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Abszmct—:\ stindy is inade of the integrated circuit operational
amplifier (IC op amp) to explain details of its behavior in a simplified
zod understandable manner. Included are anakyses of thérmal
feedback effetts on gain, basic relationships for bandwidth and
slew rate, and a discussion of pole-splitting frequenty compensation,
Sources of second-order bandHmiting in the amplifier are also
identified and some approaches to speed and. bandwidth ifnprove-
ment are developed. Brief sections are inctuded on new JEET-
bipalar circnitry and die area reduction téchnijues usmg franscon-
ductance reduetion. .

I Inrrove;orION

HE integrated eirevit operational amplifier (IC
T op amp} 15 the most widely used of all Hnear

¢ireuitz in production today. Over one hundred
miltion of the deviges will be =sold in 1874 alone, and
production coste are {alling low enough so that op amps
find applications in virwally every analog area, Tespite
this wide usage, however, many of the basie performance
characterigtics of the op amyp are poorly understood.

Té is the intent of this study to develep an under-
standing for op auip behavior in as direct and intuitive
& manner ag possible, This is done by using a variety
of simaplified ecireuit models whick eun be analyzed in
zome cases by inspection, or in others by writing just a
few eruations, These simplified maodels sre generally
developed from the single representative op amp con-
figuration shewn 1 Figs. 1 and 2.

The rationale for starting with the particulsr circuit
of Fig, 1 i5 based on the following: this eireuit containe,
in simplified Icm‘}, all of the impoeriant elements of the
most commonly used integrated op amps. Tt consists
essenrially of two voltage gain stages, an input differ-
entlal amp and o common cmiter gecond siage, fallowed
by a clazs-AB output emitter foliower which provides
low irpedance drive to the lead. The two intorstages are
frequency compensated by a single small V'pole-splitting™
capacitor (see helow) which is usually included cn the
op amp chip. In most respects this cireuit is directly
equivalent to the gemersl . purpose LMIGL {1], A

the results of our study relate directly’to these deviees.

Even for more cxotic desipns, such ags wide-band amps

using feedforward {4}, {5]. or the new FET input cir-
cuits [8], the basie analysis upproaches still apply, and
performance details can be accurately predicted. It has
also bern found that u good understanding of the limita-
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Fig. 1. Basic two-stuge IC op amp vend for study, Minimal
modifications used in actusl IC are skown m Fig. 2.
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{a) Modificd currenl mirror used to reduce de offset
vaused by bess currentas in 93 end @4 in Fig. 1. (b} Darlington
w-Tp output stage noeded to minnnize gain fall-off when sink-
ing large ouiput correnls. This is necded to offset the rapid g
drop which oeéums in IC p-nen's.

tions of the eiremit in ¥Fig. 1 provides a reasonable

-starting point from which higher performance amplifiers

ean be developed.

The study begins in Scction IT, with an analysis of
de and low frequency gain. It iz shown that the gain is
typically limited by,thermal feedback rather than elec-
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(a} Approximate = model for CF tramsistor at de. Feedback clement. Tu 5% ﬂ{ru ) 1g,n0red since this

greatly snoplifien hand caleculations. The crror caused is usuwally less than 10 percent because 8, the intrinsie
f under the emitter, I8 quite large. Base resistance 7o 18 also ignored for simplicity. (b) Cirewit illustratinge
caleulution of clestfonic gain for op amp of Tig. 1. Consideration is. given oily to the fully loaded condition
(R; = 2 ki?) where g is falling (to about 50) due to high current denmty Under t.]:us condﬂmu, the output

m.sl.an-:e of 95 and §9 aré nondominant.

trieal characteristics, A highly siroplified thermal anal-
yeis-is made, resulting in a gain equation containing only
the maximum output eurrent of the Op arap and a
thermal feedhack constant.

The next three seetions apply first-order models to
the ealevlation of smeail-signal high irequency and large-
signal slewing charaeteristics. Results obtained include

an acourate equation- for gaini-bandwidth product, a

general expression for slew- rate, some impertant rela-
tienships between slew rate and bandwidth, and a solu-
tion for voltage follower behavior in a slewing mode.
Due to the simplicity of the resulis in-these scetions,
they are very useful to dP51gncrs in the: development— of
new agmplifier circuits,

Section VI applics more sceurate models Lo the exley--

lation of -important second order effects. An. cfiort is

made in this séetion to isolate all of -the major. con-

tributors to bar}dlmu!;mg in the miodern arog.

.In the final section, same techniques for reduetion of
op ampxdie sizc are ea-nmdered Transconductanee reduc-
tion and layout technignes are discussed which lead to
fabrication of an extremely compact op amp cell Am
example yiclding 0H). possible op amps per 3-in wafer
is gIVER,

11. Gamw 4t DO aND Low Freguewcies

A The Eiectmni'c o

" The elestronie valtage gain will first be enlenlated at

dec using the cireuit of Fig. 1."This exlenlation beeomes

straightforward 1f we employ the simplified traisistor

model shown 1 Fig. 3(a). The rowu]tmg gain from
Fig 3(h) is
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where
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It has been n_ssume_d that
By 4:'-‘00//“0&: Fal = !'?M.: JB:- =

The numerical 'subsc_ript.s.rela.t.e ‘parameters to transistor

@ nunbers (ie., 'r'@ 157, of __Q,r,, Be is o of €, ete ). Tt has - .

also heen sssumed’ that the: euitfent mirror transistors

Qs and @, have o's of uiity, a.nd}'.t_ine"usui}lly small load--

ing of Ky has heen ignored. Despite the several assump-
tions made jn obtaining this gimplkd form for (1), itg ac-
* euracy is quite adequate for our needs.

