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Abstract—A study is made of the integrated circuit operationsl
amplifier (C op amp) to explain details of its bebavior in a simplified.
and_ understandable manner. Included are amalyses of thermal
feedback effects on gain, basic, relationshigs for bandwidth and
slew rate, and a discussion of pole-splitting frequenty compensation.
Sources of second-order bandlimiting i the amplifier are also
identified and some approaches to spéed and. bandiwidth iiprove-
ment are developed. Brief sections are included on new JFET-
bipolar circuitry and die area reduction technidues vsing transcon-
ductance reduction.

I IntrRODUCTION

HE integrated cireuit operational amplifier (IC
T op amp) is the most widely used of all linear
cireuits in production today. -Over one hundred
miltion of the devices will be sold ju 1974 alone, snd
produetion costs are lalling low enough so that op amps
find applications in virually every analog ares, Despite
this wide usage, however, many of the busie performance
characteristics of the op atp are poorly understood.

Tt is the intent of this study to develop an under-
standing for op smp behavior in as direct and invoitive
& mamner as possible. This is done by using a varicty
of simplified cireuit models which can be analyzed in
some cases by inspection, or in others by writing just o
few equations. Thesc simplified models gre generally
developed from the single representative op amp con-
figuration shown in Figs. 1 and 2

The rationale for starting with the particulsr eircuit
of Fig, 1 is based on the following: this eireuit containg,
in simplified forth, all of the important elements of the
most commonly used integrated op umps. It consists
essemtially of two voltage gein stages, an inpus differ-
ential smp and a common emitter second stage, followed
by a class-AB output emitter folower whieh peovides
low impedanee drive to the load. The two interstages arc
irequeney compensated by  single smail “pole-splitting”
capacitor (see helow) which is ususlly included on the
op amp chip. In most respects this eireuit is directly
equivalent to the gemeral.purpose LMIOL [1], u
741 [2], and the newer dual and quad op amps [3], %0
the rosults of our study relate direetly’to these deviees.
Even for more cxolic designs, such as wide-band amps
using feedforward {4], {5]. or the new FET input cir-
cuits [8), the basic analysis approaches still apply, and
performance details can be accurately predicted. It has
2ls0 been found that a good understending of the limita-
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Tig. 1. Bsic two-stuge IC op arap weed for study, Minimal

‘modifications used in actual IC are sbown in ¥ig. 2.

Fig. 2. (2) Modified current mirror used to reduce de offset
caused by bese currents in @3 snd Q4 in Fig. 1, (b) Darlington
pnp output stage noeded to mininize gain fall-off when sink-
ing laxge owtput evrsenls, This is nocded to oficet the rapid £
drop which oofurs in IC p-n-o's

tions of the cirenit in Fig. 1 provides a veasomable
starting point from which higher performance amplifiers
can be developed.

The study begins in Section 1T, with an analysis of
do and low frequency gain. It is shown that the gain is
typically limited by, thermal fcedback rather than elec-
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Fig. 3.

(a) Approximate = modol for CE transistor ai de. Feedback clement 1,

Buv s ignored since this

groatly simplifies hand calculntions. The error caused is usually less than 10 percent becsuse 8, the intrinsic
£ under the emitter, s quite large. Base resistance 7o is also ignored for simplieity. (b) Cireuit illustrating
caleulation of electionic gain for op amp of Fig. 1. Consideration ia given osly to the. fally loaded condition
(Ry = 2 ) where i fuling (to about 50) due to high current density. Undethia condition, the output

resialance of @6 and @9 ar nondominent.

trieal characteristics. A highly simpified thermal anal-
ysis:is. made, resulting in & gain cquation containing orly
the maximum Gutput current of the .op amp and a
thermal feedback constant.

The mext three sestions apply first-order models to
the ealeulation of soall-signal high frequency and large-
signal slewing characteristios. Results obtained include
an acourate equation- for gain-bandwidth product, &
general expression for -slew- rate, some important rela-
tionshiips between skew rate and bandwidth, and a solu-
tion for voltage follower behavior in & slewing mode.
Due to the simplicity of the results in these scetions,
they. aze very useful to desigacrs in the-davelopment of
new amplifier cirouits.

