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By DONALD E. LANCAST E R  
Typical modular package and T0-5 style I C  operational amplifiers.  

These h igh /,,· rersatile ro11 lrollahle-gain 111od11 lar or i11 tPgrated-rirr11it 
f}([Ckages h are lwe11 : 1 .�ed in co111 1u1ter mu/ m ilitwT cirrttits. l\'mr 11rin• 
an d sizP rl'd11ctio11 s h are 011e11ed <·om mercial wul rons11111er 11111rkets. I !ere 
are ro111 pletl' details on 1d111t is al 'ailahfo and how t h e  rle l'iCl'S an� used. 

O

NCE ext"l 1 1sivelv t l i (, llla i 1 1 s la\' of the a 1 1 alog-co 1 1 1 -
p 1 1 t('r field,  01�era tional alll p i i fil'rs ;tre n o w  fi nding 
di,·erse 1 1ses t h ro 1 1 gho11t  t he rest of  the electronil's 

industry. An operational ; 1 1 1 1 pl i fier is basic a l l y  a h igh-gain. 
c l . c.-conpled bipolar amplifier.  1 1 s 1 1 alh· f<'a l 1 1r ing a h i gh inpnt  
impl'clance and a low outp1 1 t  i n 1pedam·e . Its i 1 i l 1crent  1 1 t il i tv  
l ies  in its ;th i l i l \· t o  ha\'(' its e;ai 1 1 and responsP pret"ist'h
t"ontrollcd by t>xternal resistors and capaci tors. 

Sillt'<' resistors and l'apacitors arl' p;1ssive el<'n 1c11ts.  th('rc 
is n·n· l i tt le prohl(• 1n  keepi1 1g the gain ;md l'ircuit responst' 
stahlt' and i n d<'pendt' 1 1 t  of te1 1 1 pera t 1 1 1T.  supph- \'ari ations.  
or t"hanges i 1 1  gai 1 1  of tlw op alllp i t self .  J ust how thest' 
resistors and t'apal'itors are arranged deter1 1 1 i 1 1es exacth· 
\\'hat the operational ampl ifier \\'i l l  do. I n  essenct'. an op 
amp pro\'ides "i 1 1stant gai n'' that 111'1\' he 1 1sec l  for pral'
t ic;tllv a 1 1 \· cirl' 1 1 it from ;1 . t' . ,  d . c  . .  and r . f .  ampl i fiers. to 
precision \\'an·form gl' 1 1erators. to l 1 igh-"()' . i 1 1duct or!Pss 
filll'rs, to rnat hemat ical prohlcl l l  soh·C "rs .  

Op amps 1 1 sl'd to hl' q1 1 i t t' cxpe1 1s i,·C ' .  l rn t  1 1 1am· of to
day's i ntegrated circn it  vnsions now r;1ng<' f rolll  S(i to 8 :20 
eal'h and less i 1 1  qua1 1 t i t ,· .  D11c to p rice breaks t ha t  h;l\·e 
occ1 1 1Ted \'l'r\' rt'l'<'n th- . t l l C' same ht· 1 1efits now a\·ai lable to 
the ;1 1 1 a log l:omp1 1 l Pr.· i 1 1dustrial,  and rn i l i tarv 1narkf'ts arl' 
now extC" 1 1ded to t"o m mercial and consu 1nl'1. ' ci rl'ui ts .  Orn· 
olJ\·i rn 1s applicat ion will be in l 1 i-fi p reamps wl 1ere a s ingle 
i 1 1 ll'gratt>d circuit can replact' the bulk o f  the low-lt'\'t'l 
t ra n sistor l'i r('1 1 i tn·  non 1 1 alh· 1 1 scd.  

Fig. l.'\ show� the op-,"u n p  S\'l l lhol .  An op <Im p  l 1as two 
h igh-impC'cl am·e inp1 1 ts .  the i 1 1 1:1Tti1 1g i 1 1p1 1 t  and thC" 1 10 1 1 -
i 1 1 rl 'rl i 1 1g input.  as  indil'alt•d hv a " - "  or a " + "  on the 
inpnt sicl C'  of t l 1e a 1 1 1pl ifier. The i 1 1 n·rt i 1 1 g  inp1 1 t  is out-of
pl 1ase with tll(' 0 1 1 t put,  wl 1 i le  the n o 1 1 - im·crt i n g  i n p 1 1 t  is in
phase with the m 1t p 1 1 t .  The ampl i fier has an ope1 1 - loop 
g;1in A, which ma�' rang<· from several thousand to several 
m i ll ion .  