An examination of (1) ¢onfirms the way in which
the amplifier operates: the input pair-and current mirror
convert the input voltage to a eurrent g.avw which
drives the base of thé seeond stage. Transistors Qs Qe
and ¢); simply multiply this current by 88 and supply it
to the load Ry. The finite oculput resistance of the first
stage causes some loss when compared with second
stage input resistanee, as indicaled by the term 1/(1 +
7a/Tm’). A numerical cxample will help our perspective:
for the LMI101A, T, = 10 pA, F, = 300 pA, 85 = Fs
== 150, and B¢ = 50. From (1) and de voltage gain with
E,:, = 2 ki is

A (D) == 625.000. (2
The number predicted by (2) aprees well with thal
mesasured on a discrete breadboard of the LM1014, but
i3 much higher than that observed on the integrated
circnit. The reason for this is cxplained in the next
seefion. .. - -

B. Thermal Feedback Effects on- Gain

L
The typieal IC op amp is capable of delivering powers
of 50-100 mW to a load. In the process of delivering
this powcr, the output stage of the amp internally dis-

sipates similar power levcls, which causes the tempers-

turc of the 10 chip to rise in proportion to the output
dissipated power. The silicon chip and the package to
which it is bonded are good thermal conductors, so the
whole chip tends fo rise to the same temperature as the
cutput stuge. Despite this, small temperature gradients
from a few tenths to a few degregs centigrade develop
sercss the ehip with the output seetion being hotter than
the rest. As illustrated in Fig. 4, these temperature grad-
jents appear aeross the input components of the op amp
and induce an input voliage which js proportional fo the
output dissipated power. S

Ta & first order, it can be assumed thsti.ibe tempera-
ture difference (TF»-Th) across a pair-of matched anil
closcly spaced components is given simply by~

where

(T — To) = 2K.P; °C (3
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Fig, 4. Simple model iNMustrating thormal feedback in an 1€ op

nmp having a single domipant. source of seli-heat, the oulput
slage. The-voastant r = 6 mV,/W and P is power dissigmted
in the output. For simphicily, we ignore input drifl due (o wni-
frrm heating.of the package. This offect can be: signifieant if the
inpul stage drift is nob low, sen 171

P; power dissipated in the output ¢ireuit,
K, a constant with dimensions of *C/W.

The plus/minus sign is necded beeause the direction of
the thermal gradient is unknown. In fact, the sigm may
reverse polarity during the cutput swing as the déminani
souree of heat shifts from onc transistor to another. Tf

_the dominant input components eonsist of the differential

transistor rpair of Fig. 4, the thermally indueed input
voltage Vi can be calonlated us

Vieo 82 £KaP4{2 X 107

= :I:'}fTP d . {4)
where v = Ke(3 » 1079 V'/Wt, sinec the transistor
cmitler-base drops change about —2 mV/°C.

Far a thermally well disigned TC op amp, in which the
power output devices are made to approximste either
& peint or a Jme soufec and the input components are
placed on the resulting isotherma! lines (see below and
Fig. 8), typical values meagured for Kr are

%
K =~ 03°"C/W (o)
in a TO-b package. ) _
The dissipated power in the class-AB output stage Py
is written by inSpbtéﬁion of Fig. 4:
5

' V Ve —_ V a .
R ®
where
. ¥V.=+4+V.. whenVs>0
V.= V. when V, < 0,

A plot of (6) in Fig. & reserables the well-known
alass-AB dissipation ¢haracteristics, with zero dissipation
ocourring for ¥y = @, +V., —V.. Diksipation pedks
oceur-for Vg = +¥../2 and —Ve/2 Nota.alzo from (4)
that the thermally induced input voltage Vip has this
same double-humped shape since it iz just equal to'a
constant times Py at de. -
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Fig. 5. Simple class-B output stage am:l plut of power dissipated
in the.stage, P, aasumlug device tan swing fo the power sup-
" pliea. Equation (6} gives nn expression for the pIat

Now examine Figs. 6(z} and (b) which are curves of
open-loop ¥y versus ¥y, for the IC op amp. Note first
that the oversll eurve can be visualized to be made up
of two components: a) a normal straight line eleetrical
gain curve of the sort expected from (1} and b) a double-
humped curve. similar to that of ‘Fig. 5, Further, note
that the gain characteristic has. either positive or nega-
tive slope depending on the value of output voltage. This
means that the thermal feedback causes the open-loop
gain of the feedback amplifier to change phase by 180°,
apparently causing negative feedback 1o become positive
feedback. If this is really true, the question arizes: which
input should be used as the inverting one for feedback?
Further, is there any way to close the amplifier and be
sure it will not find an unstable operating point and
. lateh to one of the power supplies?

The snswerg to these questions ean be fonnd by study-
ing a simple model of the op amp under elosed-loop
conditions, Jncludmg the affects of thermal eoupling. As
shown in Fig. 7, the thermal coupling ean be visualized
© as just an additional feedback path which aets in paraliel
with the normal electrical feedback. Noting that the
electrical form of the thermal feedback factor is [sea (4)
and {6)]

1 ‘ YT oonr :
= —F = 41T ‘.-? — 2';] . _
ﬁT aVn R;. (-"8‘ D} (7]
The closed-loop gain, including therinal feedbaek is

B ey =) ®
where # i& the open—loop gam in the ahsence of thermal
feedback [(1)] and 8. is the applied electriesl feed-
back a3 in Fig. 7. Inspection of (8) confirms that as long
a5 there is sufficient electrical feedback to-swamp the
thermal feedback {ie, 8 > fa), the amplifier will
behave as a normal closed-loop device with charae-
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Fig. 6. (a} Idealized de transfer ourve for an IC op emp show-
mg ite electricel and thermal componentz. (b) Experimental
opeh-loop transfer curve for & representative op amp (LM
1013,

teristics determined principally by the electrical feed-
back [(ie., A¢(0) == 1/8.). On the other haund, if 8, is
small or nonexistant, the thermal term in (8) may donii-
nate, giving an apparent open-lmz-p gain eharzcteristic
determined by the thermal feedbsck fuctor Sy. Letting
Be = 0 and combining (7) and (8) Av{0) becomes:
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Fig. 7. Diagram used to caleulate closeddoop gain with thermal
feedback. . :

A = ——F @
1= 20w, —2vy

- £ - .
Reealling from (6) that ¥, ranges between 0 and Vg, we
note that the incremental thermal feedback s greatest
when Vo = 0 or ¥V, and it is-at these points that the
thermally limited gain is smallest. To use the amplifier
in a predictable manner, one must abways apply enough
elevtrical feedback to reduce the gain below this mini-
murn thermal gain. Thus, a mazimum usable gain can be
defined as that approximutely equal to the value of (9)
with ¥y = 0 or ¥, which 18

k.

A0 mar — 10
vl )E v ( ]
373
A0} = -'—1 i (L)
moz T

Tt was assumed in (10) and (11) that thermal feedbaclk
dominstes over the open-loop electrical gain, p. Finally,
in (11} a maximum current was defined In,x = Vg/Er
a5 the maximum current. which would flow 3f the ampli-
fier putput conld swing all the way to the supplies.