Section VI applics more sccurate models io the caleu-
lation of -important second:order cffects. An, ffort ‘s
made in this séetion to' isolate all ‘of -the major. con-
tributors to bandlimiting in the modern azmp

In' the findl section, some techniques for reduction of
op amprdie sizc are considered, Trinsconductance redue-
tion and lnyout techniques are discussed which lead to
fabrication of an exiremely compact op amp cell. An
example yiclding' 8000, possible op amps-per 3-in wafer
s given.

11 Gamy 4t DC awp Low Frequencies

A. The Electronic Gain

The elcstronic voltage gain will first be calenlated at
de. using the cireuit -of Fig. 1."This culentation brcomes
straightforward if we employ the simplified transistor
model shown in Fig 3(2). The resulting gain from
Fig. 3(h) is

Cuue o, GraBeBiR
Bl R

A0) = o
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It has been assumed that

BeRs < o [1on Gm1 = Gy B = B

The numerical subscripts. relate parameters to transistor
Q nuinbers {i.e., 7 157, of @s, B s fo of @, etc.). It has
also been sssumed” that’ the: uirrent mirror transistors
Qa and @, have &s of wiity, and ‘theusually small losd-
ing of Ry has been ignored. Despite the several assurmp-
tions made in obtaining this simplé form Jor (1), its ac-

* curacy is quite adequate for our.needs:

An examivation of (1) confirms the way in which
the amplifier operates: the jnput pair and current mirror
convert the input voltage to & current gt which
drives the base of the second stage. Transistors @s, Qo
and Qr simply raultiply this curent by f° and supply it
10 the load Rj. The finite oulput resistance of the first
stage causes some loss when compared with second
stage input resistance, us indiealed by the term 1/(1 +
rafro’). A numerical cxample will help our perspective:
for the LMI01A, [, = 10 pA, To = 300 pA, 85 = 6o
== 150, and B; = 50. From (1) and de voltage gain with
R =2kas

A,(0) 2 625,000, @
The number predicted by (2) agrecs well with thal
measured on a diserete breadboard of the LMI014, but
is much higher than that observed on the integrated
cirenit. The reason for this is explained in the next
section.

B. Thermal Feedback Effects on- Guin

The typical £C op amp s capable of delivering powers
of 50-100 mW to a load. In the process of delivering
this power, the output stage of the amp internally dis-
sipates similar power levels, which cuuses the tempera-
ture of the 1C 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 to rise to the same temperature as the
output stage. Despite this, small temperature gradients
from a few tenths to a few degregs centigrade develop
acrass the chip with the output section being hotter than
the rest. As illustrated in Fig. 4, thesc temperature grad-
ionts-appear across the input components of the op amp
and induce an input voltage which js proportional to the
output dissipated power.

To & first order, it can be assumed that.tbe tempera-
ture difference (T5-Ty) across a pair-of matehed and
closely spaced components s given simply by

(Fy — To) = £KP, °C @)

‘where

2 ) g

M\/\/‘/-A Ve

weaT

TEMPERATUSE GRADIENT VinT=Tfa

Fig, 4. Simple model Mustrating thermal fecdback in an 1C op
amp haviog & single domipant. source of self-heat, the oulput
stage, The-constant v = 06 mV/W and Ps is power dissipated
in the output. For sitmplicity, we ignore input drift due (o uni-
form heating.of the packaxe, This cffect can be siguificant if the
input stage drift is not low, ser 171

P, power dissipated in the output circuit,

K- & constant with dimensions of °C/W.
The plus/minus sign is necded because the direction of
the thermal gradient.is unknown. In fact, the sign may
reverse polarity during the output swing as thic dominant
source of heat shifts from onc transistor to another. Tf
the dominant input components consist of the differential
transistor ipair of Fig. 4, the thermally indweed input
voltage Vi can be caleulated as

o £ K P2 X 107

= yrPy @
where yr = Kr(3 % 10-) V/W, since the transistor
cmitder-hase drops hange ubout —2 mV/°C.