On closer inspl'ct ion,  we see t h ree distin ct parts  to am· 
operational amplifin's i nternal circu i t rv. as shown in Fig. 
l B. A high-i 1 1p 1 1 t -impeclance differentia l  amplifier forms 
tlw first stage. with t h e  inY(•rt ing input goi 1 1 g  to one s ide 
and t he non-imTrting i n put t l 1e  other. Tht:> pmpose of this  
st agt:' is to a l low thP inputs  to d iffere n t ial lv d ri\'e the l'irc 1 1 i t  
; rn d  also to prm·ide a h igh iuput im peda1 1ce. 

There are Sl'n'ral possibi l i t ies for this input stagC'. If a n  
ordinan· I 1 1 ;1tclwcl pair of tran sistors ( or the i 1 1 tegr:t t l'd
circ1 1 i t  eq1 1 i valcn t )  is 1 1 sed, a11 i 1 1put i 1 1 1 peda 1 1 l'<· from I 0,000 
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to 1 00.000 ohms wil l  resu lt.  comb ined with low drift .  lo\\' 
cost. a n d  ,,·ide hanclwidth.  By using fou r  trans istors in a 
diff<" rential  Darl ington configuration, t he input  im pedance 
1 11 a v  lw nearlv one megoh m .  Drift and circuit cost arl' 
traded for th is  hC"ncfit .  

Field-effect t ran sistors a re so1 11etimes used.  yielding i 1 1 -
put impedances of 1 00 megohms, b u t  often with l i m ited 
band\\'idths. FET in tegrated-l'ircuit operational  ;1 1npl ifiers 
are not \'et a \·ai la h le, l imit ing this techniq1 1e to t he moclu
l ar-stde pat"kagl' at present .  One or two no,·c! tedrni qut's 
al low C'Xtreme inp1 1 t  impeda nces. h u t  prcsl'ntl� '  at \'er\' 
h igh cost .  One approach is to nse � !OS transistors with 
their I 0'"-01 1 1 1 1  input impPdancl'; a Sl'cond is to use a \ 'a
raC'tor d iodl' parametric amplifier ;trra n gement rn1 the inpl l t .  

T h e  input d i fferential ampl i fier is followed b y  ordi nan· 
\'C > l tagt•-gain stages, designed to bring the total ,·oltage gain 
1 1p to a ver�· li igh value. Term i 1 1als  are 1 1s 1 1a l ly  brought 
ollt of the voltage-gain stage to a l low the fr('quent'V and 
pl 1ase respo1 1se of the op a11 1p to he tai lored for special ap
pl icatio1 1 s .  This  is 1 1s 1 1al ly done b,· adding l'Xternal resis
tors and capacitors to thesl' terminals .  

S i n ce a11 oper;1 t ional  amplifier is bipolar, the outpl l t  can 
s\\' ing C'i ther posi t ive or negative with respect to ground.  A 
dual  power-supply system, 01 1 e  neg;1tiYe and 011e positive, 
is req 1 1 i red. 

The final  op-amp st ;1ge is a low- i l llpedance power-output 
stage. which may take the form of a single emitter-follow
er. a p1 1sh-p1 1 ! 1  emitter-followl'r, o r  a dass-B power stage, 
This fi nal l'irenit sern•s to m ake the output lo;tding and 
the over-al l  gain ;md frequency response i ndependent .  It 
a lso prm·ides a 1 1sdul len•I of output power. 

fig. 1 .  !Al  Op-amp symbol. !Bl Block diagram o f  typical  op amp.  
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G A i�: 2600 INPUT IMPEDANCE : 2.511 fl. O U T PU T  IMPEDANC E :  200fl. 
- 3d8 F R E Q U E N C Y :  800 �Hl 

Fig. 2 .  Characteristics of the Fairchild 11A702C. Price: $9.00. 
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OUTPUT 

2.211..n I 51d1 

GNO -6V 

GAIN: 5000 INPUT I M P E D A N C E :  !5ktl. OUTPUT IMPEDANCE: 25h 

so 

-3d9 F' R E O U E NC Y : I 2 M H z  

Fig. J .  Characteristics of Motorola's MC 1 430. Price: $ 1 2 .00. 

Fig. 4 .  The RCA CAJOJO operational amplifler. Unlabeled 
terminals are used for frequency-compensation. Price: $ 7.50. 
Note that the prices given here and above are for single
unit quantities and these prices are subject to  change. 
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- 3 d 8  F REOUENCY . 3COkHZ  

+6V 

·, " .� ' . .. - . �\ ' . ! 

.
. .