Equation (11) is a strikingly simple and qaite general

. result which ean be used to predict the expected maxi-
mum usable gain for an amplifier if we know only the
maximum output eurrent and the thermal fecdback con-
gtant vr.

Recall that typieatly Ky = 0.3°C/W and yr = (2 X
107): Ky = 0.6 mV/W. Consider, as as example, the
standard IC op amp operating with power supplies of
¥y = +15 V and a roinimuom load of 2 k0, which gives
Tuez = 15 V/2 k2 = 7.5 mA. Then, fmm (113, the maxi-
mumn thermally Emited gain iz about:

Ar@ . 2 1706 X 107975 X 107

- o= 290 000, (12)

Compsring (2} and (12), it is apparent that the thermal
characteristics dominate over the electrical ones if the
minimum load resistor is used. For loads. of 6 k01 or more,
the electrical characteristics should begin to dominate
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Fig. 8. Oue type layout in which & fuad of mmput transistors is
gress connected to reduce effeet of nonuniferm thermal grad-
irnts. The output transistors use distributcd stripe geomoetrics
to gencrrte prediciable isolhermal lines.

if thermal foedback from sources other than the output
stage is negligible. It should be poted also that, in some
high speed, high drain op. amps, thermal fecdback from
the sccond stage dominates when there is no load.

As & second example, consider the se-¢alled “power
op amp” or high gain audio amp which suffers from the
same thermal limitations just discussed. For a deviee
which can deliver 1 W into a 18- load, the peak output
current and voltage are 350 mA and 5.7 V. Typically, a
supply voltage of about 16 V is needed to allow for the
swing less in the IC output stage. Jmw is then 8 ¥/16 0
or 0.5 A. T the device is in a T(Q-5 package yr is ap-
proximately 0.8 mV/W, s¢ from (11) the maximum
usable de gain is

1 .
AV{G) |mal: = {{]-6 X 10—8)(05) = 330‘1
This is quite low compared with electrical gains of, say,
100 000 which are easily obtainable, The situztion ean be
improved econsiderably by using a large die to separate
the power deviees from the inputs and carefully plaeing
the inputs on tomstant temperature {isothermal} lines
as illustrated in Fig. 8. If onc also uses a power. package
with & heavy copper base, yr's as low as 50 £V /W have
been observed. For example, a well-designed 5-W ampli-
fier driving an 89 load and using a 24-V supply, would
have a maximum gain of 13 000 in such a power package.
As a final comment, it should be pointed out that the
most commonly observed effeet of thermal feedback in
high gain cireuits is low frequency distortion due to the
nonlinear transfer. characteristic. Differential thermal
coupling typically falls off at an initial rate of 6 dB/
octavh starting around 100-200 Hz, so higher frequencies
are uneffected.

(13)

III. 8mMALL-SIGNAL FREQUENCY RESPONSE

At higher frequencies where thermal effects can be
ignored, the behsvior of the op amp is dependent on
purely. clectronic phenomena. Most of the Important
amall and large sighal performance characteristics of the
classieal IC op amp can be aceurately predicted from
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Fig. 9. Fimst-onder model of op amp used to caleulzie

small signal high frequency gain. At frequencies of in-

terest the input impedanee of the sccond stage becomes low compared to first stage output impedance due
to O foodback. Beeausce 'of this, first stagn output impedance gan be assumed Infinite, with no loss in aecuracy.

very simple first-order models for the a_mp]iﬁer in Fig:
1{8]. The small-signal model that is ysed assumes that
the input differential amplifier and current mirror can be
replaced by a frequency independent voltage controlled
current source, see Fig. 9. The second stage consisting
essentially of transistors @; and Q. and the current
source load, is modeled as an ideal frequency independent
amplifier block with a feedback or “integrating capacitor”
identical to the compensation capacitor, (. The output
stage is assumed to have unity voltage gain® and is
ignored in our caleulations. From Fig. 9, the high fre-
quency gain is caleulated by inspection:

LB
sC.

— fm

Ae) = oC.

(14)

)] -

. where de and low frequency bchavior have not been
meluded sinee this was evaluated in the last section. Fig.
10 is a plot of the gain magnitude as predieted by (14)
From this figure it is a simple matter to calenlate the
open-loop unity gain frequency w,, which is alse the gain-
© bandwidth produet for the op amp under closed-loop
vonditions: )

_ e

Cc

©, (15)
In & practical amplifier, w, is set to o low cnough fre-
quency (by choosing a large C.) so that negligible excess
phase over the 90° due to ¢, has built- up. There are
numerous contributors fo ‘excess phase including low f,
p-n-p’s, stray capacitances, nondominant second stage
poles, ete. These are discussed in more detail in a later
section, but for now suffice it to say that, in the simaple
1C op amp, w/2#x is limited to sbout 1 MHz. &s a simple
test of (15}, the LM101 or the uA741 has a first stage
bias current I; of 10 pA per side, and a compensation
capacitor for unity gain operation, (', of 30 pF. These
“amplifiers each have a first stage g, which is half that
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Fig. 10. Plot of open-loop gain caleulated from model in Fig. 9.
The de.and LF gain are given by (1), or (11) if thermal feed-
back dominates.

of the simple differential amplifier in Fig. 1 so Fmi =
¢l,/2kT. Equation (15) then predicts a unity gain
corner of

@ gm (0192 X 1079
Zr o 2xC, 2=(30 X 107%)

W

f. 102 MHz  (18)

which agrees elosely with the measured values.

IV. 8LEwW RATE AND SoME SpEcian LiMits

A. A General Limit on Slew Rate

If an op amp is overdriven by a large-signal pulse
or square wave having a fast enough rise time, the out-
put does not follow the input immediately. Instead, it
ramps or “slews” at some limiting rate determined by
internal eurrents and capaeitances, as illustrated in Fig.
11. The magnitude of input voltage required to make the
amplifier reach its maximum slew rate varies, depending
on the fype of input stage used. For an op amp with a
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Fig. 12, Model used to caleulate slew rate for the amp of Fig. 1 in the inverting mode. TFor simplicity, all
_transistor o's are assumed equal to unity, although results are essenlially Independent of e An identical slew
rate-can-be caleuleted for & negative-going output, obiained if the applied input polarity is reversed.

simple input differential amp,; an input of ubout 60 mV
will cause the output to slew at-90 percent of its maxi-
mum rate, while a pA741, which hag half the input g,
requires 120 mV. High speed amplifiets such as the LM

118 or & FET-input circuit require much greater over-
* drive, with 1-3 V being common. The reasons for these
overdrive requirements will becomé clear below. .