For a thermally well designed TG op amp, in which the
power output devices are made Lo approximate cither
2 point or a Jinc soufee and the input components are
placed on the resulting isothermal lines (see below and
Tig. 8), typical valuck measured for Kr are

Kz 703 °C/W ®

in a TO-5 package.
The dissipited power in the class-AB output stage Ps
s written by inspéetion of Fig. 4:

v
Py = £, ®
where
. Ve=+V. wheaVe>0
Vo= =V when ¥, < 0.

A plot of (6) in' Fig. 5 resemblos the well-known
oluss-AB dissipation ¢haracteristies, with zero dissipation
écourring for Vo = 0, +V., —V., Dissipation pesks
occur-for Vg = +Veo/2 and —Vae/2. Note.also from (4)
that the thermally induced inpui voltage Vipe has this
same double-umped shape sinee it s just equal to'a
constant times Py st de. —





[image: image4.png]Tig. 5. Simple claws-B output stage and plot of power disipated
in. the.stage, Py, assuming device can swing to the power sup-
plies. Equation (6) gives sn expression for the plot.

Now examine Figs. 6(s).and (b) which are curves of
open-loop ¥ versus Vi for the IC op amp. Note first
that the overal] curve can be visualized to be made up
of two components: a) a normal straight line elcotrical
gain curve of the sort expeoted from (1) and b) & 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 fcedback causes the open-loop
gain of the feedback amplifier to change phase by 180°,
apparently causing negative feedback to become positive
feedback. If this is really true, the question arises: which
input should be used as the inverting one for feedback?
Further, is there any way to close the amplifier and be
sire i will mot find an unstable operating point and
Iateh to one of the power supplies?

The answers to these'questions can be found by study-
ing a simple model of the op amp under slosed-loop
conditions, including the effects of thermal coupling, As
shown in Fig. 7, the thermal coupling ean be visualized
as just an additional feedback path which acts in paraliel
with the normal electrical feedback. Noting that the
electrical form'of the thermal feedback factor is [seo (4)
and (6)]

E1
S

The closed-loop gain, including therinal feedback is

¥ (Va— 270 @

A0 = ®

"
1 w8, £ Ba)
where j is the open-loop gain in the absence of thermal
feedback [(1)] and B, is the applied electrioal feed-
back as in Fig. 7. Inspection of (8) confirms that as long
a5 there is sufficient electrical foedback to:swamp the
thermal feedback (e, B > fa), the amplifier will
behave as a normal closed-loop device with charac-
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Fig. 6. (a) Ideslized do transfer curve for an IC op amp show-
Ing its electrice] and thermal componenia. (b) Experimental
opeh-loop transfer curve for a reprosentative op amp (LM
0.

teristics determined principally by the electrical feed-
back (ie,.4p(0) = 1/8). On the other haud, if 8, is
small or nonexistant, the thermal term in (8) may donii-
nate, giving an appatent open-loop gain eharacteristic
determined by the thermal feedback Jactor By. Letting
e = 0 and combining (7) and (8), 4v(0) becomes
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Tig. 7. Disgraan used to caleulate olosed-loop gain with thermal
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Recalling from (6) that Vo ranges between 0 and Vg, we
nate that the incremental thermal feedback is grestost
when Vo = 0 or V,, and it is-af these points that the
thermally limited gain is smallest. To use the amplifier
in a predictable manner, one must always apply cnough
electrical feedback to reduce the gain below this mini-
mum thermal gain. Thus, a mazimum usable gain can be
defined as that approximately equal to the value of (9)
with ¥, = 0 ar V, which is

Ay (10)

or

A = an

Tt was assumed in (10) and (11) that thermal fecdback
dominates over the apen-loop electrical gain, u. Finally,
in (11) a maximom current was defined Insx = Vi/Bz
as the maximum current, which would flow if the ampli-
fier output could swing all the way to the supplies.

Equation (1) is a strikingly simple and quite general
result which can be used to predict the cxpected maxi-
mum usable gain for an amplifier if we know only the
miaximum oubpub current and the thermal fecdback con-
stant yr.