· \ ,�r� i�n MA.Tl( BEftlr•Uf : JHt : OP.�� AMP' 
1 • - , .� h · • , · · �;-/ !' 1 1� , ' - 1� , I 

T�&· :;iqi� -1;1f · a'1.,ol'!cra io�ati-am prftigr drc,uil \ 11. ar way•, '�ho•.in ,to 
bf,. �11� h : 't��� .til(I� · th� open-IQbp ·_ilain c;1i ',1il� _.:>rn pff!iEr i11j,;-ff.'. Thii 
o;iile>W� ; th.?' cr...!: U it ,r espon0t:

' ti;> be �,;.,� hetf. 
,
del�r"� l°�.�� by' IM.,��+.m1;1l 

foe<! b-tic,�· 'wid input ne!Wo;irt imp·� <;fa11·��'-· . fse'.d't>i:i'c;k . is al:mli-�t o l
woy� ��pii�rd Ip• the 1i�veft.ing [ - )  I np� t .. Th h ci s, .6�ga tliv!i. f,e�d h<i(k 
fi;>r o � y  � �an�o '" Q�·tp�t tt i'-;5 t<o p<oei.4�� . 'qn Q�pi�i.ng �i;,diu;i11; i� 
the •�P- � '· 

. 
· ' · 

, Tho;- 'f�·.,tll>�cl ancl .<i>put �elw.:,rk im·��dd llcO:$ 1a�· n Ol'tnafly d,�.,.., 
siicli t � 1'1t "t�cy �n1' m � � ll  h:irsu t�'q·� j�c 0-� •imp'$. �utPvl imp�d�n�, 

, m� dr · �. moll�r I he 11 t he (),p ,o mp'• in.pU't I mpedQn2.+·, . 1'.it:rd ouf ih l.h.t1t thi; 
· �.:.;n lh "Y T"9 u;ri:- fQr p.ro;ipe< opr!or�·tion · 1$; �m��h l�a th

0
an the· C>p 

amp'� gain. 
!f l h e- !1 !  fJJ !'111'11 p�ion�. 0 r'o!! 11\E!'I. f,i\;, rotfo ·.of i ,Oplll t9 O�tp�I °"lliiClg� 

(lii e. :gqi
,
n <1f' fhe c ir·c�lll wit l b� 51i��� ·br 

' ' 
c· 't . G : Ei)!I � Fii...cEbr:1i;;� . N.t.wq.Jl< � mp•dal'K• H�!;,1 1 Clll n  = --- = - � ......... -...- � .. --.'ii � 

• E , ,, i np�I .N¢-rk frinp•<icm<>111 
F1;1< i �· t.i� �e,, . the op·<r11i p d.c"u il qf F I�. 511. nt1s o� iitplll rm ped

{1 t'.'<} Of, l 000 -t:ili� � Qq6 g ����b��� ' iin F;>e d•;m �o:-. ,Qf 1 0,000 o'1 m l., .I H 
g o l R  wj:I- be - I m /  Ut: = - 1 �. ·hty . of tb� op amp� of fi��.' l,. <!, 
or 4 """¥ b� ·�o.,d for !h i �  d n;uil', · " · 

Som <:i c l·��il a�o;i1y,;;. .. iO ;�o;i.,.. llu:i t fhd ; ,,.��.d il�!1 � �p.,1 r.• olwliiy:!. 
�(!,('.)' n em g ro und p'Dhl1nli{d, ond tll��.' polllt i� · t�a R rnlf'Qd 'g virtui;d 
9 .'Q<und �., .�·cfor o.> I�� i l'!pul � lgn<>I. c.�d o�'tput' li!!edbac,li Cl,re , COil· 
c �med. T tiu � flte �n p ·�I i !"1 p�dCIJlC,� ho I�� '�i .t. ; u. it w ill �.xcoclly equal, 
i he i"r\ p ul n.etWD<'l i rrr p.,d0;�ce. 

Vfltoii '<:li;!Q�. itqr� r;rrc ujcr;I in th� n·elwork.�. ·tnt- pi'r.t!:!� !it'I �tFo!l· 
sh i �n· bE!'t,..eitn �urrellt and vollcr g �  '111.U d b� ti;i k ·c� i'rd·<I !:l(ti(Jvnt. 
T.hc•� cl i ff�r�.i·�� in ph,c!" oltD'w :!.� ch · opernlion � a� ·cli f,fere11l�alio�, 
i ��9 r <:itLon,  C1nd O'rli�Q � �l"""rk +yntlr�• i•. 

