply (ground). The two 1N457
diodes and the 300 kQ resistor are used to temperature
compensate the current through the diode-connected 2
LM394.

Squaring Function

The circuit in Figure 15 will square the input signal and
deliver the result as an output current. Full scale input is 10V,
but this may be changed simply by changing the value of the
100 kQ input resistor. As in the square root circuit, the —15V
supply is used as the reference. In this case, however, a 1%
shift in supply voltage gives a 1% shift in output signal. The
150 kQ resistor across the base-emitter of 2 LM394 pro-
vides slight temperature compensation of the reference cur-
rent from the —15V supply. For improved accuracy at low
input signal levels, the offset voltage of the LM301A should
be zeroed out, and a 100 kQ resistor should be inserted in
the positive input to provide optimum DC balance.

Bibliography

1. See National’s Audio Handbook.
2. The Audio Amateur, volume VIII, number 1, Feb. 1977.
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FIGURE 12. Power Meter (1 kW f.s.)
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FIGURE 13. High Accuracy One Quadrant Multiplier/Divider
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*Trim for full scale accuracy.

*Tnm for full scale accuracy

1%

INPUT __130K*

0<Vy< +10V

=~ - \
121M398  S100— — = — — =
ﬁ

-15V
REGULATED =

00692215

FIGURE 14. Low Cost Accurate Squaring Circuit
lout = 10-5/10 V)

INPUT
o<V < +10V

Ell}ﬂk‘
> 1%

o—AAA

3 150k
> 1%

-18V
REGULATED

00692216

FIGURE 15. Low Cost Accurate Squaring Circuitloyr = 107 (V)2
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Introducing the MF10: A
Versatile Monolithic Active
Filter Building Block

A unique alternative for active filter designs is now available
with the introduction of the MF10. This new CMOS device
can be used to implement precise, high-order filtering func-
tions with no reactive components required.

Filter design takes one of two approaches: passive or active.
Passive designs combine resistors, capacitors and inductors
to perform specific frequency filtering in applications where
precision is less important than mass producibility. For very
high frequency applications, a passive approach Is quite
often the only way to go. Active filters combine op amps and
discrete transistors, primarily with resistors and capacitors,
to provide impedance buffering and filter parameter tunabil-
ity. In precision filters, it 1s most desirable to have an inde-
pendent “handle” for each of three basic filter parameters:
resonant frequency (f,), Q or quality factor, and the pass-
band gain (H,). As a general rule, the degree of tunability
increases with the number of amplifiers used. The three op
amp, state variable active filter, Figure 1, is most popular for
2nd order designs.

A major shortcoming of this type of filter i1s that resonant
frequency accuracy is only as good as the capacitors used.
In high volume production, to minimize filter tuning proce-
dures, costly, low-tolerance, low-drift capacitors are re-
quired. Furthermore, these filters use a fair number of com-
ponents; 3 op amps, 7 resistors and 2 capacitors for each
2nd order section. Even the best single amplifier 2nd order
filter realizations require 3 to 5 resistors and 2 capacitors.
To offer designers an attractive alternative to these types of
active filters, a device would have to:

1) eliminate critical capacitors entirely

2) minimize overall parts count

3) provide easy tunability of filter parameters

4) allow for the design of all five filter responses and,

5) simplify design equations.

National Semiconductor
Application Note 307
Tim Regan

These are the design objectives behind the development of
the MF10. Recent advances in sample-data techniques per-
mit the construction of an op amp integrator on a monolithic
substrate without the need for any external capacitors (see
page 11 “The Switched Capacitor Integrator—How it
Works”). The integrator is a key factor in filter designs for
establishing the overall filter time constant and, therefore, its
resonant frequency. The MF10 contains, in one 20-pin DIP
package, all of the necessary active and reactive compo-
nents to construct two complete 2nd order state vanable
type active filters, Figure 2. The only external requirements
are for resistors to establish the desired filter parameters.

Basic Circuit Description

To keep the device as universal as possible, the outputs of
each section of each filter are brought out. This allows
designs for all five filtering functions: lowpass, bandpass,
highpass, allpass and bandreject or notch filters. With two
independent 2nd order sections in one package, cascading
to achieve 4th order responses can easily be accomplished.
Additionally, any of the classical filter response types such
as Butterworth, Chebyshev, Bessel and Cauer can be imple-
mented.

Between the output of the summing op amp and the input of
the first integrator there is a unique 3-input summing stage
where two of the inputs are subtracted from the third. One of
the (=) inputs is brought out to serve as the signal input for
some filter configurations. The other (-) input 1s connected
through an internal switch to either the lowpass output or
analog ground depending upon the desired filter implemen-
tation. The direction of this input connection 1s common to
both halves of the MF10 and is controlled by the voltage
level on the S, /g input terminal.

AAA

Wy
RE | c2
WA I I__ __l l__
4]
R1
R3 “om AAA '\ R2
INPUT —AAA—@—] + M Jon2 AMA- o P
HP + > out
o UT R4 =
—AAA A BP =
[ out
00503501
°~ 27 VRs VR1R2C1 C2
R4 R4
1+ —+—
a- R3 RO R6R1C1
R6 R5R2 C2
14 =
R5

FIGURE 1. The Universal State Variable 2nd Order Active Filter (note the complexity of design equations and the
number of critical external components)
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Basic Circuit Description (continued)

VA N/AP/HP STa

10
LEVEL | NON OVERL
12

50/100/ 6L [ ———r CONTROL
9

LsnD——_-.

%
LEVEL | NON OVERL
ok [} SHIFT CLOCK

TO AGND <

nvg| |

When tied to Vp* [the (+) supply], the switch connects the
lowpass output, and when tied to Vp~ [the ( - ) supply], the
connection to ground is made. In some applications one half
of the MF10 may require that both of the (-) inputs to this
summer be connected to ground, while the other side re-
quires one to be connected to the lowpass output and the
other to ground. For this, the S,g control should be tied to
the (=) supply and the connection to the lowpass output
should be made externally to the S1, (S1g) pin.

A clock with close to 50% duty cycle is required to control the
resonant frequency of the filter. Either TTL or CMOS logic
compatible clocks can be accommodated, whether the
MF10 is powered from split supplies or a single supply, by
simply grounding the level shift (L Sh) control pin.

The resonant frequency of each filter is directly controlled by
its clock. A tri-level control pin sets the ratio of the clock
frequency to the center frequency (the 50/100/CL pin) for
both halves. When this pin is tied to V* the center frequency
will be 1/50 of the clock frequency. When tied to mid-supply
potential (i.e., ground, when biased from split supplies) pro-
vides 100 to 1 clock to center frequency operation. When
this pin is tied to V~ a power saving supply current limiter
shuts down operation and rolls back the supply current by
70%.

Filter center frequency accuracy and stability are only as
good as the clock provided. Standard crystal oscillators,
combined with digital counters, can provide very stable
clocks for specific filter frequencies. A relatively new device
from National’s COPS™ family of microcontrollers and pe-

VA N/AP/HPg St

00503502

FIGURE 2. Block Diagram of the MF10

ripherals, the COP452 programmable frequency generator/
counter, finds a unique use with the MF10, Figure 3. This low
cost device can generate two independent 50% duty cycle
clock frequencies. Each clock output is programmed via a
16-bit serial data word (N). This allows over 64,000 different
clock frequencies for the MF10 from a single crystal.

The MF10 is intended for use with center frequencies up to
20 kHz, and is guaranteed to operate with clocks up to 1
MHz. This means that for center frequencies greater than 10
kHz, the 50 to 1 clock control should be used. The effect of
using 100 to 1 or 50 to 1 clock to center frequency ratio
manifests itself in the number of “stair-steps” apparent in the
output waveform. The MF10 closely approximates the time
and frequency domain response of continuous filters (RC
active filters, for example) but does so using sampling tech-
niques. The clock to center frequency control determines the
number of samples taken (1 per clock cycle) in one cycle of
the center frequency. Therefore, as shown in the photo of
Figure 4, 100 to 1 clocking provides a smoother looking
output as it has twice as many samples per cycle. For most
audio applications, the audible effects of these step edges
and the clock frequency component in the output are negli-
gible as they are beyond 20 kHz. To obtain a cleaner output
waveform, a simple passive RC lowpass can be added to the
output to serve as a smoothing filter without affecting the
MF10 filtering action.

Several of the modes of operation (discussed in a later
section) allow altering of the clock to center frequency ratio
by an external resistor ratio. This can be used to obtain
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Basic Circuit Description (continued)

center frequencies of values other than 1/50 or 1/100 of the
clock frequency. In multiple stage, staggered tuned filters,
the center frequency of each stage can be set independently
with resistors to allow the overall filter to be controlied by just
one clock frequency.

™

16-BIT SERIAL

PROGRAMMING =4 DI XTAL SLOCKA LT 1/2MF10 fouTPUT A
WORD (N)
COP452
DATA =4 SK ———>| 1/2MF10 OUTPUT B
CLOCK
(o XTAL
CLK= 20+ N)

00503503

FIGURE 3. A Programmable Dual Clock Generator

All of the rules of sampling theory apply when using the
MF10. The sampling rate, or clock frequency, should be at
least twice the maximum input frequency to produce the best
equivalent to a continuous time filter. High frequency com-
ponents in the input signal that approach the clock frequency
will generate aliasing signals which appear at the output of
the lower frequency filter and are indistinguishable from valid
passband signals. Bandlimiting the input signal to attenuate
these potential aliasing frequencies is the best preventative
measure. In most applications, aliasing will not be a problem
as the clock frequency 1s much higher than the passband of
interest. In the event that a much higher clock frequency is
required, the modes of operation which utilize external resis-
tor ratios to increase the clock to center frequency ratio can
extend the clock frequency to greater than 100 times the
center frequency. By using a higher clock frequency, the
aliasing frequencies are correspondingly higher. The limiting
factor, with regard to increasing the clock to center frequency
ratio, has to do with increased DC offsets at the various
outputs.

The Basic Filter Configurations

There are six basic configurations (or modes of operation)
for the 2nd order sections in the MF10 to realize a wide
variety of filter responses. In all cases, no external capaci-
tors are required. Design 1s a simple matter of establishing a
few resistor ratios to set the desired passband gain and Q
and generating a clock for the proper resonant frequency.
Each 2nd order section can be treated in a modular fashion,
with regard to individual center frequency, Q and gain, when
cascading either the two sections within a package or sev-
eral packages for very high order filters. This individuality of
sections is important in implementing the various response
characteristics such as Butterworth, Chebyshey, etc.

The following 1s a general summary of design hints common
to all modes of operation.

1001

50:1

00503504

FIGURE 4. The Sampled-Data Output Waveform

1. The maximum supply voltage for the MF101s £7V or just
+14V for single supply operation. The minimum supply
to properly bias the part is 8V.

2. The maximum swing at any of the outputs is typically
within 1V of either supply rail.

3. The internal op amps can source 3 mA and sink 1.5 mA.
This is an important criterion when selecting a minimum
resistor value.