Recull that typieally Ky = 03°C/W and yr = (2 X
10°): Kr = 0.6 mV/W. Consider, as as example, the
standard IC op amp operating with power supplies of
Vs = *15 V and a rinimum load of 2 k0, which gives
Twee = 15 V/2 kiz = 7.5 mA. Then, from (11), the maxi-
rum thermally limited gain is about:

Ap0)aee 2 1/(06 X 107)(7.5 X 107

220 000. 2

Comparing (2) and (12), it is apparcnt that the thermal
characteristics dominate over the electrical .ones if the
minimam load resistor s used. For loads of 6 ki or more,
the electrical characteristics should begin to dominate

[ [ HE

Tig. 8. Oue type layout in which » quad of input fransistors is
cress connected to reduce effcet of nonuniform thermal grd-
ients. The outpuf transistors use distributcd stripe geometrics
to_gencrate predictsble isothermal lines.

if thermal feedback from sourees other than the output
stage is negligible. It should be noted also that, in sorme
high speed, high drain op. amps, thermal feedback from
the scoond stage dominates when there is no load

As & second example, consider the so-galled “power
op amp” ot high gain audio amp which suffers from the
same thermal limitations just disoussed. For a device
which can deliver 1 W into a 16-G load, the peak output
current and voltage ate 350 mA and 5.7 V. Typically, a
supply voltage of about 16 V is needed to allow for the
swing loss in the TG oulput stage. Inex is then 8 V/16 @
or 05 A. Tf the device is in a TO-5 package yr Is ap-
proximately 0.6 mV/W, so from (11) the maximum
wsable de gain is

i
W6 X 107505

This is quite low compared with electrical gains of, say,
100 000 which are easily obtainable. The situstion ean be
improved considerably by using a large dic to separate
the power deviees from the inputs and carefully placing
the inputs on constant terperature (isothermal) lines
1 illustrated in Fig. 8. It onc also uses a power package
with & heavy copper base, yr's as low 15 50 xV/W have
heen observed. For example, a well-designed 5-W ampli-
fier driving sn 80 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 effect of thermal feedback in
high gain cirouits is low frequency distortion dus to the
nonlinear transfer- characteristic. Differential thermal
coupling typically falls off at an initial vate of 6 dB/
octavt starting sround 100-200 Hz, s0 higher frequencies
are uncffected.

A | = 3300. 13)

TIL. SmALL-S1GNAL FREQUENCY RESPONSE

At higher frequencies where thermal effects can be
ignored, the behavior of the op amp is dependent on
purely. electronic phenomena. Most of the imporiant
small and large sighal performante characteristios of the
classical IC op amp can be accurately predicted from
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Fig. 9. First-ordor model of op amp used to caleulete small signal high frequency gain. At frequencies of in-
torest. the input impedance of the sccond stage becomes low compared to first stage output impedance due
to C. foedback. Becauso of this; first stage output impedance gan be assumed infiite, with 1o loss In aecuracy.

very simple first-order models for the amplifier in Fig:
1(8]. The small-signal model that is used assumes that
the input differential amplificr and current mirror can be
replaced by a frequency independent voltage controlled
current source, see Fig. 9. The second stage consisting
essentially of transistors Qs and Qy, and the current
source load, is modeled as an ideal frequency independent
amplifier block with & feedback or “integrating capacitor”
identical to the compensation capacitor, C.. The output
stage is assuled to have unity voltago gain' and is
ignored in our caleulations. From Fig. 9, the high fre-
quency gain is caleulated by inspeetion:

A =2 (s)] L 9

where de and low frequency hehavior have not been
included since this was evaluated in the last section. Fig
10 s 2 plot of the gain magnitude as predicted by (14).
From this figure it is a simple matter to calculate the
open-loop unity gain frequency w, which is also the gain-
bandwidth' produet for the op amp under closed-loop
conditions: .