But is1 1 't  an op amp a d .c. amplifier and don't d.c.  am
plifiers drift and have to be c:hopper-stahilized or otherwise 
c·ompensat('d? This certainly used to be true of all cl.c. 
amplifiers, hut today s1 1ch techniques are reserved for ex
tremely c:ritical l'irc:uits. The reasons for this lie in the input 
differential stage. It is now very easy to get an integrated
t'ircuit clifl'l•rcntial amplifier stage to track within a milli
nilt or so O\'l'f a wi<le temperat11re range. This is due to 
the identical gecm 1etry, con 1position, and temperature of 
the input transistors. 

:\ latched pairs of ordinary transistors can track within a 
fow millivolts with careful selection. FET's offer still better 
drift performance, as one bias point may be selected 
that is drift-free with respect to temperature over a very 
wide range. Thus, chopper-stabilized systems are rarely 
considered today for most op-amp applications. 

There are three basic op-amp packages available today. 
The first type consists of specialized units used only for 
precision analog computation and critic:al instrumentation 
circuits. These are priced into the hundreds and even thou
san ds of dollars for each category, and are not considered 
here. The second type is the modular package, and usually 
consists of a black plug-in epoxy shell an inch or two on a 
side. Special sockets are available to accommodate the many 
pins that protrude out the case bottom. The third package 
style uses the integrated circuit. Here the entire op amp is 
housed in a flat pack, in-line epoxy, or T0-5 style package. 
( See lead photograph. ) 

Generally speaking, the modular units are being replaced 
in some cases by the integrateds, but at present, each pack
age style offers some clear-cut advantages. Table l com
pares the two packages. The IC versions offer low cost, 
small size, and very low drift, while the modular versions 
offer higher input impedances, higher gain, and higher 
output power capability. 

Three low-cost readily available IC op amps appear in 
Figs. 2, 3, and -!. Here, their schematics and major perform
ance characteristics are compared. Devices similar to these 
at even lower cost may soon be available. 

A directory of op amp makers is given in Tables 2 and 3. 

Industrial Op-Amp Applications 
\\'e can split the op-amp applicaticrns into roughly three 
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categories :  the i 1 1 d ustrial  circuits,  the compu ter circuits ,  
and the active network s,·nthesis circuits. The industrial 
circui ts are "ordi 1 1 ar�1" m ies, which wil l  c;irry O\'er i 1 1to the 
consumer and commer-cial fields with little ck1 1 1 gP.  

The boxed copy ( faci n g  p age ) sums up the mathematics. 
An operational amplifier is often 1 1sed i1 1  l'o 1 1 _jum·tior 1 \Yith 
�wo passi\'e networks, an input  net\\'ork, and a feed/Jack 
�1etwork, both of which are nonnalk l·o 1 1nected to the in
\'nting i 1 1put.  The gain of the o,·cr-all ci rcuit  at any frl'
quem·�· is givl'n bv tl 1e  equatiou shm,· 1 1 .  It is  s irnpk tl 1c  
ratio of the feedback impedauce to the input impeclanC'e at 
th;1t frcquenc\'. For the C'ir('1 1 i ts  sho\\'n . a lo\\· i 1 n peda1 1cl' 
path to ground must exist for ;Ill i 1 1put  sources to allow a 
rt'1 1 1 rn  path for base c 1 1 1-rc1 1 t  i 1 1  the t wo i 1 1 p 1 1 t tra1 1s istors.  

Fig . . ')A shows an im·erting ga in-of- J OO amplifier 11sd11l 
from d.c. to sc\'eral l 1 1 1 1 1 drcd k l l ;r  .. The basic equation tells 
u s the gain will be - 1 0.000 1 0 0  = - 1 00 .  The 1 0 0-01 1 1 1 1  
rt>sistor on the "+" i 1 1 p 1 1 t  proYi dt>s base l'tl lTt'nt  for the "+'·  
transistor and does not directh- t>1 1 ter into the gain equatior 1 .  
I t  n rn v  h e  a d just(•d to obtain a desired dri ft o r  offset 
charal:teristic. . 

The higher the gai 1 1  of the op a 1np,  the closer the circuit  
performance will be to t l 1e  calc u la ted perfor11 1a 1 1ce .  1 1 1  t l rc  
gai1 1 -of- I 00 amplifil'r. i f  the op a l l lp gain is  1000, the gain 
L'rror will  be roughly 1 <;·; . Tht> exact \·alue of tl re gain also 
dt'pe1 1 ds 1 1po11  the prl•cision to which ti re i 1 1p 1 1 t  and feedback 
components are selected. 

Choos i 1 1g d i fferent ratios of i 1 1 pnt  and feedback irnped
�t1 1 l'L'S gi\'eS us different gains.  Fig . .  ') I \  shows a gai n-of- 1 0  
:1 1 1 1plifier \\'ith a d . l' . to 2 .\ l l l z  frt•q 1 1c 1 ll'�' response and a 
1 000-ohm input impedance. 