An adequate model o caleulate slew limits for the
representative op amp in the inverting mode s shown in
Fig: 12, where the only important assumption made is
that I > 21 in Fig. 1. This condition always holds in a
well-desighed op amp. (If one lets I, be less than 214, the
slew is limited by I, rather than I;, which results in lower

speed than iz otherwise possible.) Fig. 12 requires some
modificution for neninverting operation, and we will
study this later. '

The limiting glew rate is now caleulated from Fig. 12.
Letting the input voltage be large enough to fully switch
the input differential amp, we sec that all of the first
stage tall current 27; iz simply diveried into the inte-
grator consisting of 4 and (.. The resulting slew rate is
then:

a2y

slew rate = T e - Ebﬁ- (17

Noting that i.(f) is a constant 21, this becomes




i,

A [max )
As a cheek of this result, recall that the pA741 has
Iy = 10 pA and €y = 30 pF, so we ealculate:

2L,
C

dy | _ax10t ¥
@ | =30 % 1077 = 087 (19)

which agrees with measured values.

The large and small signal behavior of the op amp
can be usefully related by combining (15} for w, with
{18). The slew rate becomes
o ek (20)

max Fm:

gy |

dt
LEquation (20) is a general and vcry useful relationship.
It shows that, for a given unity-gain frequency, ey, the
slew rate is dct[-rmmed entirely by just the ratio of first
stage operating eurrent to first stage transconductance,
Ii/gmi- Reeall that w, is set at the point where excess
phase begins to build up, and .this point is determined
largely by technology rather than eircuit’ limitations.
Thus, the only effective means available fo the cireuit
“designer for increasing op amp slew rate is to decrease
the ratio of first stage transconductaiee to operating
eurrent, g/l .

B Slew Limiting for Simple Bipolar Input Stage

The significance of (20) is best seen by considering the
specific case of a simple differential bipolar input as in
Fig. 1. For this circuit, the first stage transconductanece
{fore; = 1) ist

gl /ET

Hm1
s0 _that

I

%—:‘ q/kT.
Using this in {20), the maximum bipolar slew rate is

ity |

at lnac
This provides us with the general {and somewhat dismal)
conclusion that slew rate in an op amp with a simple
hlpolar input stage iz dependent only upon the unity
gain corner and fundamental constants. Slew rate can
be increased only by i increasing the unity gain corner,
which we have noted is generally difficult to do. As a

— 2, M.
= o (23)

demonstration of the severity of this Timit, imagine an

op amp using highly advanced technology and clever
design, which might have a stable unity gain frequency
of 100 MHz. Equation (23) prediets. that the slew rate
for this advanced device is only

* Note that (21) applies onl}r to the simple differeniial input
stage of Fig 12, For wmpqund mput stages as in the LM101
or pAT4l, gm is half that in (21), and the slew rate in (23) is
douhled.

en

@

: %"9' - 337
& t s us
which-ig good, but hardly impressive when eompared
with the difficulty of huilding a 100-MHz op amp.? But,
there are some ways bo get around this limit as we shall

see shortly.
C. Power Bundwidth

Our intuition regarding slew rate will be enhaneced
somewhat if we relate it to' & ferm called “power band-
width.” Power bandwidth is _defined as the maximuom
frequency at which full output swing (usually 10 V
peak) can be obtained without distortion. For a sinus-
oidal output voltage vy () = ¥V, sin of, the rate of change
of output, or slew rate, required to reproduce the outpui,
13

(24

. % = V', coswi. (25)
This has & maximum when cos wf = 1 giving
Wl =, @6

so the highest frequeney that ean be reproduced without

 slew limiting, w,.. (power bandwidth) is

o1 dyy

G =Y d &0
Thus, pewer bandwidth and stew rafe are direetly related
by the inverse of the peak of the sine wave V. Fig. 13
shows the severe distortion of the output sine wave which
results if one attempts to amplify a sine wave of fre-
QUENCY @ > whygz.
Some: numbers illustrate typieal op amp Hmits. For a
pAT41 or LMI101 having a maximum slew rate of 0.67
V/es, (27) gives a maximum frequency for an undis-

WA

~ torted 10-V peak output of

Fexe = % = 10.7 kHz,

which is & quite modest frequency considering the much
higher frequeney small signal capabilities of these de-
vices. Even the highly advanced 100-MHz amplifier
considered above has a 10-V power bandwidth of only
0.5 MHz,.so it is apparent that a need exists for finding
ways to improve slew rate.

(28)

D. Technigues for Increasing Slew Rate

1) Resistive Enhancement of the Bipolar Stage: Equa-
tion {20} indicates that slew rate ean be_-i.mproved if we
reduce first stage §um1/7;. One of the most effective ways

2 We assume in all of these calenlations that €. is made large
enough eo that the smplifier has less than 180° phase lag ot w.,
thus making the amplifier stable for unity elosed-loop gain. For
higher gains one ¢an of course reduce C. {if the IC allows
external compensation) and increase the slew rate according
to (18).
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Fig. 13, Elew limifing effects. on output sinewave that occur if

frequeney is greater than power bandwidthe was.: The onset
of slew limiting occurs very suddenly as o moches wai NoO
distortion osewrs below wmas; while alinost complete tnangulari-
zation oceurs ab frequencies just slightly above

- Fig. 14. Resistive degeneration used to provide slew rafe en-
hancement according to (249).

of doing this is shown in Fig. 14, where simple resistive
emitter degeneration has been added to the input differ-
ential amplifier [8]. With this change, the gu:/I; drops
to .

38.5 )
%L 1+ REL/% mV 29
at 25°C.

The quantity gm /I is scen to deereasc rapldly with
added Rg as soon as the voltage drop across Bg exceeds
26 mV. The LM118 is"a good example of a bipolar
amplifier which uses emitter degeneration to enhance
slew rate [4]. This deviee uses cmitter resistors to pro-
duce BiI, = 500 mV, and has a unity gain corner of 16

M-}fz_ Equations (20) and (29) then predict a maximum
inverting slew rate of
Y R S (S T
71— w1 M3
whieh is a twenty-fold Improvement over a similar ampli-
fier without emitter resistors,

A penalty is paid in using resistive slew cnhaneement,
however. The two added emitter resistors must match
extremely welt or they add voltage offset and drift to the
input, In the LMII8, for example, the added cmitter
B's have values of 20 kQ each ‘and these contribute an
input offset 6f 1 mV for euch 4 0 (0.2 percent) of mis-
match. The thermal noise of the resistors also unaveid-
ably degrades noise performance.