4. The maximum clock frequency is typically 1.5 MHz.

5. To insure the proper filter response, the f,xQ product of
each stage must be realizable by the MF10. For center
frequencies less than 5 kHz, the f,xQ product can be as
high as 300 kHz (Q must be less than or equal to 150).
A 3 kHz bandpass filter, for example, could have a Q as
high as 100 with just one section. For center frequencies
less than 20 kHz, the allowable f,xQ product is limited to
200 kHz. A 10 kHz bandpass design using a single
section should have a Q no larger than 20.

6. Center frequency matching from part to part for a given
clock frequency is typically +0.2%. Center frequency
drift with temperature (excluding any clock frequency
drift) is typically =10 ppm/°C with 50:1 switching and
+100 ppm/°C for 100:1.

7. Q accuracy from part to part is typically £2% with a
temperature coefficient of £500 ppm/°C.

8. The expressions for circuit dynamics given with each of
the modes are important. They determine the voltage
swing at each output as a function of the circuit Q. A high
Q bandpass design can generate a significant peak in
the response at the lowpass output at the center fre-
quency.

9. Both sides of the MF10 are independent, except for
supply voltages, analog ground, clock to center fre-
quency ratio setting and internal switch setting for the
three input summing stage.
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The Basic Filter Configurations
(Continued)

In the following descriptions of the filter configurations, f, is
the filter center frequency, H, is the passband gain and Q is
the quality factor of the complex pole pair and is equal to
f/BW where BW is the -3 dB bandwidth measured at the
bandpass output.

MODE 1A: Non-Inverting
Bandpass, Inverting Bandpass,
Lowpass

This is a minimum external component configuration (only 2
resistors) useful for low Q lowpass and bandpass applica-
tions. The non-inverting bandpass output is necessary for
minimum phase filter designs.

DESIGN EQUATIONS

fok foik

f, = 0 op R

°" 100 50
R3

Q=R

Holp = —1

R3

R2

Hosgp, = 1 (non-inverting)

Hospy = —

CIRCUIT DYNAMICS

Hogp1 = —Q (this is the reason for the low Q recommenda-
tion)

HoLp (peaky = Q X HoLp

MODE 1: Notch, Bandpass and
Lowpass

With the addition of just one more external resistor, the
output dynamics are improved over Mode 1A to allow band-
pass designs with a much higher Q. The notch output fea-
tures equal gain above and below the notch frequency.

DESIGN EQUATIONS

_ fak foik
100 50

froteh = fo
R3

Q=—
R2

o

R2

Holp = — —
OLP R1

R
Hosr = — 7

R2 foik
Hon = ———asf—>0andasf—> —
ON = "Ry a 2

CIRCUIT DYNAMICS

Hogp = HoLp X Q=Hon X Q

HoLp (peaky) = Q X Hopp (if the DC gain of the LP output is too
high, a high Q value could cause clipping at the lowpass
output resulting in gain non-linearity and distortion at the
bandpass output).

MODE 1A

(8Pa)y LPa

2(19) 1(20)

00503519

1Py

1(20)

00503520
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MODE 2: Notch (with f <f,),
Bandpass and Lowpass

This configuration allows tuning of the clock to center fre-
quency ratio to values greater than 100 to 1 or 50 to 1. The
notch output is useful for designing elliptic highpass filters
because the frequency of the required complex zeros (f,oicn)
is less than the frequency of the complex poles (f,).

DESIGN EQUATIONS

MODE 3: Highpass, Bandpass and

Lowpass

This configuration is the classical state variable filter (the
circuit of Figure 1) implemented with only 4 external resis-
tors. This is the most versatile mode of operation, since the
clock to center frequency ratio can be externally tuned either
above or below the 100 to 1 or 50 to 1 values. The circuit I1s
suitable for multiple stage Chebyshev filters controlled by a
single clock.

DESIGN EQUATIONS

_ fok ' R2 fCLK ’1 L
o= V' "R R4
fok  foik
fo= o ===
" 100 50 _fok \/"2 fork \/’
D
o PRt 100 VR4
Ro/Rg a=./R2, B3
R2 R4 H2
“R1 R2
= H = - =
HoLp A2 oHP A1
*Ra
3 Hosp = — 27
Hosp = — R
Hoip = — 4
_R2 O~ Ty
Ri
Hony (asf —> 0) = ——
Ra
CIRCUIT DYNAMICS
H f— fok) _ _R2
ON | 38 2 Ri
R2
Howp = HoLp (R4)
\ H =Qx
CIRCUIT DYNAMICS oLP (peak) = Q X Holp
Hogp = QVHonp X HoLp
- Hownp =QXH
Hogp = Q HoLp X Hon, = Q\Hon, X Hon, (peak) oHP
MODE 2
S
P
1(20)

MODE 3

00503525

8Py
qﬂ!)

[Fm
1(20)

00503526

1-109

www.national.com

L0E-NY



AN-307

MODE 3A: Highpass, Bandpass,
Lowpass and Notch

A notch output is created from the circuit of Mode 3 by
summing the highpass and lowpass outputs through an
external op amp. The ratio of the summing resistors R, and
R, adjusts the notch frequency independent of the center
frequency. For elliptic filter designs, each stage combines a
complex pole pair (at f,) with a complex zero pair (at f,oton)
and this configuration provides easy tuning of each of these
frequencies for any response type. When cascading several
stages of the MF10 the external op amp is needed only at
the final output stage. The summing junction for the interme-
diate stages can be the inverting input of the MF10 internal
op amp.

DESIGN EQUATIONS

_ fok [ fcu< [R2
fo="00 R4
R2 _R3

= = X —
a R4 R2

f fcu< l h, fCLK l
notch =

R
Howe = — &7
R4
Hotp = — 22
oLp a1
R3
Hopp = — —
losp m
Ry Ry
Hon (atf = fo) = | @ | == HoLp — == Honp ‘
R Rn

Rg
Hon,(asf — 0) = =2 >< HoLe

'gL_K)

Ry =9 5 H,
2 H OHP

Hong, (asf -

00503527

MODE 4: Allpass, Bandpass and

Lowpass

Utilizing the S1, (S1g) terminal as a signal input, an allpass
function can be obtained. An allpass can provide a linear
phase change with frequency which results in a constant
time delay. This configuration restricts the gain at the allpass
output to be unity.

DESIGN EQUATIONS

= ok, 'CLK

i

° = Jo00

f, (frequency of complex zero pair) = f,
R3

0=

Q; (Q of complex zero pair) = 2.19

R2
Hoap = — g7 = —1

2
Hotp = — —+1) -2
'OLP <R1

R2\ R3 R3
Hogp = — (1 + 2|22 _ R
o8P ( Rl) 2

CIRCUIT DYNAMICS
Hoep = HoLp X Q = (Hoap + 1)Q

MODE 3A

8Pa LPa

219) [’:!m)

A NOTCH
+ our

- " exreanaL
= opawp

00503537
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MODE 4: Allpass, Bandpass and Lowpass (Continued)

MODE 4

1(20)

v b VWV

MODE 5: Complex Zeros (C.z),

Bandpass and Lowpass

This mode features an improved allpass design over that of
Mode 4, in that it maintains a more constant amplitude with
frequency at the complex zeros (C.z) output. The frequen-
cies of the pole pair and zero pair are resistor tunable.

DESIGN EQUATIONS

_ fok [ R2 'cLK /
fo =Yoo Ra°
fCLK( R1 fCL,( m
8 1402
R4
R1

R2(R4 — R1)
f ]
Hoczasf = 0= o re)

fo _ R2
H f— ok _ 12
0(G2) 2 2 Rl

R3 R2
=—(1+—=
Hose = &z (1 R1)
" R4 (nz + m)
oe = g1 \R2 + Ra

00503538

MODE 6A: Single Pole, Highpass

and Lowpass

By using only one of the internal integrators, this mode is
useful for creating odd-ordered cascaded filter responses by
providing a real pole that is clock tunable to track the reso-
nant frequency of other 2nd order MF10 sections. The cor-
ner frequency is resistor tunable.

DESIGN EQUATIONS

R2 f; R2
fc (cut-off frequency) = %%( (Eﬁ) or Cst)K (RG)

R3
H = - =
oLP R1

Howp = — =

MODE 5

00503531
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MODE 6A: Single Pole, Highpass and Lowpass (Continued)

MODE 6A
1(20)
00503532
MODE 6B: Single Pole Lowpass
(Inverting and Non- Inverting)
This mode utilizes only one of the integrators for a single
pole lowpass, and the input op amp as an inverting amplifier,
to provide non-inverting lowpass output. Again, this mode 1s
useful for designing odd-ordered lowpass filters.
DESIGN EQUATIONS
fe (cut-off frequency)=% (%) or% (:—32-)
Hovp (inverting output) = —-:;2
HoLp (non-inverting output) = + 1
MODE 6B
Rz LPA(NINV) Vin LP (INV)
2(19) 1(20)

Some Specific Application Examples

For single-supply operation, it is important for several termi-
nals to be biased to half supply. A single-supply design for a
4th order 1 kHz Butterworth lowpass (24 dB/octave or 80
dB/decade rolloff) is shown using Mode 1 in Figure 5. Note
that the analog ground terminal (pin 15), the summer inputs
S1, and S1g (pins 5 and 16) and the clock switching control
pin (pin 12) are all biased to Vc/2. For symmetrical split
supply operation these pins would be grounded. An input
coupling capacitor is optional, as it is needed only if the input
signal I1s not also biased to Vsc/2. For a two-stage Butter-
worth response, both stages have the same corner fre-
quency, hence the common clock for both sides. The resistor
values shown are the nearest 5% tolerance values used to
set the overall gain of the filter to unity and to set the required
Q of the first stage (side A) to 0.504 and the second stage
(side B) Q to 1.306 for a flat passband response.

A unique advantage of the switched capacitor design of the
MF10 is illustrated in Figure 6. Here the MF10 serves double

00503509

duty in a data acquisition system as an input filter for simple
bandlimiting or anti-aliasing and, as a sample and hold to
allow larger amplitude, higher frequency input signals. By
gating OFF the applied clock, the switched capacitor integra-
tors will hold the last sampled voltage value. The droop rate
of the output voltage during the hold time is approximately
0.1 mV per ms.

A useful non-filtering application of the MF10 is shown in
Figure 7. In this circuit, the MF10, together with an LM311
comparator, are used as a resonator to generate stable
amplitude sine and cosine outputs without using AGC cir-
cuitry. The MF10 operates as a Q of 10 bandpass filter which
will ring at its resonant frequency in response to a step input
change. This ringing signal is fed to the LM311 which creates
a square wave input signal to the bandpass to regenerate
the oscillation. The bandpass output is the filtered funda-
mental frequency of a 50% duty cycle square wave. A 90°
phase shifted signal of the same amplitude is available at the
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Some Specific Application

Examples (continued)

lowpass output through the second integrator in the MF10.
The frequency of oscillation is set by the center frequency of

OUTPYT =t

<

the filter as controlled by the clock and the 50:1/100: 1
control pin. The output amplitude is set by the peak to peak
swing of the square wave input, which in this circuit is
defined by the back to back diode clamps at the LM311

output.