= G,

o= s

In a practical amplifier, w, is set to s low cnough fre-
quency (by choosing a large C.) so that negligible excess
phase over the 90° due to C, has built up. There are
numerous contributors to excess phase including low f,
P--p’s, stray capacitances, nondominant second stage
poles, ete. These arc discussed in more detail in a later
section, but for now sufficc it to say that, in the simple
1C op amp, w/2n is limited to about 1 MHz. &s a simple
test of (15), the LM10T or the uA741 has a first stage
bias current I of 10 pA per side, and a compensation
capacitor for unity gain operation, C., of 30 pF. These
amplifiers each have a first stage g which is half that

A= S8

gl

o o

= e

Tig_ 10. Plot of open-loop gaia caleulated from model in Fig. 9.
The de-and LF gain are given by (1), or (11) if thermal fecd-
back dominstes.

of the simple differential amplifier in Fig. 1 o0 gn: =
ol,/2kT. Equation (15) then predicis a unity gain
corner of

)

e _ (0192 X 1 2~ 102 3em

@ .29 X 29
k=% T2, T m@ X 10 &)

which agrees closely with the measured values.

TV. Sew RaTe axp SoME SpEcIAL Livits

A. A General Limit on Slew Rate

1f 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” b some limiting rate determined by
internal currents and capacitances, as illustrated in Fig.
11. The magnitude of input voltage required to make the
amplifier reach its maximum slew rate varies, depending
on the type of input stage used. For an op amp with a
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Fig. 12. Model used to caleulate slow rate for the amp of Fig. 1 in the inverting mode. For simplicity, all
fransistor o' are assumed cqual to_unity, although resulis are essentielly independent of a. An identical slew
rate can-be caleulated for & negafive-going output, obtained if the applicd input polarity is reversed.

simple input differential amp, an input of about 60 mV.
will cause the output to slew at 90 percent of its maxi-
mum rate, while & uA741, which has half the nput gm,
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 to calculate slew limits for the
Tepresentative op amp in the inverting mode is shown in
Fig; 12, where the only important assumption made is
that I, > 2I; in Fig. 1. This condition always holds in a
well-designed op amp. (If onc lets T, be less than 2T, the
slew is limited by I, rather than Iy, which results in lower

speed than is otherwise possible.) Fig. 12 requires some
modification for noninverting operation, and we will
study this later.

The limiting slew rate is now caloulated 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 tail current 27, is simply diverted into the inte-
grator consisting of 4 and €. The resulting slew rate is
then:

an

Lo
Noting that 7,(f) is a constant 21, this becomes
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As a check of this esult, recall that the pATA1 has
1, = 10 A and Cy = 30 pF, so we caleulate:

dyy S 2X107° V.
@ | = 301077 = 07 4 (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

dvy
dt
Equation (20) is & gencral and very useful relationship.
Tt shows that, for a given unity-gain frequency, w, the
slew rate is determined entircly by just the ratio of first
stage operating current to first stage transconductance,
I1/gm. Recall that w, is set at the point where excess
phase begins to build up, and this point is determined
largely by technology rather than cireuit Linitations.
Thus, the only effective means available to the cireuit
~ designer for increasing op amp slew Tate is to decrcase
the ratio of first stage transconductarice to operating
current, gny/Ir .

_ %l

me Om

20)

B. Slew Limiting for Simple Bipolar Input Stage

The significance of (20) is bst seen by considering the
specific case of a simple differential bipolar input as in
Fig. 1. For this cireuit, the first stage transconductance

(for e = 1) is*
Gm = ql/RT @1
so that
ot /T 22)
T, = U ¢

Using this in (20), the maximum bipolar slew rate s

2

@t e
This provides us with the general (and somewhat dismal)
conclusion that slew rate in an op amp with a simple
bipolar input stage is dependent only upon the unity
gain corner and fundamental constants. Slew rate can
be increased only by increasing the unity gain corner,
which we have noted is generally dificult to do. As a
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) predicts. that the slew rate
for this advanced device is only

24
2 23)

*Note that (21) applies only to the simple differential input
stage of Fig. 12. For compound inpul stages as in the LMIOL
or wAT4L, gom is half that in (21), and the slew rate in (23) is
doubled.

dv,

2V
5 & e = B s @
which is good, but hardly impressive when compered
with the difficulty of building a 100-MHz op amp.* But,
there arc some ways to get around this limit as we shall

see shortly.