8) Slew Rate in the FET Input Op Amp: The ¥ET
(JFET or MOSFET) has a considerably lower trans-

(30)

- conductance than a bipolar device operating at the same

curfent. While this is normally eonsidered a drawhack
of the FET, we note that this “poor” behavior is in {act
highly desirable in applications to fast amplifiers. To
illusirate, the drain eurrent for a JFET in the “current
saturation” region can be approximuated by

In = Iuss(vésfvﬂ' - 1): (31)
where
Fpse the drain current for Vieg = 0,
Vs the gate source voltage having positive polarity

for forward gate-diode bias,
Vr  the threshold voltage having negative polarity
for JFET’s.
The small-signal iransconducianee iz obtained from (31}
a8 fgm = dly/dV4. Dividing by -Ip and simplifying, the
ratio g/, fora JFETis -

T o 2 2 I: Dss]lﬁ

_ In_(Vas - Vr) —Ve L Ip )

Maximum amplifier slew tate occcurs for minimum

@/ Tp and, from (32, this oceurs when Iy {or Ves) is

maximum. Normally 1t is impractical to forward bias the

gate junction so a practical minimum eceurs for (32)
when Vg = 0V and T, = Tnye. Then

(32)

g 2 - 5

A @3
Comparing (33} with the analogous bipolar cxpression,
(22), we find from {20} that the JFET slew rate is
greater than bipolar by the factor

JFETslew _ — Vo .,
bipolar slew ~ 9%T g w.,

where w,; and e, are unity-gain bandwidths for JFET
and bipolar amps, respeetively. Typiecal JFET thresholds -
are around 2 V (Vy = —2 V), so for equal bandwidths
(34) tells us that a JFET-Input op amp is about forty
times faster than a simple bipolar input. Further, if

(34)
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Fig. 15, Monolithic operational amplifier emploving compatible pechannel JFET's on the ssme chip with nor-
. mal bipoler corapenenty,

JFET’s are properly subslituted for the slow ji-n-p’s in
a monalithic design, bandwidth improvements by at least
& factor of ten are obtainable, JELET-Input op amps,
thereflore, offer slew rate improvements by better than
twao or‘dcrs of magnitude when cnrnp.lrcd with ithe con-
ventional IC op amp. {Similar i imprevements. are possible
with MOSFET-input amplifiers.) This characteristie,
coupled with. picoamp input currents and reazonable off-
sob and drift, make the JFET-input op amp & very
desirable alternative to conventional hipolar designs.

As an example, Fig. 15, illustrates one design for an
op amp employing compatible p-channel JFETs on the
same chip with the formal bipolar components. This
circnit exhibits a unity gain cormer of 10 MHz, a 33
Vs slew rate, an input eurrent of 10 pA and an offset
voltage and drift of 3 mV and 8 xV,/°C {6]. Bandwidth
and slew rate are thus Improved over simpie 1C bipolar
by fuctors of 10 and 100, respectively, At the same time
input currents are smaller by sbout 10%, und offset voli-
ages and drifts are comparable to or better than slew
enhanced bipolar eircuits. .

V. Beconp-Oroex Errzcrs: VoutacE Fonnowsr
SLEw Brmavior

If the op amp is operated in the noﬂihvcrt-ing made
and driven by a large fast rising mput, the output
exhibits the characteustlc waveform in Fig. 16. As- shown,
this waveform does not have the simple ayrnmetrmal
glew characteristic of the inverter. In one dircetion, the
output has a fast step (slew “enhsancement”) fTollowed

I

el
T NPUT
Vinlth ‘
OUTPUT FOR
"t NP NPT STAGE
Vgl . .
b ) ¢ OUTPUT FOR
PTiE INPUT STAGE

Fig. 16, Larze signal response of the vollage follower, For an op
amyp wilh simple n-p-n input stage we get the waveform
Yen( £}, which exhibits a slep slew “enhancemeni” on the positive
woing output, and a slhew “degradation”™ on the negative going
oulput. For 4 p-n-p input stage, these rffoefs are roversed as
shown by wan{z).

%

by & “normal” inverler slewing response. In the other
dircetion, it suflers a slew “degradation” or redneed slope
when eompared with the mverter slewing response.

- We will firgt study slew degradation in the veltage
Iollower eonnection, since this represents a worst casé
slewing condition [or the op amp. A model which . ade-
qualely represents the follower under large-signal comdi-
tlens can be ohtamed from thai in Fig. 12 by simply




Fig. 17. Cireuil used for caleulation of slew “degradation” in the mltage follower. The degradation is caused
b} the capacitor C,, which robs current from the tail, 27;, thereby preventing the full 2 from slewing C..

tying the nut.put to the inverting input, and including a
capaciter €, to aecount for the presence of any capaci-
~ tance at the output of the first stage (tail) current source,
see Fig. 17, This “input tail” capacitance is important
in the voltage follower because the input stage undergoes

rapid large-signal exeursions in this connection, and the

charging currents in C, can he guite large.

Circuit behavior can be understood by analyzing Fig.
17 as follows. The large-signal input step causes Qs to
turn oFF, leaving {2 to operate as an emitter follower
with its emitter tracking the variational output voltage,
voit). It is seen that wy(f) is essentially the voltage
appearing across both C; and €, so we can write

dvg 1.

—_—

dtc—*

Noting that 4. = 2I; — 4, (unif.y e's azsumed), (35) can
be solved for 4,

IIE

C‘:r_[:'-

(35)

2I,
=TT oC 36)
which is .éeﬁn to bhe constant with time. The degraded
voltage follower slew rate is then obtained by substitut-
ing (36) into (35):

o | i 2L
L e S C 0 G @D
Comparing (37) with the slew rate for the inverter, (18),
it is seen that the slew rate is reduced by the simple
factor 1/({1 + (5/C.). As long as the input tail capaci-
tance C, is small compared with the compensation ca-
pacitor C,, little degradation oceurs. In high speed
amplifiers where C, is small, degradation becomes quite
noticeable, and one is encouraged to develop eircuits with
small C,.

As an example, consider the relatwely fast LMI118

which has ¢, = 5 pF, C, = 2 pF, 2I, = 500 pA. The
calculated inverter slew rate is 2I,/C, == 100 V/us, and
the degraded voltage follower slew rate is found to be
2f/{C. + C.) = 70 V/ps. The slew degradation is seen
to be about 30 percent, which is very significant. By
contrast, & uA741 has C, = 30 pF and (', = 4 pF which
results in a degradation of less than 12 percent.