\\'c 1 1 1 ight  ask at this poi nt \\'hat we gain by using an 
op amp i 1 1  this circuit instead of a11 ordin ary s ingle t ransis
tor circuit.  There arc several important answers. The first 
is that t hP- input and output are hotlt rderc1 1ccd to ground.  
Put i 1 1  zero , ·olts  a1 1d you get out zero ,·olts. Put in - -100 
, 1 1 i llh·olts a n d  you get out + -! rnlts. Put i 1 1  -!00 rnil l irnlts 
a 1 1d you get out - 4  \'( >Its .  Secondly, the output impecl a 1 1 Cl' 
is ,·ery low and the gain will  not change if you d 1a1 1gl' the 
load the op a111p is driving, as long as t he loading is l ight 
com pared to the op anrp's o utput i 1 1 1peda1 1 ce. Finally,  the 
gai 1 1  is precisely 10,  t o  the aceurac�· you can select the input 
and feedback resistors, indcpcn dcnt of tempera! ure aml 
powl•r-suppl�· variations. I t  is this precision and ease of crn 1 -
trol t h a t  m akes t h e  operational amplifier eonfigurat ion far 
superior to simpler circuitry. 

If  the output is com rectecl to t i re " - .. i 1 1pnt  and an input 
direct ly drives the "+" input, the unity-gain \'(>ltagc fol
lower of Fig. 5C results. This eo 1 1 figma t irn 1  is useful  for fo l

lowi ng p recision voltage references or other volt;1ge sources 
that may not be heavily loaded. The circuit is superior to 
an ordinan· emitter-follower in that the offset is 01 1 1'- a 
millh·olt OI: so instead of the ter n peratu re-dependent O . o
volt drop normally encountered, and the gain is t ru l y  unit�· 
anti not dependent uprn1 the 11lp/i11 of the transistor used. 

Ai\'Al.OC DEVICES INC. 
22 1 fi fch Annue 
Camhridge. ;.tass. 02 1 4 2  

Bl "RR l:IRO\X'N RESEARCH 
l n cernational Airport 
l n duscriat Pk . .  Box 1 1 400 
Tucson. Ariz. 8 5 706 

K & M ELECTRONICS CORP. 
102 Hoharc Screec 
Hackensack. N.J. 

K E ITHLY INSTRUMENTS 
1 24 1 5  Euclid Avenue 
Clen:land, Ohio 44 106 

NEXUS RESEARCH 
COM PUTER DYNAM ICS LABORATORY, INC. 
I "9 \\'acer Streec 480 Neponsec Screec 
Torringcon. Conn. 06790 Cancon, Mass. 0202 1 

DA TA DEVICE CORP. PHI LBRICK RESEARCHES 
2 40 Old Co uncry Road 17 A l l i ed Drive ac  Ree. 1 2 8  
HicksYi l lt-. N . Y .  1 1 8 1 0  Dedham. Mass. 02026 

H A M I LTON STANf)ARD l iNION CARBIDE 
DI\'. ELECTRONICS 

( :n i ced Ai rcrafc Company 365 M iddlefield Road 
Broad Brook, Conn. 060 1 6  Mouncain  V i ew, Cal. 9•i0-H 

ZEI.TEX INC., 1 500 Chalomar Rd., Concord. Ca l i fornia 

Table 2 .  L ist ing of modul ar-type operat io nal-amp manuf acturers. 

A M  ELCO SEMI CONDUCTOH 
Box 10.rn 
Mouncain View, Cal. 94042 

FAIRCH ILD 
.� 1 3  Fairchild Drive 
Mouncain V i ew, Cal. 9-1040 

GENERAL ELECTRIC CO. 
Semiconduccor Produces Depc. 
Elcccronics Park 
Syracuse, N.\'. 1 320 1 

GENERAL INSTRUMENTS 
{,()() \X'. Johns Screec 
Hicksville, N.Y. 

M OTOROLA S E M I .  
CONDUCTOR PRODUCTS 

Box 9 5 5  
Phoenix, Ariz. 8 500 1 

NA TI ON A L  SEMI-
CONDUCTOR 

Box -i45 
Danbury, Conn. 068 1 3  

PHILBRICK HESEAHCHES 
17 A l l i ed Drive ac  Ree. 128 
Dedham, Mass. 02026 

RCA ELECTRONIC COMPO-
NF.NTS & DEVICES 

4 1 5  Souch 5 ch Sc .  
Harrison, N.J. 07029 

RADI ATION INC. 
IJox 2 2 0  
Melbourne. Fla. 32902 

SIGNETICS CORP. 
8 1 1  Ease A rques A \'e. 
Sunnyvale, Cal. 9-1086 

TEXAS INSTRUMENTS 
P.O. Box 5 0 1 2  
Dallas, Tex. 7 5080 

WESTINGHOUSE M O LECU. 
LAR ELECTRONICS 

Box 7 7 r  
E l k  ridge, M d. 2 1 22 7  

Table 3. L i sting of integrated-circuit op-amp manufacturers. 