13k & 10k

20 19 18 17 16 15 14 13 12 11

LPg  BPg N/AP/ INVg S13 AGND Va~ Vp~ 50/100V CLKg
HPg. cL

MF10
N/AP/

LPa  BPa HPa INVA S1a Sa/g Va*

Vp* LSh CLKa

5V

ov—I

100 kHz
CLOCK

00503510

FIGURE 5. Only 6 resistors required for this 4th order, 1 kHz Butterworth

lowpass filter. This example also illustrates single-supply biasing.

INPUT

CLOCK

INPUT

A/D
CONVERTER

START CONVERTER
AND PUT FILTER
IN HOLD MODE

START

DATA

e

FIGURE 6. An MF10 as an Input Filter and Sample/Hold
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Some Specific Application Examples (Continued)

51k
AAA
VWA~

> N\ Vo for )

+ Voiooe

AAA

VWA~

™

1py
-l s
I vocos for By

|

L— — J
a74F
10
v "—_;_

00503511

FIGURE 7. Generating Quadrature Sine Waves from a T2L Clock

Finally, as a graphic illustration of the simplicity of filter
implementation using the MF10, Figure 8 is a complete 300
baud, full-duplex modem filter. The filter is an 8th order, 1 dB
ripple Chebyshev bandpass which functions as both an 1170
Hz originate filter and a 2125 Hz answer filter. Control of
answer or originate operation is set by the logic level at the
50/100/CL input so that only one clock frequency is required.
The overall filter gain is 22 dB.

Construction of this filter on a printed circuit board would
obviously be more compact than an RC active filter ap-
proach and much more cost effective for the level of preci-
sion required. An even more attractive implementation from
a space savings point of view would be a hybrid circuit
approach. A film resistor array connecting to two MF10 die
could produce the entire filter in one package requiring only
7 external connections for input, output, supplies, etc.

ANSWER
5V

9 1k

AAA

VW

3
56k 7k D167k 10k
ﬂ’ > ‘F {’

116k §
‘b

> ::aau ::mk
ﬂ <

o—-
ORIGINATE

-5V
16 15 ||4 13

20 |19 |18

MF10

MF10

TTOTH

> > >
10k 23k 10k
> iP >

3
<
259K
<P

86k 6k S
g3 63 76k 310K

OUTPUT

150 kHz

<
>
< 4Tk

INPUT

CLoCcK

00503512

FIGURE 8. A Complete Full-Duplex 300 Baud Modem Filter
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The Switched Capacitor
Integrator—How it Works

The most important feature of the MF10 Is that it requires no
external capacitors, yet can implement filters over a wide
range of frequencies. A clock is used to control the time
constant of two non-inverting integrators. To feel comfortable
with the operation of the MF10, 1t i1s important to understand
how this control is accomplished.

It 1s easiest to discuss an inverting integrator (Figure 9) and
how its input resistor can be replaced by 2 switches and a
capacitor (Figure 10). In Figure 9 the current which flows
through feedback capacitor C is equal to V,/R and the
circurit time constant 1s RC. This time constant accuracy
depends on the absolute accuracy of two completely differ-
ent discrete components. In Figure 10, switches S1 and S2
are alternately closed by the clock. When switch S1 is closed
(S2 is opened), capacitor C1 charges up to V . At the end of
half a clock period, the charge on C1 (QC1) is equal to
VinxC1. When the clock changes state, S1 opens and S2
closes. During this half of the clock period all of the charge
on C1 gets transferred to the feedback capacitor C2.

The amount of charge transferred from the input, Vy, to the
summing junction [the (-) input] of the op amp during one
complete clock period Is V\C1. Recall that electrical current
1s defined as the amount of charge that passes through a
conduction path during a specific time interval (1 ampere=1
coulomb per second). For this circuit, the current which flows
through C2 to the output I1s:

_4a_vict
At T

=VINCT fok

where T is equal to the clock period.
The effective resistance from V y to the (-) input is therefore:

VN1

1 Ciicik

This means that S1, S2 and C1, when clocked in Figure 10,
act the same as the resistor in Figure 9 to yield a clock
tunable time constant of:

C2
=
Ctferk

Note that the time constant of the switched capacitor inte-
grator is dependent on a ratio of two capacitor values, which,
when fabricated on the same die, is very easy to control.
This can provide precise filter resonant frequency control
both from part to part and with changes in temperature.

The actual integrators used in the MF10 are non-inverting,
requiring a slightly more elegant switching scheme, as
shown in Figure 11. In this circuit, S1, and S1g are closed
together to charge C1 to V. Then S2, and S2g are closed
to connect C1 to the summing junction with the capacitor
plates reversed, to provide the non-inverting operation. If Vy
is positive, Vour Will move positive as C2 acquires the
charge from C1.

00503539

FIGURE 9.

CLOCK =

00503540

FIGURE 10.
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The Switched Capacitor Integrator—How it Works (continued)

00503541

FIGURE 11. The Non-Inverting Integrator Used in the MF10
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A SPICE Compatible
Macromodel for CMOS

Operational Amplifiers
Abstract

A SPICE macromodel that captures the “personality” of Na-
tional Semiconductor’'s CMOS op-amps has been devel-
oped. The salient features of the macromodel are a
MOSFET input stage, Miller compensation, and a
current-source output stage. A description of the model will
be given along with correlation to actual device behavior.

Introduction

Recently, there has been a major thrust in lowering power
dissipation and supply voltages for analog system level de-
sign. In response to this, National Semiconductor has devel-
oped a family of CMOS op-amps which feature rail-to-rail
output swing, extremely low input bias current (10 fA typ.),
single supply operation, low power consumption, and an
input common-mode range that includes the negative supply
rail [1]. Due to the unique topology that makes these features
possible, a new SPICE macromodel was required in order to
achieve accurate simulation results.

Macromodeling Philosophy

The philosophy used In creating this macromodel was a
desire to design a model that would accurately simulate the
typical behavior of a CMOS op-amp while executing much
faster than a device level model (commonly referred to as a
micromodel). The “personality” of an op-amp can be cap-
tured by individually hand crafting and thoroughly testing
each model to ensure that it accurately simulates the behav-
1or of the real device.

CMOS Macromodel Input Stage

The input stage performs several important functions inciud-
Ing non-linear input transfer characteristics, offset voltage,
input bias currents, second pole, and quiescent power sup-
ply current. The heart of the input stage consists of a differ-
ential amplifier which 1s made up of two simplified MOSFET
models (see Figure 1) [2]. Input common-mode range can be
modeled by properly setting the zero bias threshold voltage
(Vro) In the MOSFET model. In the case of the LMC6484,
which has rail-to-rail input common-mode range, V¢ is left
at its default value of zero Offset voltage is modeled with an
ideal voltage source, Egg, while input bias/offset currents

Characteristics of National Semiconductor’s CMOS Operational Amplifiers

National Semiconductor
Application Note 856
David Hindi

are modeled by properly setting the leakage currents on the
input protection diodes DP1-DP4. Quiescent current is mod-
eled with the combination of I2 and the R8—R9 series resis-
tors. As the supply voltage increases, the current through R8
and R9 will increase, effectively simulating that behavior in
the real device. Resistors R8 and R9 also act as a voltage
divider and establish a common-mode voltage (V) for the
model directly between the rails. If the supply rails are sym-
metrical, i.e. £5V, node 49 will be at OV. Voltage-controlled
voltage-source, EH, measures the voltage across R8 and
subtracts an equal voltage from the positive supply rail to
provide a stiff point between the rails (node 98) to which
many other stages in the model are referenced. Voltage-
controlled current-source GO and resistor RO model the gain
of the input stage. The signal is then passed to the frequency
shaping stages for further conditioning.

Frequency Shaping Stages

In keeping with the philosophy of providing a macromodel
that is as accurate as possible, it has been determined that
the model must be capable of easily accommodating as
many poles and zeros that are necessary to precisely shape
the magnitude and phase response of the model [3]. This is
accomplished with telescopic frequency shaping stages that
each have unity DC gain, making it easier to add poles and
zeros without changing the low-frequency gain of the model.
Each of the three types of frequency-shaping stages is
shown in Figure 1.

Common-Mode Stage

Common-mode gain is modeled with a common-mode zero
stage whose gain increases as a function of frequency. A
voltage-controlled current-source, G4, is controlled with a
polynomial equation which adds the voltage at each input
(nodes 1 and 2) and divides the sum by two. This result is the
input common-mode voltage. The DC gain of the stage is set
to the reciprocal of the CMRR for the amplifier. An inductor,
L2, increases the gain of the stage at 20 dB/decade to model
the roll-off of CMRR that occurs In most amplifiers. The
output of the common-mode zero stage (node 16) Is re-
flected to the Epg source to provide an input-referred
common-mode error.

Common Rail-to-rail output swing, ultra-low input bias current (10 fA typ.), low drift (1.3 pV/°C), single supply

Characteristics | operation, input common-mode range includes ground, low power consumption, and high voltage
gain.

LMC660 Drives 600Q2 load, high bandwidth (1.4 MHz), high slew rate (1.1 V/us), comes in quad and dual
(LMC662).

LPC660 Low power (215 pW/amp), comes in quad and dual (LPC662).

LMC6044 Low power (70 pW/amp), comes in quad, single (LMC6041) and dual (LMC6042).

LMC6062 High precision dual (Vog = 100 pV), low power (80 pW/amp).

LMC6082 High precision dual (Vog = 150 pV), drives 6002 loads, high bandwidth (1.3 MHz).

LMC6484 Rail-to-rail input common-mode range, operates on 3V single supply, drives 600Q loads, high
bandwidth (1.3 MHz), comes in quad and dual (LMC6482).
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Common-Mode Stage (continued)

National’'s CMOS Op-Amp Macromodel

INPUT STAGE

OUTPUT STAGE

D6 v7
I
99 ) ! e
) DP1
M1 ';; DS Vé
=IN
C12I DP2 e
= so0 c4
5 ” 6
99
DP3 r
! % ® D3 Rig V4
v T c
¢iT] DPAZRS IR
= s0
50
FREQUENCY SHAPING STAGES
® 98 9 98 $ -@ 98 98
s G4
62] o 3RO U1 63 ) — ! 1 65| — ! R15 - L2
P § . SR12 Z=C5 o 3RI14 _POLY
SR11 cé R13
3 13 15 T 9 8 16
ZERO/POLE POLE POLE/ZERO COMMON~-MODE ZERO
01171201
FIGURE 1.
Output Stage ol
After the last frequency-shaping stage, the intermediate sig- T c3

nal is sent to the output stage. The output stage performs
several important functions including dominant pole, slew
rate limiting, dynamic supply current, short-circuit current
limiting, the balance of the open-loop gain, output swing
limiting, and output impedance. The output stage of the
macromodel incorporates several new innovations in order
to accommodate the unique topology of National's CMOS
op-amps. To understand the unique features of this topology,
a description of the actual ampilifier output stage is in order.