The slew “enhaneed” waveform ean be similarly pre-
dicted from a simplified medel. By reversing the polarity
of the input and initially assuming a finite slope on the
input step, the enhanced follower is analyzed, as shown
in Fig. 18. Noting that & is assumed to be furned oN
by the astep input and ¢, is oFF, the cutput voltage be-
comes

E [
wy - [ Bh+ i) d @)
e Vi
The voltage at the emifter of Q, is essentially the same
as the input voltage, vi(f), so the current in the “tail”
capacitance C, I8

e, Ll goicr (39
ETi )
Combining {38) and (39}, v (L) is
L [orden L [FCT
wlt) = j; dt+g [ TpEa @)
ar L3
—uy(f) =& . 2t ‘ (41)

Equation {41) tells us that the output has an initial
negative step which is the fraction C,/C, of the Input
voltage. This is followed by a normal slewing response,
iri which the slew rate is identical to that of the inverter,
see (18). This response iz illustrated in Fig. 18.
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Fig. 18 Circuit used for calculation of slew “enhancement” in the voltage follower. The fasi falling input
eauscs a step outpul followed by a normal sie-“ regponae #s shown.

VI TamrraTioNs on BanpwinTo

In earlier scetions, all bandlimiting effcets were ignored.

except that of the compensation capaeitor, C,. The unily-
gain fre COUENCY Was get ub o point suilieient)y low go that
“negligible excess phase {over the 80° from the dominant
pole) due to second-order (high frequency) poles had
built up. In this séction the major second-order pcics
which contribute to bandlimiting in the op amp are
1dentified,

A. The Inpfui; Stage: p-n-p's, the Mirvor P(JEP and the
Tail Pole

For many vears it was popular to identily the lateral
p-n-p's {which have f’s = 3 Mllz) as the single domi-
nant source of bandlimiting in the IC op amp. Tt is quite
true that the p-n-p’s do eontribute significant cxcess
phase to the amplifier, but it is not-true that they are the
sole contributor to excrss phase [9]. In the input stage,
alone, there is at least onc other important pole, as
Hlustrated in Fig. 19a). For the simple differential input
stage driving a differential-to-single ended econverter
(“mirror” eireuit), 1t is seen that the inverting signal
{(which ie the feedback signal} follows two paths, one of
which passes through the capacitance €, and the other
through €, Thege capacitances eombine with the -
namije resistances at their nodes fo form poles designated
the mirror pole at

I,
" == ) 42
= CxT/q 2
and the tail pole at
o ‘
P = Ok /g (43)

It can be secn that if one attempis to operate the first
stage at too low a current, these poles wiil bandlimit the
amplifier, If, for example, -we choose [, = 1 pA, and
assume Oy = 7 .pF ({consisting of 4-pF isclation ca-
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Fig. 1% {a) Circuil showing “mirror” pole due to Cp and “lail”

pole due to (.. One component of the signal due fo an invert- -
ing Input must pass through either the mirror or tail poles.
(b} Alternate circuit to Flg 19¢a) (LMI0I, zA741) whick has
less excess phase. Reason is that half the inverling signsl path
need not pass through the mirror pole or the tail pole.
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Fig. 20. Bimplification of sceond stage used for polesplitling analy;is. (&) Cormgplete second stage with input
slage and output stage loading represented by R., €., and Rr, Oy, respeciively, {h) Emitter follower ignored
to simplify analysie. (c) Hybrd = model subsiituted for transistor in (b). Source and load impedances are
ahsorbed inte model with the total impedanees represented by R, 'Ch, and R, (e Transistor base resistance
is ignored and €, includes both . and iransistor collector-base capreilance,

pacitance and 3-pF emitter transition capacitance) and
€, = 4 pF}? pn/2r = 0.9 MHz and p,/2» = 3 MHz
either of which would seriously degrade the phase margin
of o 1-MHz amnplifier. :
Ii a design is chozen in which either the tail pole or
_the mirror pole is absent {or unimportant}, the remain-
ing pole rolls off only half the signal, so the overall
Tesponse confaing a pole-zero pair separated by one
oetave. Such a pair generally has a small effect on ampli-
fier responace unless it 0CCUTS TICAT w,, Where it can degrade
phase margin by as much as 207
It is interesting to note that the compound input stage

L~4

out = guftalla(1 — sC./02)

B. The Second Stage: Pole Splitling

The assumption was made in Scetion 111 that the see-
ond stage behaved as an ideal integrator having a single
dorninant pole response. In praetice, one must take carc
in designing the sceond stage or second-order poles can
cause significant deviatiorr from the expected response.
Considerable insight into the basic way in which the
second stage operates can be obtained by performing a
small-signal analysis on a simplified version of the ecir-
cuit as shown in Fig 20 [10]. A straight{orward two-
node analysis of Fig 20(c) produces the following ex- -
pression {or V..

G T 1T SEAC T o) + BalCa F C) & guRBC,] + sRE[CC, + C[C + ()]

of the classical LM10l {and pA741) has a distinct ad-
vantage over the simple differential stage, as seen in
Fig. 19(b}. This vireuit is noninverting scross each half,
thus it provides a path in which half the feedback signal
bypasses both the mirror and {ail poles.

3{, can heve n wide range of values depending on cireuit
configuration. It is largest for n-p-n input differcntial amps since
the currenl souree has a eollector-substrate capacitanee (€, =
34 pF) at its output. For p-n-p input stages it cun be as small as
1-2 pF. :

(44)

The denominator of (44) ean be approximately fac-
tored ,under ‘conditions that its two poles are widely
separated. Fortunately, the poles are, in fact, widely
separated under most normal operating conditions, There-
fore, one can assume that the denominator of {(44) has
the form '

(l 4+ 8/}?1) (}. + 3/}92)

1+ s(/p + 1/p2) + 32/?1?2- (‘15)
With the assumption that p, iz the dominant pele and

Dis)
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Fig. 21 Pole migration for second stage cmplc)}mg ‘pole-

splitting” compensation. Plot is shown for incressing € and
it is noted that the nondominant pole reaches a maximum
value for large C).

b

Pe is nondominant, 1.¢., p; <K pa, (45) becomes

D(s) =1+ s/p, + s*/pupa. (46)

Equatmg coefficients of 5 in (44} and {46] the dominant
" pele p, is found directly:

1

BERC + 0) T R, + C) + kR, &
e —-l -
:. g,..RiﬂgC, (4&)

The latter approximation, (48}, normally introduees little
error, because the g, term is much larger than the other
two, We note at this point that p,, which represents the
dominant pole of the amplifier, is due simply to the
familiar Miller-multiplied fcedback capacitance gnRaC,
combined with input node resistance, B,. The nondomi-
nant pole py is found similarly by equating s* coefficients
in (44) and (46) to get pipe, and dividing by p, from
(48), The result is

~ gaCls )
P =06+ C(C, T Oy

Several interesting things can be scen in examining (4R)
and (49). First, we note that p, is inversely proportional
to gm (and Cp), while p. is directly dependent on g,, (and
;). Thus, as either Cy or transistor gain are inercased,
the dominant pole decrcases and the nondominant pole
increases. The poles p, and p, are being “split-apart" by
the increased coupling action in a kind of inverse root
loeus plot.