B�· n 1a k i r 1g t hl' gai 11 of t he op a1 1 1p  freq uenc\·-dept>rHlen t ,  
\·arious fi lter configurations are real ized. For i 1 1 sta1 1ce. Fig.  
5 D  shows a hand-stop a 1 1 1 plificr. For ,·ery low and ,·er�· 
high frequencies. the series RLC circuit  i 1 1  tlll' feedback net
work will  he a \'cry l r igh i rnpl' tbnce and the gain will ht• 
- 1 0.000/ 1 000 = - 1 0 .  At resonance, the series RLC i 111 -
ped a 1 1 l't' \\·ill h e  I ()() olr 1 1 1 s anti the gain w i l l  l i e  - 1 00 1000 
= - 0. l .  The gain drops I "· a fodor of 1 00 : 1 or -!O deci
bels at t l re resor 1a 1 1 t  fretll1e 1 1 cy.  The selection of the LC 
ratio will determine ba1 1 th,·id t l 1 ,  \\'hi le t l re LC p roduct \\'ill 
dt'lermine thl' resonant frequency. 

Fig. 5E does the opposite, produ ci n g  a response peak at  
reso 1 1a 1 1ce 1 00 times l righer than the response at \'ery high 
or \'C l"\' low frequencies, owing to ti re \•er�· high impedance 
at reso1 1a 1 1 ce of a parallel LC circnit .  .\lore comp lex fi lter 
stru ctures ma� lw used to obta i 1 1  a 1 1 �· reaso1 1 able filter func-

Table 1 .  Comparison between inlegraled operalional amplifiers and modular-type operalional amplifiers. 

COST 

SIZE 

GAIN 

INPUT IMPEDANCE 

INPUT OFFSET & DRIFT 

AVAILABLE OUTPUT 
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INTEGRATED OP AMP 

l+l Con be quite low. Quali ty unils  cost $6 lo $50 each. 

l+J Very small.  Usually a T0-5 can, in-l ine epoxy, or flat pack. 

(-) Low. Typical units have gains from 1 000 to 30,000 

MODULAR OP AMP 

(-) Inherently mare expensive. Ranges from 
$ 1 4  economy units la $ 1 000 each. 

(-) Black epoxy modules usually measure a 
few cubic inches. May be bulky if used 
in q uontily. 

l+l Goin may go extremely h i g h  in pre m ium 
units. 

(-) Low. 7000 lo 1 00,000 ohms is typical with newer premium units l+l High. Prem ium units using FET's or para-

<+> 

(-) 

opproaching one megohm. metric varactor systems offer input imped· 

Very low. l nlegrated circuilry yields matched input transistors 
with excellent temperature performance. Drift of a few micro
volts per degree C is lypical. 
L imiled to 250 milliwatts inlernol dissipation. 1 0  volts peak-to
peok output lypital; 26 volts p-p in one premium unil. 

www.americanradiohistorv.com 

onces of hundreds of megohms. 
(-) Much h igher unless specially selected 

components or external slabilizalion is 
used. 

l+l Package is not dissipation l i m i ted. Sub
slanliol output power levels and voltage 
swings readily obtainable in special units. 
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tion or response curve. Audio equalization curves are readily 
realized using similar techniques. 

Turning to some different applications, Fig . .SF shows a 
precision ramp generator. Operation is based upon the cur
rent somce formed by the reference voltage and 1000-ohm 
resistor on the input. In any op-amp circuit, the current 
that is fed back to the input must equal the input curren t,  
for otherwise the " - " input will  have a voltage on it ,  which 
would immediately be amplified, making the input and 
feedback currents equal. 

A constant current to a capacitor linearly charges that 
capacitor, producing a linear voltage ramp. The slope of the 
ramp will be determined by the current and the capaci
tance, while the linearity will be determined by the gain of 
the op amp. A sweep of 0. 1 -percent linearity is easily 
achieved. The output ramp is reset to zero by the swit t·h 
and the 10-ohm current-limiting resistor. For synehroniza
tion, S may be replaced by a gating transistor. A negative 
input current produces a pos itive voltage ramp at the out
put. Note that the sweep linearity and amplitude is inde
pendent of the output loading as long as the load imped
anee is h igher than the output impedance of the op amp. 
Hamps like this are often used in CRT sweep waveform gen 
eration. analog-to-digital converters, and similar circuitry. 