C. Power Bandwidth

Our intuition regarding slew rate will be enhanced
somewhat if we relate it o  term called “power band-
width.” Power bandwidth is defined as the maximum
frequeney at which full output swing (usually 10 V
peak) can be obtained without distortion. For & sinus-
oidal output voltage vg(t) = V, sin o, the rate of change
of output, or slew rate, required to reproduce the output,
is

. % =V, cosat. (@5)
This has & maximum when cos of = 1 giving
dy,
Gl =, @6)

50 the highest frequency that can be reproduced without
slew limiting, aya (power bandwidth) is

@7

Thus, power bandwidth end stew fate are directly related
by the inverse of the peak of the sine wave V,. Fig. 13
shows the severe distortion of the output sine wave which
Tesults if one attempts to amplily a sine wave of fre-
QUENEY @ > wna

Some: numbers illustrate typical op amp limits. For a
#AT41 or LM101 having 2 maximum slew rate of 0.67
V/us, (27) gives a maximum frequency for an undis-
torted 10-V peak output of

Joux = %52 = 10.7 kHz,

which is a quite modest frequency considering the much
higher frequency small signal capabilities of these de-
vices. Even the highly advanced 100-MHz amplifier
considered above has & 10-V power bandwidth of only
0.5 MHz, 5o it is apparent that a need exists for finding
ways to improve slew rate.

28)

D. Techniques for Increasing Slew Rate

1) Resistive Enhancement of the Bipolar Stage: Bqua-
tion (20) indicates that slew rate can be improved if we
reduce first stage gny/Zs. One of the most effective ways

2 We assume in all of these caleulations that C. is made large
enough so that the amplifier has less than 180° phase lng at w,
thus making the amplifier stable for unity closed-loop gain. For
higher gains one can of course reduce C. (if the IC allows
external compensation) and increase the slew rate sccording
to (18).
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Fig. 13 Slew limiting effects on output sinewave that oceur if
frequency s greater than power bandwidth wase: The onset
of slew limiting oceurs very suddenly as o roaches wmsx NoO
distortion occurs below wmas, while lmost complete triangulari-
antion oceurs at frequencies just slightly sbove wpas.
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Tig. 14, Resistive degencration used lo provide slew rate en-
hencement sccording to (20)

of doing this is shown in Fig. 14, where simple resistive
emitter degeneration hss been added to the input differ-
entiul amplifier [8]. With this change, the gm/T, drops
to

. 385

I, 7 1+ R:1/%6mV @

at 25°C.

The quantity gm/Ty is scen to decreasc rapidly with
added Rz as soon as the voltage drop across Ry exceeds
26 mV. The LM1I8 is a good example of a bipolar
amplifir which uses emitter degencration to enhance
slew rate [4]: This device uscs cmitter resistors to pro-
duce Ryl = 500 mV, and has  unity gain corner of 16

MHz. Equations (20) and (29) then predict a maximum
inverting slew rate of

vy L v

A e Imt -
which is a twenty-fold improvement over a similar ampli-
fier without emitter resistors.

A penalty s paid in using resistive slew enhaneement,
however. The two added emitter resistors must mateh
extremely welt or they add voltage offset and drift to the
input. In the LMIIS, for example, the added emitter
B's have values of 2.0 k@ each ‘and these contribute an
input offset of 1 mV for cach 4 0 (0.2 percent) of mis-
match. The thermal noise of the resistors also unavoid-
ably degrades noise performance.