This pole-splitting action is shown i ‘in Fig. 21, where
pole migration is plotted for €, inereasing from 0 to a
large value. Fig. 22 further illustrates the setion by giv-
ing specific pole positions for the pA741 op amp. It is seen
- that the initial poles (for C, = 0) are both in the tens
 of kiloherts region and these are predicted to reach 2.5
Hz (pi/27) and 66 MHz (p,/2=) after compensation is
applied. This result is, of course, hlghly satisfactory

(49)

DOMINAMT POLE
NON-DOMINANT POLE

Py
Py _ e
Fasmn
o — X x [u]
/N .

/N

1 -
. u R
FRghy =32Hz ZaRyEy

L ]
T

INITIAL FOLESFORCp -0

= 8kHz

Fig. 22, Exnmple of pele-splitting eompensation in the pAT41
op amp. Values used in (48) and (49) are: go. = /870, €, =
30 pF, €y = (7, = 10 pF, B: = 1.7 Mq, R: = 100 ki

sinee the sccond stage now has a single dominant pole
cffective over a wide frequency band.

C. Failure of Pole Splitting

There are several situations in which the application
of pole-splitting compensation may not result in a single
deminant pole response, One commeon case oceurs in very
wide-band op amps where the pole-splitting capacitor is
small. In this situation the hondomingnt pole given by
(49) may not become hroadbanded sufficiently so that it
ean be ignored. To illustrate, suppose we attempt to
minimize power dissipation by Tunning the sceond stage
of an LM118 (which has a small-signal bandwidth of
16 MHz} at 0.1 mA. For this op amp €, = 5 pF, C; =
(s = 10 pF. From (49}, the nondominant pole is

-

P~ 18 MH7

L 50)

which lies right at the unity-gain frequency. This pole
alone would degrade phase margin by 45°, so it is clear
that we need to bias the sccond stage with a collector
current greater than 0.1 mA to obtain adequate g,.. In-
sufficient pole-splitting can therefore oceur; but the cure
is usually a simple increase in second stage gm.

A second type of pole-splitting failure can oceur, and
1 js often much more difficult to cope with. If, for exam-
ple, one gets over-zealous in his attempt to broadband
the nondominant: pole, he soon discovers that other poles
exist within the second stage which can cause difficulties,
Considér a more cxaet equivalent circuit for the second
stage of Fig. 20(a) as shown in Fig. 23. If the follower
is biased ab low currents or if C,, Qs g, and/or r, are
high, the eireuit can contain at least four important
poles rather than the two considered in simple pole
splitting. Under these conditions, we no longer have a
response with Just negative real poles as in Fig. 21, but
observe a root locus of the sort shown in Fig, 24. It is
seen in this case that the eirenit contains a pair of com-
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Fig. 23. Maore exacl equivalenl cireuil for second stage of Fig. 20 (a) including a mmphﬁﬂd = model for the-
emitter follower (B, Cm, gm) and 2 cﬂmpléte  for Qe (te, Bm, cin).
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Fig. 24, Hoot locus for second stage illusirating fnilure of pole
splitting due 10 high gme, *m, C5, and/or low bias curtent in Lhe
emltter follower.

plex, possibly underdamped poles which, of course, can
catse peaking or even oscillation. This oﬁect OUCUrs £0
commonly in the development of ‘wide-band pole-splil
amplifiers that it has been (nol fondly) dubbed “the
second stage bump.”

There are numerous Ways to climinate the “bump,”
hut no single cure has been found which i effeétive in
all situations. A direct hand 'an_alysié of T'ig. 23 iz pos-
sible, but the results are difficult to imterpret. Computer
analysis scems the hest approach for this level of com-
plexity, and numerous speeifie analyses have been made,
The following is & list of cireuit modifications that have
been found effective in redueing the bump in the various
studies: 1} reduee gus, 7o, C C wr, 2) add capacitance or 4
series RC network from the stage input to ground—this
reduces the high frequency local feedback due to ), 3)
" pad capacltance at the output for slmllar reasons, 4) in-
eregse operating current of the follower, &) reduee (),
6) use a higher f, process.

. Tmubies in The Qutput Stage

Of all the cu‘t:ultry in the modern IC op amp, the
class-AB output stage probably remains. the most trou-
blesome. None of the stages in-use today behave as well
&s one might desire when stressed under worst case con-

ditions, To illustrate, one of the most commonly used out-
put Htages is shown in Fig. 2(b). The p-n-p’s in this ¢ir-
cuit are “substrate” p-n-p’s having low curtent f's of
around 20 MHz. Unfortunately, both gy and f; begin to
fall off rapidly at quile low current densitics, so a2 one
begins 1o sink just a few milliamps in the eireult, phase
margin troubles can develop. The worst cffect oceurs
when the amplifier is operated with a large capacitive
load (100 pE) while sinking high currents. As shown
in Fig. 25, the load capacitance on the output f{ollower
causes it to have negative input conductance, while the
driver follower cun have an inductive output impedanee.
These elements combine with the eapacitance at the in-
terstage to generate the eguivalent of a one-port oseil-
lator. In a carefully designed cireuit, oscillation is sup-

pressed, but pedking (the “output bump™) can oecur in

most amplifiers under appropriate conditions.
One new type of oulpul eireuit which does not use

_ p-n-p's is shown in Fig, 26 |6]. This eircuit employs

compatible JFET's {or MOSFLET s, see stmilar eircuit in
[11]) i a FET/bipelar quasi-complimentary ontput
stage, which is inscmsitive to load ecapuacitance. Unfor-
tunately, 1his eircuit is rather complex. and employs
extra prbctrss'ﬁtc;as, so it does not appear to represent the
cure for the very low cost op amips, :