The main feature of National's CMOS ampilifiers is that the
output can swing rail-to-rail. This is accomplished by remov-
ing the traditional output buffer and taking the output directly
from the integrator. The output portion of the integrator is a
common-source complementary push-pull gain stage which
functions as a current source. Depending on load resistance,
the output stage can have a considerable amount of gain.
However, since the internal compensation capacitor is refer-
enced to the output node, the slew rate does not significantly
change as the output is loaded. Also, loading the output will
reduce the open-loop gain of the amplifier so that the first
pole will increase in frequency in order to maintain the gain-
bandwidth product of the amplifier.

In the model, Miller compensation was used to obtain an
additional degree of freedom in setting the open-loop gain,
slew rate, and first pole. The slew rate is defined by:

while the first pole is determined with the equation:

1

fo1 = 2XaxRExC3x (17Aygyy)

where Aoyt is the gain of the output stage. Note that the
slew rate can be set with C3 while the first pole can be
independently set with the gain of the output stage. A gain
stage consisting of a voltage-controlled current-source G1
and resistor R5 takes the signal from the last
frequency-shaping stage and amplifies it by the balance of
the open-loop gain (G1 x R5 = AyoL — Auin — Avour)- A
voltage clamp made of D1, V2, D2, and V3 limits the drive to
the output current-source, G6, to provide short-circuit current
limiting. Since the output stage has gain, output swing limit-
ing is performed at the output node with a clamp consisting
of D5, V4, D6, and V5. A resistor, R17, models the slight
degradation in output swing as the amplifier is loaded.

Dynamic Supply Current

Abehavior that is often not included in op-amp macromodels
is dynamic supply current. If the output of the model is an
ideal current source, the simulated output current of the

www.national.com

1-118




Dynamic Supply Current (continued)

model appears to come from nowhere, i.e., the supply cur-
rents do not change. This apparent violation of the second
law of thermodynamics has been solved with diodes D7-D8,
current sources F5-F6, and associated circuitry. Since it Is
important to keep non-linear devices, such as diodes, out of
the signal path, only an ideal ammeter, VA8, was inserted in
the output driver to sense the sinking or sourcing of output
current. Current-controlled current-source, F5, mirrors the
current sensed by VA8 and forces an equal current through
either D7 or D8 depending on its polarity. If current is being
sourced Into the load, the current flows from the positive rail
through E1, VA8, and G6 to the output node and no supply
current correction is necessary. However, If the output stage
is sinking current from the load, the current flows from the
output node up through G6, VA8 and E1 into the positive rail.
To compensate for this, F5 forces an equal current through
D7 and ammeter VA7. This current i1s then mirrored to
current-source F6 which pulls an equal amount of current out
of the positive rail and forces it into the negative rail. There-
fore, if the output stage is sourcing current, it appears to
come from the positive rail, whereas current that is sinking
from the load appears to go into the negative rail. The net
result of all these extra devices is an output stage which
closely models the behavior of the real amplifier.

Simulation Accuracy

To ensure the accuracy of the macromodel, the simulation
results are compared to lab data taken from an actual de-
vice. Figure 2 shows a typical voltage follower transient
response test circurt and Figure 3 shows a SPICE netlist [4]
for simulating the small-signal transient response of the
LMC6484. Notice that the simulated response shown In
Figure 5 compares quite closely with the actual response
shown in Figure 4 with the correct amount of over-shoot and
frequency of ringing.

Figures 6, 7 demonstrate the rail-to-rail input and ouput
capabilities of the actual LMC6484 and the model respec-
tively. The amplifier was configured as a voltage follower and
powered from a 3V single supply. Then, a 3 Vpp
square-wave was applied to the non-inverting input. The
amplifier is clearly capable of handling this rail-to-rail input
and reproducing it on the output while driving a 4.7 kQ load.
The simulation results show that the macromodel accurately
models the slew rate and output swing of the ampilifier.

LMC6484

Vin

-7.5V

scope probe

01171202

Note: It 1s very important to include a model of the scope probe on the
output of the amplifier to obtain reasonable results from the simulation

FIGURE 2. Non-Inverting Amplifier (Ay = +1)

* LMC6484 S.S. Pulse Response. V(6)
* Cload = scope

XAR1 3 6 7 4 6 LMC6484

VP 7075V

VN 4 0 -7.5V

VIN 3 0 PULSE (-.1V .1V 3U 20N 20N 5U)
Rout 6 0 1TOMEGohm

Cout 6 0 8.7pF

.LIB CMOSOA.LIB

.TRAN/OP .1N 10U

.PROBE

.END

FIGURE 3. Non-Inverting Amplifier Netlist to Simulate
the Small-Signal Response of the LMC6484 [4]

100 mV

100 mV/div

1pus

1 us/div
01171203

FIGURE 4. LMC6484 Small-Signal Transient Response
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Simulation Accuracy (contnued)

LMC6484 S.S. Pulse Response (V(6) C, oap = SCOpE)

400 mV

200 mv

L
| -

=200 mV

-400 mV
0 us 2 ps 4 pus 6 us 8 us 10 us
a V()

TIME
01171204

FIGURE 5. Simulated Small-Signal Transient Response

1v
Vour
V/div
YiN
V/div
1V 10 ps
10 ps/div
01171205

Note: This image demonstrates the rail-to-rail input/output capabilities of
the LMC6484 while powered from a 3V single supply and driving a 4 7 kQ
load Don't try this with an ordinary op-amp

FIGURE 6. Large-Signal Transient Response

LMC6484 L.S. Pulse Response
(Ay = +1, Vgypp = 0, +3, R1 = 4.7k)

[l I
o
ot || J

3oV

3.0V

2.0V

Vour

2.0V

Vin
1ov

0oV
0 us 20 ps 40 ps 60 us 80 us 100 ps

8 V(3)

TIME
01171206

' FIGURE 7. LMC6484 Simulated Large-Signal Transient

Response

Conclusion

An accurate SPICE macromodel has been developed that
captures the “personality” of National Semiconductor’s
CMOS operational amplifiers. The macromodel includes ef-
fects such as rail-to-rail output swing, input common-mode
range, MOSFET Input stage transfer characteristics, accu-
rate frequency and transient response, slew rate and output
short-circuit current. The model is not capable of simulating
PSRR, thermal effects, or noise at this time.

Since the macromodels are much less complex and have
fewer p-n junctions than a transistor level micromodel, simu-
lation speed is much faster. For example, an LMC6484
macromodel simulation executed 34 times faster than its
transistor level model. With accurate macromodels, the de-
signer can quickly determine the dominant effects of a circuit
and explore effects that are difficult to obtain with lab bench
evaluation.
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An IC Voltage Comparator
for High Impedance
Circuitry

The IC voltage comparators available in the past have been
designed primarily for low voltage, high speed operation. As
a result, these devices have high input error currents, which
limit their usefulness In high impedance circuitry. An IC is
described here that drastically reduces these error currents,
with only a moderate decrease in speed.

This new comparator is considerably more flexible than the
older devices. Not only will it drive RTL, DTL and TTL logic;
but also it can interface with MOS logic and FET analog
switches. It operates from standard £15V op amp supplies
and can switch 50V, 50 mA loads, making it useful as a driver
for relays, lamps or light-emitting diodes. A unique output
stage enables it to drive loads referred to erther supply or
ground and provide ground isolation between the compara-
tor inputs and the load.

Another useful feature of the circuit is that it can be powered
from a single 5V supply and drive DTL or TTL integrated
circuits. This enables the designer to perform linear functions
on a digital-circurt card without using extra supplies. It can,
for example, be used as a low-level photodiode detector, a
zero crossing detector for magnetic transducers, an inter-
face for high-level logic or a precision multivibrator.

ouTPUT

p
s
S00uA
GROUND
!
500uA
V_

00846301

INPUTS

FIGURE 1. Simplified schematic of the LM111

Figure 1 shows a simplified schematic of this versatile com-
parator. PNP transistors buffer the differential input stage to

National Semiconductor
Linear Brief 12
Robert J. Widlar

get low input currents without sacrificing speed. Because the
emitter base breakdown voltage of these PNPs is typically
70V, they can also withstand a large differential input volt-
age. The PNPs drive a standard differential stage. The out-
put of this stage i1s further amplified by the Q5-Qg pair. This
feeds a lateral PNP, Qg, that provides additional gain and
drives the output stage.

The output transistor 1s Qq; which is driven by the level
shifting PNP. Current imiting is provided by Rg and Q4 to
protect the circuit from intermittent shorts. Both the output
and the ground lead are isolated from other points within the
circuit, so either can be used as the output. The V- terminal
can also be tied to ground to run the circuit from a single
supply. The comparator will work in any configuration as long
as the ground terminal is at a potential somewhere between
the supply voltages. The output terminal, however, can go
above the positive supply as long as the breakdown voltage
of Q44 is not exceeded.

100

y A
y 4
y i
V4
)y

\.

-

OFFSET VOLTAGE (mV)
S

|
Vos = Vos +Rslos

-55°C <T, <125°C
L 1

100 1k 10k 100k 1M
INPUT RESISTANCE ()

10M
00846302

FIGURE 2. lllustrating the influence of source
resistance on worst case, equivalent input offset
voltage

Figure 2 shows how the reduced error currents of the LM111
improve circuit performance. With the LM710 or LM106, the
offset voltage 1s degraded for source resistances above
200Q2. The LM111, however, works well with source resis-
tances In excess of 30 kQ Figure 2 applies for equal source
resistances on the two inputs. If they are unequal, the deg-
radation will become pronounced at lower resistance levels.

Table 1 gives the important electrical characteristics of the
LM111 and compares them with the specifications of older
ICs.

A few, typical applications of the LM111 are illustrated in
Figure 3. The first is a zero crossing detector driving a MOS
analog switch. The ground terminal of the IC is connected to
V~; hence, with £15V supplies, the signal swing delivered to
the gate of Q; I1s also =15V. This type of circuit is useful
where the gain or feedback configuration of an op amp
circuit must be changed at some precisely-determined signal
level. Incidentally, it is a simple matter to modify the circuit to
work with junction FETs.
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TABLE 1. Comparing the LM111 with earlier IC comparators. Values given are worst case over a -55°C to +125°C
temperature range, except as noted.

Parameter LM111 | LM106 | LM710 | Units

Input Offset 4 3 3 mV
Voltage
Input Offset 0.02 7 7 HA
Current
Input Bias 0.15 45 45 A
Current
Common Mode +14 +5 +5 \
Range
Differential Input +30 +5 +5 \"
Voltage Range
Voltage Gain 200 40 1.7 V/imV
(Note 1)
Response Time 200 40 40 ns
(Note 1)
Output Drive

Voltage 50 24 25 Vv

Current 50 100 1.6 mA
Fan Out 8 16 1
(DTL/TTL)
Power 80 145 160 mwW
Consumption

Note 1: Typical at 25°C

The second circuit is a zero crossing detector for a magnetic
pickup such as a magnetometer or shaft-position pickoff. It
delivers the output signal directly to DTL or TTL logic circuits
and operates from the 5V logic supply. The resistive divider,
R, and R,, biases the inputs 0.5V above ground, within the
common mode range of the device. An optional offset bal-
ancing circuit, Rz and R,, is included.