Silicon diodes normallv have a 0.6-volt offset that m akes 
them unattractive for de

.
tecting very low signal leYels. If a 

diode is included in the feedback path of an operational 
amplifier, this offset may be reduced by the gain of the 
circ·uit ,  allowing low-level detection. Fig . .SC is typical. 
Here the gain to negative input signals is equal to un ity, 
while the gain to positive input signals is equal to 100. The 
diode threshold will be reduced to 0.6 volt/100 = 6 milli
volts. 

Another diode op-amp circuit is that of Fig . .SH. Here 
the logarithmic voltage-eu1Tent relation present in a diode 
makes the feedback impedance decrease with increasing 
input signals, reducing the circuit gain as the input current 
increases. The net result is an output voltage that is pro
portional to the logarithm of the input, and the circuit is a 
logarithmic amplifier. This configuration only works on 

52 

-

-

lk/l. 

-= 

IOkfi IOkfl 

l k fl  

-

(Ol  ( El 

EouT = LOG 10 E1N 

-= ..,... 
(H )  ( l l  

Fig. 5 .  Industrial op-amp circuits. (Al  Gain
or- I 00 inverting ampliller. IBJ Gain-or- I 0 
inverting ampl ifler. (CJ Unity-gain high in
put Z ampl iller. IO I  Band-stop ampl ifier. IEI  
Band-pass ampliller.  IFI  Precision ramp or 
linear saw-tooth generator. IGJ Detector with 
low offset. IHI logarithmic amplifier. I l l  
Voltage comparator. ( J )  Sine-wave oscil lator. 

negative-going inputs and is useful in compressing signals, 
measuring clec·ibels, and in electronic multiplier circuits 
where the logarithms of two input signals are added to
gether to perform multiplication . 

An operational amplifier is rarely run "wide open", hut 
Fig. 51 is one exc·eption. Here the op amp serves as a volt
age comparator. If the voltage on the "-" input exl'eecls 
the " + "  input voltage, the op amp output will swing as 
negative as the supply will let it, and vice versa. A differ
ence of only a few millivolts between inputs will sh ift the 
output from one supply limit to the other. Feedback may 
be added to increase speed and produce a snap action. One 
input is often returnee! to a reference voltage, producing an 
alarm or a limit detector. 

Op amps may also be used in groups. One example is the 
low-distortion sine-wave oscillator of Fig. SJ, in which three 
op amps generate a precision sine wave. Both sine and 
cosine outputs, differing in phase by 90° are produced. An 
external an1plitude stabilization cirl'uit is required, b u t  not 
shown. Output frequencv is determined solely by resistor 
and capacitor values and their stability. 

Computer Circuits 
The analog computer industry was the birthplace and 

once the only home of the operational ampli fier. In fact the 
name l'<>mes from the use of op amps to perform mathe
matical operations. :\!any of these circuits are of industry
wide interest and use. 

Perhaps the simplest op-amp circuit is the inverter. This 
is an op amp with identical input and feedback resistors. 
\ \ 'hatevcr signal gets fed in, minus that signal appears at 
the output, thus performing the sign-changing operation. 

Aclclition is performed by the circuit of Fig. 6A. Here 
the currents from inputs E l , E2, and E3 are summed and 
the negative of their sum appears at the output. S ince the 
negati�e input is always very near ground because of feed
back, there is no interaction among the three sources . 
Rt•sistor R is adjusted to obtain the desired drift perform
;mce. 

By shifti11g the resistor values around, the basic summing 
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cin,;uil ma�· ; a lso perform .w;a/i11g and rcdghl i11g oper;1 tio1 1s .  
For i 1 1sta1 1t'e, a 30,000-ol1 1 1 1  feedhaek resistor would pro
duce an outp11t  eq11 ;d to min1 1s  three times the sum of the 
inputs; a smaller feedlwck resistor wo1 1 ld have the opposite 
effect. By ('hangi1 1g only one input  resistor without cha1 1ging 
the other, one input m a�· be weighted more heavily tlwn 
the other. Thus, ll\· a su itable d10ke of resistors, the basil' 
summing circuit c�uld perform such operations as E .. l"I =  

- 0 . .  5 ( E l + 3£2 + O.fiE3 l .  
Subtract ion is  performed b,· inverting one input signal 

and then ;1dding.  
Two Yer,· import;rnt  mathematical operations are i1 1 t c

grati<111 and ditfcrC'1 1 l ia t io1 1 .  l n tegra tio11 is simpJ,· fi1 1ding 
tht• a rea under a curYe, while d i fferen tiation involves find
ing the slope of a curve at  a given point . The op-amp in
tegration ci rcui t  is  show11 in Fig. 6B, while the differentia
tion circuit  i s  shown in Fig. GC. The i 1 1 tegrator also 
serves as a low-pass fil ter, while the d ifferentiator also 
sp1ves as a h igh-pass filter, both with 6 dll/octave slopes. 