- .
VII. Tue Gaww Cerr: Livear LARGE-Scanw L
. INTEGRATION

As the true limitations of the basic op amp are more
fully understood, this knowledge ean be applied to the
devclopment of meore “apl-imum”_ amplifiers. There are,
of course, many ways in which one might choose to opii-
mize the devies. We might, (or example, attempt to maxi-
mize speed (bandwidth, slew rate, settling time) without
saerificing de charaeteristies. The compatible JFET/
bipolar amp- of Fig: 15 represents such an efforf. An
alternate choice might be fo design an amplifier having
all of the performance features of the most widely used
general purpose op amps (ke, wAT41, LMIOT, ete),
but having minimum possible die area. Such a pursuit
is parallel to the cfforts of digital large-seale integration
{LSI) designers in their development of minimum area
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Fjg 25, Tmublcs m the conventional class-AT output stage of Fig. 2(h). The low f; output pn-p's interaet
with-luad capac}tance to form the eguivalent of a one- port oscillator.
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_ Fig. 25, The “BIFET” oufput stage employving JFET's and

bipolar n

memory cells or gates. The object of such efforts, of
course, is to develop lower cost deviees which allow wide
and highly economic usage.

In this seetion we briefly discuss ceriain aspeets of
the linear gain cell, a general purpose, internally com-
pensated op amp having a die area which is significantly
smaller than that of equivalent, pres Pnt day, industry
standard amplifiers. -

A, Tmmcnndupmnce Reduction

The single largest area eomponent in the internally
compensated op amp is the compensation eapacitor
{about 30 pF, typieally}. A major interest in reducing
a.mpllher die area, therefore, centers about finding ways
in which this capscitor can be reduced in size. With this
in mind, we find it useful to examine (15}, which relates
compensation capacitor zize to two other paraneters,
unity gain corner frequency o, and first stage trans-
conductance g,. It is immediately apparent that for a
fixed, predetermined unity gain comer (about 2r X
1 MHz in our ¢ase), there is only one change that can

n-p-'E to chmma,te senmtlnt.y to load capacitance.

be made to reduce the size of C.: the transconductance
of the first stage must be reduced. 1f we restrict our in-
terest to simple bipolar input stages (for low co;-_.t} we
recall ‘the g = QI;/R:T Only by reducmg Iy ¢an gm
be reduced, and we earher found in Section VI-A and
Fig. 19(a) and (b} that I, gannot be reduced. mueh with-
out causing phase margin dlfﬁcultles dué to the mirror
pole and the tail pole.

An alternate basic approach to g, reduection is illus-
trated in Fig. 27 [12]. Here, a niu_ll;ip}_é -_:iol_leet.or p-n-p
structure, which is easily fabricated in IC form, is used
to split the collector eurrent into twao eomponents, .one
component (the larger) of which is simply tied to
ground, thereby “throwing away” a major portion of the
transistor output current. The result is that the g, of
the transistor is reduced by the ratio of 1/(1 + n) {sec
Fig 27), and the compensation eapacitance can be re-
duced directly by the same factor. It might appear that
the mirror pole would still ecause diffieultics since the
current mirror beeomes eurrent starved in Fig. 27, but
the effcet is not as severe as might be expeeted. The
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Fig. 27. Basic gn reduclion obtained by using split eolleciod
p-n-pls. C; and area are reduced since Co 2= grfen.
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'Fig._ 28, Varations on gw Teduction. (a) Gmss—ém:pled conneclion eliiminates all ac curreni passing through the L
mirror, vet majntains de balance, (b} This approach maintains high current on the diode side of the mirror,

thereby broadbanding the mitror pole.

reason is that the inverting signal can now pass through
the high eurrent wide-band path, across the differential
© amp emitters and into the second stage, so at least half
the signal current decs not heeome bandlimited. This
partial bandlimiting ean be further reduced by using
one of the circuits in Fig. 28(a) or (b).* In (a), the p-n-p
collectors are cross coupled in such.a .way that the ae
signal is caneclled in the mirror ¢ireuit, while de re-
mains completely halanced. Thus the mirror pole is vir-
tually elimmated. The circuit does have a drawback,
however, in that the uncorrellated noise currents coming
from the two p-n-p’s add rather than subtract at the
input to the mirror, thereby degrading noise performance.

The circuit in Fig. 28(b) does not have this defeet, but
requires eare in matehing p-n-p collector ratios to n.p-n
emittor areas. Otherwise offset and drift will degrade as
one attempts to reduce g, by large factors.

B. 4 Gamn Cell Ezample

As one tries to make large reductiong in die area for
the gain cell, many factors must be considered in ad-
dition to novel cireuit approaches. Of great importance
are special layout/eireuit techniques whieh combine a
maximum number of components into minimum area.

+'Phe circuit-in Fig. 28(a) is due to R. W, Russell and the
varigtion in Fig. 28(b). was developed by D, W. Zobel
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Fig. 20. Cirenit for oplimized gain cell which has been fabricated in onefourth the die size of the equivalent
. wAT4L.

Tn a good layout, for example, all resistors are com-
bined into islands with transistors. If this is not possible
‘nitially, circuit and device changes are made to allow it.
The resulting device geometries within® the islands are
further modified in shape to allow maximum “packing”
of the islands. That is, when the lavout is complete, the
islands should have shapes which fit together as in a
picture puzzle, with no waste of space. Further area
reductions can be had by modifying the isolation process
to onc having minimum spacing between the isolation
diffusion and adjacent p-regions.

An example of a gaim cell which employs both eircuit
and layout optimization is shown in Fig, 29. This cireuit
uses the g, reduction technigue of Fig. 28(a} which
results in & compensation capacitor size of only 5 pF
rather than the normal 30 pF. The device achicves a
full 1-MHz bandwidth, a 0.67-V/us slew rate, a gain
greater than 100000, typieal offset voltages less than 1
mV, and other characteristics normally assoetated with
an LMI07 or pAT741. In quad form each amplifier
requires an area of only 23 X 35 mils which is one-fourth
the size of today’s industry standard pAT41 (typieally
56 x 56 mils}. This allows over 8000 possible gain cells
to be fabricated on single 3-inch wafer. Further, it ap-
pears quite icamble to fabricate l&rger arrays of gain
cells, with six or eight on & single chip. Only packaging
and applications questions need be resolved before pur-
sumg such a step. )
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