The next circuit shows a comparator for a low-level photo-
diode operating with MOS logic. The output changes state
when the diode current reaches 1 pA. At the switching point,
the voltage across the photodiode is nearly zero, so its
leakage current does not cause an error. The output
switches between ground and -10V, driving the data inputs
of MOS logic directly.

The last circuit shows how a ground-referred load is driven
from the ground terminal of the LM111. The input polarity is

reversed because the ground terminal is used as the output.
An incandescent lamp, which is the load here, has a cold
resistance eight times lower than it is during normal opera-
tion. This produces a large inrush current, when it is
switched on, that can damage the switch. However, the
current limiting of the LM111 holds this current to a safe
value.

The applications described above show that the
output-circuit flexibility and wide supply-voltage range of the
LM111 opens up new fields for IC comparators. Further, its
low error currents permit its use in circuits with impedance
levels above 1 kQ. Although slower than older devices, it is
more than an order of magnitude faster than op amps used
as comparators.

The LM111 has the same pin configuration as the LM710
and LM106. It is interchangeable with these devices in ap-
plications where speed is not of prime concern.
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INPUT

00846303
a. zero crossing detector driving analog switch

VT =-10v
00846305
c. comparator for low level photodiode

MAGNETIC
PICKUP

00846304
b. detector for magnetic transducer

00846306

*Input polanty Is reversed when using pin 1 as output
d. driving ground —referred load

FIGURE 3. Typical applications of the LM111
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LM118
Op Amp Slews 70 V/usec

One of the greatest limitations of today’s monolithic op amps
is speed. With unity gain frequency compensation, general
purpose op amps have 1 MHz bandwidth and 0.3 V/us slew
rate. Optimized compensation as well as feedforward com-
pensation can improve op amp speed for some applications.
Specialized devices such as fast, unity-gain buffers are
available which provide partial solutions. This paper will
describe a new high speed monolithic amplifier that offers an
order of magnitude increase in speed with no loss in flexibil-
ity over general purpose devices.

The LM118 is constructed by the standard six mask mono-
lithic process and features 15 MHz bandwidth and 70 V/ps
slew rate. It operates over a £5 to =18V supply range with
little change in speed. Additionally, the device has internal
unity-gain frequency compensation and needs no external
components for operation. However, unlike other internally
compensated amplifiers, external feedforward compensation
may be added to approximately double the bandwidth and
slew rate.

Design Concepts

In general purpose amplifiers the unity-gain bandwidth is
limited by the lateral PNP transistors used for level shifting.
The response above 2 MHz is so poor that they cannot be
used in a feedback amplifier. If the PNP transistors are used
for level shifting only at DC or low frequencies and the signal
is fed forward around the PNP transistors at high frequen-
cies, wide bandwidth can be obtained without the excessive
phase shift of the PNP transistors.

o L

100 pF

00683101

FIGURE 1. Simplified Circuit of the LM118

Figure 1 shows a simplified schematic of the LM118. Tran-
sistors Q, and Q, are a conventional differential input stage

National Semiconductor
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with emitter degeneration and resistive collector loads. Qg
and Q, form the second stage which further amplify the
signal and level shift the signal towards V~. The collectors of
Qs and Q, drive a current inverter, Q,, and Q4 to convert
from differential to single ended. Qo, which has a current
source load for high gain, drives a class B output. The
collectors of the input stage and the base of Qg are available
for offset balancing and external compensation.

Frequency compensation is accomplished with three internal
capacitors. C, rolls off on half the differential input stage so
that the high frequency signal path is single-ended. Also, at
high frequencies, the signal is fed forward around the lateral
PNP transistors by a 30 pF capacitor, C,. This eliminates the
excessive phase shift. Overall frequency response is then
set by capacitor, Cz, which rolls off the amplifier at 6 dB/
octave. As previously mentioned feedforward compensation
for inverting applications can be applied to the base of Qg.
Figure 2 shows the open loop frequency response of an
LM118. Table 1 gives typical specifications for the new am-
plifier.

120

100

B
=
3
I 60
-}
]
e N\
2 A
g N\
N
0 AN
-20
10100 1k 10k 100k 1M 10M 100M

FREQUENCY (Hz)
00683102

FIGURE 2. Open Loop Voltage Gain as a
Function of Frequency for LM118

TABLE 1. Typical Specifications for the LM118

Input Offset Voltage 2mv
Input Bias Current 200 nA
Offset Current 20 nA
Voltage Gain 200k
Common Mode Range +11.5V
Output Voltage Swing +13V
Small Signal Bandwidth 15 MHz
Slew Rate 70 V/ps

Operating Configuration

Although considerable effort was taken to make the LM118
trouble free, high frequency amplifiers are more prone to
oscillations than low frequency devices such as the LM101A.
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Operating Configuration (continued)

Care must be taken to minimize the stray capacitance at the
inverting Input and at the output; however the LM118 will
drive a 100 pF load. Good power supply bypassing is also in
order—0.1 pF disc ceramic capacitors should be used
within a few inches of the amplifier. Additionally, a small
capacitor i1s usually necessary across the feedback resistor
to compensate for unavoidable stray capacitance.

Figure 3 shows feedforward compensation of the LM118 for
fast inverting applications. The signal is fed from the sum-
ming junction to the output stage driver by C, and R,.
Resistors Rs, Rg and R, have two purposes: they increase
the internal operating current of the output stage to increase
slew rate and they provide offset balancing. The current
boost is necessary to drive internal stray capacitance at the
higher slew rate. Mismatch of the external resistors can
cause large voltage offsets so offset balancing i1s necessary.
For supply voltages other than 15V, R5 and Rg should be
selected to draw about 500 pA from Pins 1 and 5.

R2

5K
A A

R1
5K

R7
25K
BALANCE

00683103
‘tSlew rate typically 120 V/us

FIGURE 3. Feedforward Compensation
for Greater Inverting Slew Ratef

When using feedforward resistor R, should be optimized for
the application. It is necessary to have about 8 kQ in the path
from the output of the amplifier through the feedback resistor
and through feedforward network to Pin 8 of the device. The
series resistance is needed to limit the bandwidth and pre-
vent minor loop oscillation.

At high gains, or with high value feedback resistors R, can
be quite low—but not less than 100Q. When the LM118 1s
used as a fast integrator, with a large feedback capacitor or
with low values of feedback resistance, R, must be in-
creased to 8 kQ to ensure stability over a full -55°C to
+125°C temperature range.

One of the more important considerations for a high speed
amplifier is settling time. Poor settling time can cancel the
advantages of having high slew rate and bandwidth. For
example —an amplifier can have severe ringing after a step
input. A relatively long time is then needed before the output
voltage can be read accurately. Settling time is the time
necessary for the output to slew through a defined voltage
change and settle to within a defined error of its final output
voltage. Figure 4 shows optimized compensation for settling
to within 0.1% error. Typically the settling time is 800 ns for a
simple inverter circuit as shown. Settling time is, of course,
subject to operating conditions external to the IC such as
closed loop gain, circuit layout, stray capacitance and source
resistance. An optional offset balancing circuit, Rz and R, is
included.

c2
001.F

00683104
FSlew and settling time to 0 1% for a 10V step change is 800 ns

FIGURE 4. Compensation for Minimum Settling? Time

The LM118 opens up new fields for IC operational amplifiers
It is more than an order of magnitude faster than general
purpose amplifiers while retaining the ease of use features. It
1s ideally suited for analog to digital converters, active filters,
sample and hold circuits and wide band amplification. Fur-
ther, the LM118 has the same pin configuration as the
LM101A or LM741 and is interchangeable with these de-
vices when speed is of prime concern.
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Specifying Selected Op
Amps and Comparators

It is not infrequent that commercially available standard IC
components do not fit a particular application as they are
specified. Often, however, a standard device selected to
tighter limits will work. Thereupon, the IC manufacturer may
be requested to supply a specially tested device.

The usual chain of events for a selected part is as follows: A
specification is sent to the manufacturer with a request for
quote. It is evaluated at the manufacturer for feasibility, yield,
and testing requirements. Then price and delivery are
quoted to the customer. (Sometimes this route is shortened
by calling the manufacturer—but this does not always
work.)

Some insight into the IC design and IC testing can help both
the manufacturer and IC user with special selection. Proper
specification helps the manufacturer test as well as reduce
IC costs. Ambiguous or impossible specs will usually result
in the return of the specification to the customer for clarifica-
tion and delay the delivery of the required parts.

The manufacturer is usually familiar with the product and
production spread of devices. Further, test equipment is
available for measuring parameters specified by the data
sheet. In general, tightening selected data sheet parameters
causes no problems. Further, no additional test equipment is
needed for these tests—only the limits need be changed.

Perhaps one of the largest problems is over-specification.
Each tightened specification reduces the number of parts
available to the specification. For example, tightening sev-
eral specifications at once could result in a 1% or 0.1% yield;
to supply 100 parts at this yield, between 10,000 and
100,000 parts might have to be tested, and that gets expen-
sive.

Of course, spec limits cannot be tightened to any desired
value. This is due to limitations on the IC design. For ex-
ample, bias current, which depends on transistor H,; can
not be tightened by a factor of 10. This would require beta’s
10 times higher than normal. Also, some specifications are
not independent, such as op amp bandwidth and slew-rate.

Op Amp and Comparators

These are the two most popular linear IC components re-
quiring selection. Since many of the same specifications
apply to both types of devices, they will be covered together.
Table 1 shows the most common parameters tested on
these devices and the relative difficulty of testing on high
speed equipment.

Selected offset voltage and drift are very commonly specified
parameters. Offset voltage and drift depends on component
matching. In general, drift is not usually tested on general
purpose devices; although, it may be guaranteed. Offset
voltage can be correlated to drift, and the offset limits are set
to guarantee the standard drift specification. Of course, very
low drift devices must be 100% tested for drift, making them
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relatively expensive. Drift testing requires measuring the
offset voltage at three or more temperatures; then subtract-
ing and dividing by the temperature change to obtain the
drift—a long and tedious measurement.

In some cases tightened offset voltage specifications over
the operating temperature range offer the same performance
as a drift tested device, but are less expensive. This is
because offset voltage measurement can be a go/no-go
measurement. For example, 15 pV/°C can be guaranteed
over a 100°C range by limiting the maximum offset voltage to
+0.75 mV or a 1.5 mV band. If the application has an error
budget of = “X” volts, it may be better to tighten the offset
voltage rather than have the manufacturer to drift test. Drift
testing a comparator is virtually impossible since they are not
designed to operate closed loop.

Other parameters dependent upon matching are: offset cur-
rent, common mode rejection, and supply rejections. These
can be greatly tightened at the expense of yield.

Bias current, supply current, gain, slew rate, and response
time are dependent upon both device design and process-
ing. The imits for tighter parameters on these specifications
are more restrictive. Table 2 gives reasonable special selec-
tion limits. This is only a guideline and, of course, depends
on the device.

Noise testing 1s in a class by itself. Op amp noise will vary
between manufacturers of the same device. Further, noise
will vary between different types of devices from the same
manufacturer. Since noise on a particular device is mostly
process dependent, it will be relatively consistant from a
single IC producer.