The differen tiator cirt'uil 's gain increases indefinitely with 
frequenc�', which obvioush- brings about high-frequem·y 
noise proble1ns .  The circuit cannot he usecl as shown . Fig. 
GD shows a practical form of d i fferentiator in  which a gain
l imiting resistor ;111d sm11e h igh-frequency co1 1 1pensation 
have heen added to limit t he high-frequency noise, vet still 
prodde a good approximation lo the derivative of the lowPr 
freque11c�· inputs.  

These two circuits are ,·erv irnporl a1 1 l  i 1 1  soh-i1 1g ad
\'anced problems, particu la rlv  niathemat ics i1woh- ing dif
fer< ' 1 1 l ial eq11alio11s. Since most of the laws of physics. 
electronics, thennodv11am ics, ;1erod vnamics,  and chem ical  
react ions can he exp1:essed i 1 1  di ffere;1 ti; t l-eq11ation form, the 
use of operation amplifiers for equ;1tion sol 1 1 t ion can be a 
,·erv ,·,tl 1 1 ahle a 1 1d  powerful analysis tool. 

Art i ,-e Network S y n thcsi� 
Perhaps the newest area in  whieh opera t ional amplifiers 

are beginning to find wide use i s  in a cti\·e network s�·n
thesis.  There is increasing pressure i 1 1  ind1 1stry to minimize 
the 1 1se of in d11ct ors. I n dnd ors are big, heav�', expensivt'. 
and never obtained without some external field,  signific;1 1 1 t  
resistance, and distributed capacitance. \Vorst of al l ,  no one 
has yet found an�· practical way to stuff them into an 
integrated-cirt'uit  package. If we t'an find some drt'uit that 
ohevs all the electrical laws of inductance without the 
nec�ssit�· of a big coil of wire and a core, we ha,·e accom
pl ished m 1 r  pmpose. Operational amplifiers are extensi,·ely 
used for this purpose. 

One basic scheme is  shown in Fig. 7 A.  If two networks 
are connected arou11<l an op amp as show1 1 ,  the gain will 
equal the ratio of the tra nsfer impedances of the two net
works. Since we ;ire u sing three-terminal networks, ancl since 
the op amp is capahle of adding energv to the circuit ,  we 
c;111 do many things with this circuit that are impossible 
with two-term i11al passive resistors and capaci tors. 
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Fig . 7. Operational ampl iflers in active network synthesis. 
(Al One form of active fllter. \Bl  A twin-T network is iden
tical to an LC parallel resonant circuit except for the "Q". 
(Cl C ircuit to realire "Q" of 14 without using an i nductor. 

Fig. 7B shows an interesting thrce-tenni nal network 
cal led ;1 lwin-T cirt'uit .  I t  exhibits reso1 1ance in the same 
m anner as an ordinnn· LC circuit does. I t  has one l imita
t ion-its maximum " ()" is onl� ·  %. If  WP combine an op 
•1 1 1 1p with a para l lel  twin-T network, we can 111 11/lip/y tht• 
"()' '  electronicallv to an\· reasonable le\'cl .  A gain of 40 
would bring the "()'' up to l 0. \\'e then ha,·e ;1 resonant 
"RLC" circui t  of controllable t'enter frcquc11t·�· ancl h;rnd

width with no large, hulk�' inductors required e\·en for 
low-frequency operation. 

One f:'Xamplc is  shown in Fig. 7(: where an opPra t ional 
amplifier is used to realize a reso nant effect a11cl a "()'' of 
1-1 at a frequency of 1 -100 Hz. As the desired "()'' increases, 
the tolerances on the components and the gai11 become 
more and 1 1 1orc Sl'\'ere . From a practical stan dpoint,  ,·alues 
of " ()'' greater than :2.5 are ver�· di ffieult to realize at the 
present time. Note that the entire circuit s l iown ean he 
placed in a space m uch smaller than that occupied by the 
s ingle inductor i t  repbccs. A 
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Fig . 6. Computer opera
tional-amplifler circuits. 
(Al Addition. (8 )  Integra
tion. IC)  Differentiation. 
(Dl Practical operation
al-amplifier differentiator. 
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