Noise can be broken into two categories: white noise, and
popcorn noise. Both of these noise sources can be either
voltage or current noise. It 1s possible with advanced pro-
cessing to make IC transistors as good as the best discrete
low noise transistors. With good processing only a very small
percentage of op amps will have any popcorn noise.

Noise measurements are time consuming and costly. Pop-
corn noise testing may take as much as 30 seconds per unit
which limits production to about 100 devices per hour. This
low production rate will increase costs. If not absolutely
necessary —do not specify noise.

As a final note, some mention should be made of other
special testing. Anything reasonable can be done; however,
it should be kept in mind that accurate specification in terms
of the IC parameters is necessary. It is unlikely a positive
result will come from a specification showing a system sche-
matic, system output, and stating “select devices to produce
desired outputs.” Although this is an exaggeration, it points
out the type of specification to be avoided. Performance
specification should apply to the IC not to a circuit using the
IC. Many manufacturers have circuits available showing the
various electrical tests and the way they are done.
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Op Amp and Comparators (continued)

TABLE 1. Relative Ease of Parameter Testing

Parameter Op Amp Comparator Cost
Offset Voltage Easy Easy Low
Offset Current Easy Easy Low
Bias Current Easy Easy Low
Supply Current Easy Easy Low
Common Mode/Supply Rejection |Easy Easy Low
Gain Moderate Moderate Low
Input Resistance Guaranteed by Guaranteed by Not Tested

Bias Current

Bias Current

Measurement Measurement
Slew Rate Moderate Moderate Relatively Low
Bandwidth/Response Time Difficult Difficult Moderate
Offset Voltage Drift Very Difficult Very Difficult High
Offset Current Drnift Very Difficult Very Difficult High

TABLE 2. Guideline to Tightened Specifications
Parameters Limit Comments

Offset Voltage 0.1 mVv Matching
Offset Current -50% of Nominal Matching

Bias Current
Supply Current

Gain

Common Mode/Supply Rejection
Slew Rate

Bandwidth

Response Time

Offset Voltage Drift

Offset Current Drift

-50% of Nominal
—25% of Nominal

+100% of Nominal
+200% of Nominal
+30% of Nominal
+30% of Nominal
—30% of Nominal
0.2 yV/'Cto 5 pv/'C

Guarantee by Offset
Current Limit

Depends on Hg,

Depends on Various Process
Parameters

Set by Design

Matching

Set by Design

Set by Design

Set by Design and Processing
Lower Limit May Not Apply

to Many Op Amps
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Section 2

Amplifiers and Signal
Conditioning: System
Applications
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An Applications Guide for
Op Amps

Introduction

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

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

The availability of the low-cost integrated amplifier makes it
mandatory that systems and equipments engineers be famil-
iar with operational amplifier applications. This paper will
present amplifier usages ranging from the simple unity-gain
buffer to relatively complex generator and wave shaping
circuits. The general theory of operational amplifiers is not
within the scope of this paper and many excellent references
are available in the literature.>3# The approach will be
shaded toward the practical, amplifier parameters will be
discussed as they affect circuit performance, and application
restrictions will be outlined.

The applications discussed will be arranged in order of in-
creasing complexity in five categories: simple amplifiers,
operational circuits, transducer amplifiers, wave shapers and
generators, and power supplies. The integrated amplifiers
shown in the figures are for the most part internally compen-
sated so frequency stabilization components are not shown;
however, other amplifiers may be used to achieve greater
operating speed in many circuits as will be shown in the text.
Amplifier parameter definitions are contained in Appendix .

The Inverting Amplifier

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

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

National Semiconductor
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R2

Vour

00682201

R2
V, ==V,
ouT R1 IN

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

FIGURE 1. Inverting Amplifier

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

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

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

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

Amplifiers which are not internally compensated may be
used to achieve increased performance in circuits where
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The Inverting Amplifier (continueq)

feedback network attenuation is high. As an example, the
LM101 may be operated at unity gain in the inverting ampli-
fier circuit with a 15 pF compensating capacitor, since the
feedback network has an attenuation of 6 dB, while it re-
quires 30 pF in the non-inverting unity gain connection
where the feedback network has zero attenuation. Since
amplifier slew rate is dependent on compensation, the
LM101 slew rate in the inverting unity gain connection will be
twice that for the non-inverting connection and the inverting
gain of ten connection will yield eleven times the slew rate of
the non-inverting unity gain connection. The compensation
trade-off for a particular connection is stability versus band-
width, larger values of compensation capacitor yield greater
stability and lower bandwidth and vice versa.

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

The Non-Inverting Amplifier

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

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

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

Vin

Vour

R1

00682202

_R1+R2

V
out R1

ViN

R1| R2 = Rsource
For mimimum error due to input bias current

FIGURE 2. Non-Inverting Amplifier

The Unity-Gain Buffer

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

Vin

Vour

00682203
Vour = Vi
R1 = Rsource
For minimum error due to input bias current

FIGURE 3. Unity Gain Buffer

Input impedance is a misleading concept in a DC coupled
unity-gain buffer. Bias current for the amplifier will be sup-
plied by the source resistance and will cause an error at the
amplifier input due to its voltage drop across the source
resistance. Since this is the case, a low bias current amplifier
such as the LH102° should be chosen as a unity-gain buffer
when working from high source resistances. Bias current
compensation techniques are discussed in Reference 5.

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

Vi

R1
\£}
R2
V3
R3
Vv
3 ouT
RS
00682204
V. Vi, V;
Vour = R4 (E} +-R—z+ R—g)

R5 =R1| R2| R3| R4
For minimum offset error due to input bias current

FIGURE 4. Summing Amplifier
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Summing Amplifier

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

The advantage of this circuit I1s that there is no interaction
between Inputs and operations such as summing and
weighted averaging are implemented very easily.

The Difference Amplifier

The difference amplifier is the complement of the summing
amplifier and allows the subtraction of two voltages or, as a
special case, the cancellation of a signal common to the two
Inputs  This circuit 1s shown in Figure 5 and is useful as a
computational amplifier, in making a differential to
single-ended conversion or In rejecting a common mode
signal.

R
Vi
3 Vour
V2
R3
R4
-
00682205
v _(R1+Rz>ﬁg Rz,
OUT = \R3+Ra/R1 2 RT

For R1 = R3 and R2 = R4
R2
Vout = 57 (V2 = Vi)

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

FIGURE 5. Difference Amplifier

Circuit bandwidth may be calculated in the same manner as
for the inverting amplifier, but input impedance is somewhat
more complicated. Input impedance for the two inputs is not
necessarily equal, inverting input impedance Is the same as
for the inverting amplifier of Figure 1 and the non-inverting
input iImpedance is the sum of R3 and R4. Gain for either
input is the ratio of R1 to R2 for the special case of a
differential input single-ended output where R1 = R3 and R2
= R4. The general expression for gain is given In the figure.
Compensation should be chosen on the basis of amplifier
bandwidth.

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

Differentiator

The differentiator 1s shown in Figure 6 and, as the name
implies, is used to perform the mathematical operation of
differentiation. The form shown is not the practical form, it is
a true differentiator and is extremely susceptible to high
frequency noise since AC gain increases at the rate of 6 dB
per octave. In addition, the feedback network of the differen-
tiator, R1C1, i1s an RC low pass filter which contributes 90°
phase shift to the loop and may cause stability problems
even with an amplifier which is compensated for unity gain.

R1
-

ct

Vour
3
R2
00682206
d
Vour = =R1C1 —(Vin)
dt
R1=R2
For minimum offset error due to input bias current
FIGURE 6. Differentiator
c2
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4] Vour
3 []
1
R3
30 pF
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¢ 27R2C1
1 1
fh

= 27R1C1  2mR2C2
fo < fh < 'umly gain

FIGURE 7. Practical Differentiator

A practical differentiator is shown in Figure 7. Here both the
stability and noise problems are corrected by addition of two
additional components, R1 and C2. R2 and C2 form a 6 dB
per octave high frequency roll-off in the feedback network
and R1C1 form a 6 dB per octave roll-off network in the input
network for a total high frequency roll-off of 12 dB per octave
to reduce the effect of high frequency input and amplifier
noise. In addition R1C1 and R2C2 form lead networks in the
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Differentiator (continued) frequency, provide 90" phase lead to compensate the 90°
phase lag of R2C1 and prevent loop instability. A gain fre-
feedback loop which, if placed below the amplifier unity gain quency plot is shown in Figure 8 for clarity.
60
OPEN LOOP GAIN CURVE
\\,
40
\\
g N
z 2 z
AN
0 A
-20
f 10f 100f  1000f  10000f

RELATIVE FREQUENCY
00682208

FIGURE 8. Differentiator Frequency Response

Integrator low-pass filter with a frequency response decreasing at 6 dB
. X o per octave. An amplitude-frequency plot is shown in Figure
The integrator is shown in Figure 9 and performs the math- 10.

ematical operation of integration. This circuit is essentially a

= S

Vour

00682209

1 t2
Vour = arc?f N
1
~ 2mR1C1
R1 = R2

fe

For minmum offset error due to input bias current

FIGURE 9. Integrator

www.national.com 2-6




Integr ator (continueq)

40
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GAIN (dB)

f 10¢

RELATIVE FREQUENCY

FIGURE 10. Integrator Frequency Response

The circuit must be provided with an external method of
establishing initial conditions. This is shown in the figure as
S;. When S 4 1s In position 1, the amplifier is connected in
unity-gain and capacitor C1 is discharged, setting an initial
condition of zero volts. When S, Is in position 2, the amplifier
is connected as an integrator and its output will change in
accordance with a constant times the time integral of the
input voltage.

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

fL

fe

integral.
[4]
VOUT
00682211
o1
27R1C1
_ 1
2mR3C1
R3
Al = —
LT R

FIGURE 11. Simple Low Pass Filter

R2 should be chosen equal to the parallel combination of R1
and R3 to minimize errors due to bias current. The amplifier
should be compensated for unity-gain or an internally com-
pensated amplifier can be used.

100¢ 1000f  10000f

00682210

Simple Low-pass Filter

The simple low-pass filter 1s shown in Figure 11. This circurt
has a 6 dB per octave roll-off after a closed-loop 3 dB point
defined by f.. Gain below this corner frequency is defined by
the ratio of R3 to R1. The circuit may be considered as an AC
integrator at frequencies well above f; however, the time
domain response is that of a single RC rather than an
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Simple Low-pass Filter (continued)
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10000¢

00682212

FIGURE 12. Low Pass Filter Response

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

The Current-to-Voltage Converter

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

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

R1

hn
Vour

00682213
Vour = Iy R1

FIGURE 13. Current to Voltage Converter

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

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

lceLt

R1
PC1
®>
@
” 3 Vour
R2
\a -

00682214

FIGURE 14. Amplifier for Photoconductive Cell

Photocell Amplifiers

Amplifiers for photoconductive, photodiode and photovoltaic
cells are shown in Figures 14, 15, 16 respectively.

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

lo
-

Dt
2
6
3 Vour

00682215
Vour =R1Ip

FIGURE 15. Photodiode Amplifier
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Photocell Amplifiers (continued)

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

00682216
Vour = Icew R1

FIGURE 16. Photovoltaic Cell Amplifier

The feedback resistance, R1, is dependent on cell sensitivity
and should be chosen for either maximum dynamic range or
for a desired scale factor. R2 i1s elective: In the case of
photovoltaic cells or of photodiodes, it is not required in the
case of photoconductive cells, it should be chosen to mini-
mize bias current error over the operating range.

Precision Current Source

The precision current source 1s shown in Figures 17, 18. The
configurations shown will sink or source conventional current
respectively.

at
2N3456

00682217

Vin 2 OV

FIGURE 17. Precision Current Sink

Caution must be exercised in applying these circuits. The
voltage compliance of the source extends from BV gr of the
external transistor to approximately 1 volt more negative
than V5. The compliance of the current sink is the same in
the positive direction.

The impedance of these current generators is essentially
infinite for small currents and they are accurate so long as
Vn Is much greater than Vg and | 1s much greater than |

bias.

The source and sink illustrated in Figures 17, 18 use an FET
to drive a bipolar output transistor. It 1s possible to use a
Darlington connection in place of the FET-bipolar combina-
tion in cases where the output current is high and the base
current of the Darlington input would not cause a significant
error.

R1

Q2
2N2219

00682218

Vin
R1

Viy €0V

FIGURE 18. Precision Current Source

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

D1
1N4611
66V

00682219

FIGURE 19. Positive Voltage Reference
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Adjustable Voltage References

Adjustable voltage reference circuits are shown in Figures
19, 20, 21, 22. The two circuits shown have different areas of
applicability. The basic difference between the two is that
Figures 19, 20 illustrate a voltage source which provides a
voltage greater than the reference diode while Figures 21,
22 illustrates a voltage source which provides a voltage
lower than the reference diode. The figures show both posi-
tive and negative voltage sources.

D1
1N4611
66V

00682220

FIGURE 20. Negative Voltage Reference

High precision extended temperature applications of the cir-
cuit of Figures 19, 20 require that the range of adjustment of
Vour be restricted. When this 1s done, R1 may be chosen to
provide optimum zener current for minimum zener T.C. Since
I is not a function of V*, reference T.C. will be independent
of V*.

0
1N4611
66V

00682221

FIGURE 21. Positive Voltage Reference

Vour

00682222

FIGURE 22. Negative Voltage Reference

The circuit of Figures 21, 22 are suited for high precision
extended temperature service if V* is reasonably constant
since |, is dependent on V*. R1, R2, R3, and R4 are chosen
to provide the proper I for minimum T.C. and to minimize
errors due 1o ly,,6.

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

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

www.national.com

2-10




The Reset Stabilized Amplifier

The reset stabilized amplifier is a form of chopper-stabilized
amplifier and 1s shown in Figure 23. As shown, the amplifier
Is operated closed-loop with a gain of one.

R1
100K

Vour

*SEE TEXT

00682223

FIGURE 23. Reset Stabilized Amplifier

The connection 1s useful in eliminating errors due to offset
voltage and bias current. The output of this circurt 1s a pulse
whose amplitude is equal to V. Operation may be under-
stood by considering the two conditions corresponding to the
position of S;. When S ; is In position 2, the amplifier is
connected In the unity gain connection and the voltage at the

output will be equal to the sum of the input offset voltage and
the drop across R2 due to input bias current The voltage at
the inverting input will be equal to input offset voltage. Ca-
pacitor C1 will charge to the sum of input offset voltage and
Vv through R1. When C1 is charged, no current flows
through the source resistance and R1 so there is no error
due to input resistance S, is then changed to position 1. The
voltage stored on C1 is inserted between the output and
inverting input of the amplifier and the output of the amplifier
changes by V| to maintain the amplifier input at the input
offset voltage. The output then changes from (Vog + l,,2sR2)
to (VN + IniasR2) as S, is changed from position 2 to position
1 Amplifier bias current is supplied through R2 from the
output of the amplifier or from C2 when S, is in position 2
and position 1 respectively. R3 serves to reduce the offset at
the amplifier output if the amplifier must have maximum
linear range or if it is desired to DC couple the amplifier.

An additional advantage of this connection I1s that input
resistance approaches infinity as the capacitor C1 ap-
proaches full charge, eliminating errors due to loading of the
source resistance. The time spent in position 2 should be
long with respect to the charging tme of C1 for maximum
accuracy.

The amplifier used must be compensated for unity gain
operation and it may be necessary to overcompensate be-
cause of the phase shift across R2 due to C1 and the
amplifier input capacity. Since this connection is usually used
at very low switching speeds, slew rate I1s not normally a
practical consideration and overcompensation does not re-
duce accuracy.

00682224

FIGURE 24. Analog Multiplier

The Analog Multiplier

A simple embodiment of the analog multiplier 1s shown Iin
Figure 24. This circuit circumvents many of the problems
associated with the log-antilog circuit and provides three

quadrant analog multiplication which is relatively tempera-
ture insensitive and which is not subject to the bias current
errors which plague most multipliers.
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The Analog Multiplier (continued)

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

A1, the control amplifier, provides drive for the lamp, L1.
When an input voltage, V4, is present, L1 is driven by A1 until
the current to the summing junction from the negative supply
through PCH1 is equal to the current to the summing junction
from V, through R1. Since the negative supply voltage is
fixed, this forces the resistance of PC1 to a value propor-
tional to R1 and to the ratio of V, to V ~. L1 also illuminates
PC2 and, if the photoconductors are matched, causes PC2
to have a resistance equal to PC1.

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

PC1 and PC2 should be matched for best tracking over
temperature since the T.C. of resistance is related to resis-
tance match for cells of the same geometry. Small mis-
matches may be compensated by varying the value of R5 as
a scale factor adjustment. The photoconductive cells should
receive equal illumination from L1, a convenient method is to
mount the cells in holes in an aluminum block and to mount
the lamp midway between them. This mounting method
provides controlled spacing and also provides a thermal
bridge between the two cells to reduce differences in cell
temperature. This technique may be extended to the use of
FET’s or other devices to meet special resistance or envi-
ronment requirements.

The circuit as shown gives an inverting output whose mag-
nitude is equal to one-tenth the product of the two analog

c1
AC +
INPUT

47uF 4TuF

R6
10K

00682225

inputs. Input V , is restricted to positive values, but V, may
assume both positive and negative values. This circuit is
restricted to low frequency operation by the lamp time con-
stant.

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

The Full-Wave Rectifier and
Averaging Filter

The circuit shown In Figure 25 is the heart of an average
reading, rms calibrated AC voltmeter. As shown, it is a
rectifier and averaging filter. Deletion of C2 removes the
averaging function and provides a precision full-wave recti-
fier, and deletion of C1 provides an absolute value generator.

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

For positive inputs, A1 operates as a normal amplifier con-
nected to the A2 summing point through resistor, R5. Ampli-
fier A1 then acts as a simple unity-gain inverter with input
resistor, R3, and feedback resistor, R5. A1 gain accuracy is
not affected by D2 since it 1s inside the feedback loop.
Positive current enters the A2 summing point through resis-
tor, R1, and negative current is drawn from the A2 summing
point through resistor, R5. Since the voltages across R1 and
R5 are equal and opposite, and R5 is one-half the value of
R1, the net input current at the A2 summing point is equal to
and opposite from the current through R1 and amplifier A2
operates as a summing inverter with unity gain, again giving
a positive output.

1%
1%
N oc
OUTPUT
CAL

FIGURE 25. Full-Wave Rectifier and Averaging Filter
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The Full-Wave Rectifier and
Averaging Filter (continueq)

The circuit becomes an averaging filter when C2 is con-
nected across R2. Operation of A2 then is similar to the
Simple Low Pass Filter previously described. The time con-
stant R2C2 should be chosen to be much larger than the
maximum period of the mput voltage which 1s to be aver-
aged.

Capacitor C1 may be deleted if the circult is to be used as an
absolute value generator. When this is done, the circuit
output will be the positive absolute value of the input voltage.
The amplifiers chosen must be compensated for unity-gain
operation and R6 and R7 must be chosen to mimimize output
errors due to input offset current.

Sine Wave Oscillator

An amplitude-stabilized sine-wave oscillator is shown in Fig-
ure 26. This circuit provides high purity sine-wave output

o R2
22
K 300K

Lo}
2N3818

*See Text

c2

down to low frequencies with minimum circuit complexity. An
important advantage of this circuit is that the traditional
tungsten filament lamp amplitude regulator is eliminated
along with its time constant and linearity problems.

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

The Wien Bridge oscillator 1s widely used and takes advan-
tage of the fact that the phase of the voltage across the
parallel branch of a series and a parallel RC network con-
nected In series, 1s the same as the phase of the applied
voltage across the two networks at one particular frequency
and that the phase lags with increasing frequency and leads
with decreasing frequency. When this network—the Wien
Bridge—1s used as a positive feedback element around an
amplifier, oscillation occurs at the frequency at which the
phase shift is zero. Additional negative feedback is provided
to set loop gain to unity at the oscillation frequency, to
stabilize the frequency of oscillation, and to reduce harmonic
distortion.

0068 puf

Vout =165 Vpp
10 Hz

1N4sT

1N755
15V

00682226

FIGURE 26. Wien Bridge Sine Wave Oscillator

The circuit presented here differs from the classic usage only
in the form of the negative feedback stabilization scheme.
Circuit operation I1s as follows: negative peaks in excess of
-8.25V cause D1 and D2 to conduct, charging C4. The
charge stored in C4 provides bias to Q1, which determines
amplifier gain. C3 is a low frequency roll-off capacitor in the
feedback network and prevents offset voltage and offset
current errors from being multiplied by amplifier gain.

Distortion is determined by amplifier open-loop gain and by
the response time of the negative feedback loop filter, R5

and C4. A trade-off is necessary in determining amplitude
stabilization time constant and oscillator distortion. R4 is
chosen to adjust the negative feedback loop so that the FET
is operated at a small negative gate bias. The circuit shown
provides optimum values for a general purpose oscillator.

2-13

www.national com

02-NV



AN-20

Triangle-Wave Generator

A constant amplitude triangular-wave generator is shown in
Figure 27. This circuit provides a variable frequency triangu-
lar wave whose amplitude is independent of frequency.

INTEGRATOR

c
01 uF

THRESHOLD DETECTOR

FREQ

A

e AAA

v—VVv
R3 R4
140K 14K

p— Vour

00682227

FIGURE 27. Triangular-Wave Generator

The generator embodies an integrator as a ramp generator
and a threshold detector with hysterisis as a reset circuit.
The integrator has been described in a previous section and
requires no further explanation. The threshold detector is
similar to a Schmitt Trigger in that it is a latch circuit with a
large dead zone. This function is implemented by using
positive feedback around an operational amplifier. When the
amplifier output is in either the positive or negative saturated
state, the positive feedback network provides a voltage at
the non-inverting input which I1s determined by the attenua-
tion of the feedback loop and the saturation voltage of the
amplifier. To cause the amplifier to change states, the volt-
age at the input of the amplifier must be caused to change
polarity by an amount in excess of the amplifier input offset
voltage. When this is done the amplifier saturates in the
opposite direction and remains in that state until the voltage
at its input again reverses. The complete circuit operation
may be understood by examining the operation with the
output of the threshold detector in the positive state. The
detector positive saturation voltage is applied to the integra-
tor summing junction through the combination R3 and R4
causing a current I* to flow.

The integrator then generates a negative-going ramp with a
rate of I*/C1 volts per second until its output equals the
negative trip point of the threshold detector. The threshold
detector then changes to the negative output state and

supplies a negative current, |-, at the integrator summing
point. The integrator now generates a positive-going ramp
with a rate of I7/C1 volts per second until its output equals
the posttive trip point of the threshold detector where the
detector again changes output state and the cycle repeats.

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

The generator may be made independent of temperature
and supply voltage if the detector is clamped with matched
zener diodes as shown in Figure 28.

The integrator should be compensated for unity-gain and the
detector may be compensated if power supply impedance
causes osclillation during its transition time. The current into
the integrator should be large with respect to ¢ for maxi-
mum symmetry, and offset voltage should be small with
respect to Vot peak.

(MATCHED ZENERS)

L—’ TO INTEGRATOR INPUT

RY R2
10K ™
—AAA _/’ FROMINTEGRATOR
VW~

'\ ouTPuT
00682228

FIGURE 28. Threshold Detector with Regulated Output

Tracking Regulated Power Supply

A tracking regulated power supply is shown in Figure 29.
This supply I1s very suitable for powering an operational
amplifier system since positive and negative voltages track,
eliminating common mode signals originating in the supply
voltage. In addition, only one voltage reference and a mini-
mum number of passive components are required.
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Tracking Regulated Power Supply (Continued)

+40V UNREGULATED

N\,
4

300 pF

R1
390K

*Vour (REG)

» 39K

peefi> P.S C.

-40V UNREGULATED

Output voltage I1s vanable from 5V to +35V
Negative output tracks positive output to within the ratio of R6 to R7

“Vour (REG)

00682229

FIGURE 29, Tracking Power Supply

Power supply operation may be understood by considering
first the positive regulator. The positive regulator compares
the voltage at the wiper of R4 to the voltage reference, D2.
The difference between these two voltages is the input volt-
age for the amplifier and since R3, R4, and R5 form a
negative feedback loop, the amplifier output voltage
changes in such a way as to minimize this difference. The
voltage reference current is supplied from the amplifier out-
put to increase power supply line regulation. This allows the
regulator to operate from supplies with large ripple voltages.
Regulating the reference current in this way requires a sepa-
rate source of current for supply start-up. Resistor R1 and
diode D1 provide this start-up current. D1 decouples the
reference string from the amplifier output during start-up and
R1 supplies the start-up current from the unregulated posi-
tive supply. After start-up, the low amplifier output impedance
reduces reference current variations due to the current
through R1.

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

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

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

Programmable Bench Power
Supply

The complete power supply shown in Figure 30 1s a pro-
grammable positive and negative power supply. The regula-
tor section of the supply comprises two voitage followers
whose input is provided by the voltage drop across a refer-
ence resistor of a precision current source.

2-15
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Programmable Bench Power Supply (continued)
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FIGURE 30. Low-Power Supply for
Integrated Circuit Testing

Programming sensitivity of the positive and negative supply approximately +2V to +38V with respect to ground and the
is 1V/1000%2 of resistors R6 and R12 respectively. The out- negative regulator output voltage may be varied from -38V
put voltage of the positive regulator may be varied from to OV with respect to ground. Since LM107 amplifiers are
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Programmable Bench Power
Supply (Continued)

used, the supplies are Inherently short circuit proof. This
current imiting feature also serves to protect a test circuit if
this supply 1s used In integrated circuit testing.

Internally compensated amplifiers may be used in this appli-
cation If the expected capacitive loading is small. If large
capacitive loads are expected, an externally compensated
amplifier should be used and the amplifier should be over-
compensated for additional stability. Power supply noise
may be reduced by bypassing the amplifier inputs to ground
with capacitors in the 0.1 to 1 0 pF range

Conclusions

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

Appendix |

Definition of Terms

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

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

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

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

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

Supply Current: The current required from the power sup-
ply to operate the amplifier with no load and the output at
zero.

Output Voltage Swing: The peak output voltage swing,
referred to zero, that can be obtained without clipping.
Large-Signal Voltage Gain: The ratio of the output voltage
swing to the change in input voltage required to drive the
output from zero to this voltage.

Power Supply Rejection: The ratio of the change in input
offset voltage to change in power supply voltage producing
it

Slew Rate: The internally-imited rate of change In output
voltage with a large-amplitude step function applied to the
Input.
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Log Converters

Note: National Semiconductor recommends replacing
2N2920 and 2N3728 matched pairs with LM394 in all appli-
cation circuits.

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

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

Ry + Rp
Eout = —r, VeE2 ~ Ve
2
™
For matched transistors operating at different collector cur-
rents, the emitter base differential is given by

@
where k 1s Boltzmann’s constant, T is temperature in de-
grees Kelvin and q is the charge of an electron. Combining
these two equations and writing the expression for the output
voltage gives

National Semiconductor
Application Note 30

—kT [Fh + Rz] o [
- e

Ejn Rg ]
q Rz

E =
out Erer RIN

®
for Ejy 2 0. This shows that the output is proportional to the
logarithm of the input voltage. The coefficient of the log term
is directly proportional to absolute temperature. Without
compensation, the scale factor will also vary directly with
temperature. However, by making R, directly proportional to
temperature, constant gain is obtained. The temperature
compensation is typically 1% over a temperature range of
-25°C to 100°C for the resistor specified. For limited tem-
perature range applications, such as 0°C to 50°C, a 430Q
sensistor in series with a 570Q resistor may be substituted
for the 1k resistor, also with 1% accuracy. The divider, R,
and R,, sets the gain while the current through R sets the
zero. With the values given, the scale factor is 1V/decade
and

E
Eour = — ['nglallzl + 5]
)

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

Log generator circuits are not limited to inverting operation.
In fact, a feature of this circuit is the ease with which
non-inverting operation is obtained. Supplying the input sig-
nal to A, and the reference current to A; results in a log
output that is not inverted from the input. To achieve the
same 100 dB dynamic range In the non-inverting configura-
tion, an LM108 should be used for A,, and an LM101Afor A,.
Since the LM108 cannot use feedforward compensation, it is
frequency compensated with the standard 30 pF capacitor.
The only other change is the addition of a clamp diode
connected from the emitter of Q, to ground. This prevents
damage to the logging transistors if the input signal should
go negative.
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FIGURE 1. Log Generator with 100 dB Dynamic Range

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

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

Ein
Eout = — ['091015&1 + 4]

(5)

from less than 100 nA to 1 mA.

Anti-log or exponential generation is simply a matter of rear-
ranging the circuitry. Figure 3 shows the circuitry of the log
converter connected to generate an exponential output from
a linear input. Amplifier A, in conjunction with transistor Q,
drives the emitter of Q, in proportion to the input voltage.
The collector current of Q, varies exponentially with the
emitter-base voltage. This current 1s converted to a voltage
by amplifier A,. With the values given

Eour = 107TEN, (6)
Many non-linear functions such as X', X2, X3, 1/X, XY, and
X/Y are easily generated with the use of logs. Multiplication
becomes addition, division becomes subtraction and powers
become gain coefficients of log terms. Figure 4 shows a
circuit whose output is the cube of the input. Actually, any
power function 1s available from this circuit by changing the
values of Rg and Ry, in accordance with the expression:

167 Ry
Rs + Rio

Eout = EN
(]
Note that when log and anti-log circuits are used to perform
an operation with a linear output, no temperature compen-
sating resistors at all are needed. If the log and anti-log
transistors are at the same temperature, gain changes with
temperature cancel. It 1s a good idea to use a heat sink which
couples the two transistors to minimize thermal gradients. A
1°C temperature difference between the log and anti-log
transistors results in a 0 3% error. Also, in the log converters,
a 1°C difference between the log transistors and the com-
pensating resistor results in a 0.3% error.
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FIGURE 2. Fast Log Generator

Either of the circuits in Figure 1 or Figure 2 may be used as
dividers or reciprocal generators. Equation 3 shows the out-
puts of the log generators are actually the ratio of two
currents: the input current and the current through R;. When
used as a log generator, the current through Rz was held
constant by connecting R; to a fixed voltage. Hence, the
output was just the log of the input. If Rs is driven by an input
voltage, rather than the 15V reference, the output of the log
generator is the log ratio of the input current to the current
through Rs. The anti-log of this voltage is the quotient. Of
course, if the divisor is constant, the output is the reciprocal.

A complete one quadrant multiplier/divider is shown in Fig-
ure 5. It is basically the log generator shown in Figure 1
driving the anti-log generator shown in Figure 3. The log
generator output from A, drives the base of Qz with a voltage
proportional to the log of E,/E,. Transistor Q adds a voltage

proportional to the log of E; and drives the anti-log transistor,
Q. The collector current of Q, Is converted to an output
voltage by A, and R,, with the scale factor set by R, at E,
Ea/10E,.

Measurement of transistor current gains over a wide range
of operating currents is an application particularly suited to
log multiplier/dividers. Using the circuit in Figure 5, PNP
current gains can be measured at currents from 0.4 pA to
1 mA. The collector current is the input signal to A,, the base
current is the input signal to A,, and a fixed voltage to R; sets
the scale factor. Since A, holds the base at ground, a single
resistor from the emitter to the positive supply is all that is
needed to establish the operating current. The output is
proportional to collector current divided by base current, or
heg.
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FIGURE 3. Anti-Log Generator
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FIGURE 4. Cube Generator

In addition to their application in performing functional opera-
tions, log generators can provide a significant increase in the
dynamic range of signal processing systems. Also, unlike a
linear system, there Is no loss in accuracy or resolution when
the input signal is small compared to full scale. Over most of
the dynamic range, the accuracy is a percent-of-signal rather
than a percent-of-full-scale. For example, using log genera-
tors, a simple meter can display signals with 100 dB dynamic

R6
10K
1%

2N2920

00727503

15V

range or an oscilloscope can display a 10 mV and 10V pulse
simultaneously. Obviously, without the log generator, the low
level signals are completely lost.

To achieve wide dynamic range with high accuracy, the input
operational amplifier necessarily must have low offset volt-
age, bias current and offset current. The LM108 has a maxi-
mum bias current of 3 nA and offset current of 400 pA over
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a-55°C to 125°C temperature range. By using equal source
resistors, only the offset current of the LM108 causes an
error. The offset current of the LM108 is as low as many FET
amplifiers. Further, it has a low and constant temperature
coefficient rather than doubling every 10°C. This results in
greater accuracy over temperature than can be achieved
with FET amplifiers. The offset voltage may be zeroed, if
necessary, to improve accuracy with low input voltages.

The log converters are low level circuits and some care
should be taken during construction. The input leads should
be as short as possible and the input circuitry guarded
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