2) Slew Rate in the FET Input Op Amp: The FET
(JFET or MOSFET) has a considerably lower trans-
conductance than a bipolar device operating at the same
current. While this is normally considered a drawback
of the FET, we note that this “poor” behavior is in fact
highly desirable in applications to fast amplifiers. To
illustrate, the drain current for a JFET in the “current
saturation” region can be approximated by

30

152 Ioss(Vis/Vy — 1)° 31)
where
Loss  the drain current for Vs = 0,
Vas  the gate source voltage having positive polarity

for forward gate-diode bias,
Ve the threshold voltage having negative polarity
for JFET’s.
The small-signal transconductance is obtained from (31)
85 gn = 15/3Ve. Dividing by I end simplifying, the
ratio gu/Iy foru JFET s«

IS 2 _ 2 [ m]”*

L= (Ves— Vo —Villp )
Maximum amplifir slew tate ocours for minimum
9./Tp and, from (32), this oceurs when I, (or Vas) is
maximum. Nomally it is impractical to forward bias the
gate junction so a practical mininmm occurs for (32)
when Vs = 0 V and I, = Ings. Then

32)

o 2z :
Ll = TV,
Comparing (33) with the analogous bipolar expression,
(22), we find from (20} that the JFET slew rate is
greater than bipolar by the factor

33)

JFETslew | — Vo au
bipolarslew ™ 35T/ g wur

(£

where w, and o are unity-gain bandwidths for JFET
and bipolar amps, respectively. Typical JEET thresholds
are around 2 V (Vr = —2 V), 0 for equal bandwidths
(34) tells us that a JFET-input op amp is about forty
times faster than a simple bipolar input. Further, if
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Tig. 1. Monolithic operational smplifier emploving compatible p-chsunel JFETs on the st chip with nor-
B mal bipolar components,

JFET's are properly substituted for the slow pen-p's in
a monolithi design, bandwidth improvements by at least
@ factor of ten are obtainable. JTET-input op amps,
therelote, offer slew rate improvements by beiter than
two orders of magnitude when compared with the con-
ventional IC op amp. (Similar improvemenits are possible
with MOSFET-input amplifiers) This charcteristic,
coupled with picoanp iuput currents and reazonable oft-
sob and drift, make the JFET-input op amp @ very
desirable alternative to conventional bipolar designs.

As an example, Fig. 15, illustrates one design for an
op amp employing compatible p-channel JFET’s on the
same chip with the normal bipolar components. This
cireuit cxhibits a unity gain comer of 10 MHz, a 33
V/us slew rate, an input current of 10 pA and un offset
voltage and drift of 3 mV and 3 xV/°C (6], Bandwidth
and slew rate are thus improved over simple 1C bipolar
by factors of 10 and 100, respectively. At the same time
input currents are smaller by about 10%, and offsct voli-
siges and drifts are comparable to or better than slew
enhanced hipolar circuits. .

V. Sconp-Oroew Errscns: Vourace Founowsn
SuEw Beraviok
If the op amp s ‘operated in the noninverting mode
and driven by a large fast rising input, the output
exhibits the characteristic waveform in Fig. 16. As shown,
this waveform: docs not have the simple symmetrieal
slew characteristic of the inverter. In one direotion, the
output has 4 fast step (slew “enhancement”) followed

vl

Voptt

Fig. 16, Large signal response of the voliage follower. For an op
amp with simple w-pn input siage we get the waveiorm
wal(8), which exhibits o step slew “enbancement” on the positive
xoing outpui, and a slow “degradation” on the negaiive going
output. For & p-nep inpiut stage, these oficets are roversed as
shown by vasl2).

by & “normal” inverter slewing response. Ln the other
dircetion, it suflers a slew “degradation” or veduced slope
when compared with the inverter slewing response.

We will first study slew degradation in the voltage
Tollower connection, since this represents a worst case
slewing condition for the op amp. A model which ade-
quately represents the follower under large-signal condi-
tons can be obtained from that in Fig. 12 by simply





[image: image11.png]Fig. 17. Circuit used for caleulation of slew “degradation” in the voltage follower. The degradation is caused
by the capacitor C,, which robs current from the tail, 2/, thereby preventing the full 21 from slewing C.

tying the output to the inverting input, and including a
capacitor C, to account 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 excursions in this connection, and the
charging currents in C, can be quite large.
Gircuit behavior can be understood by analyzing Fig.
17 2s follows. The large-signal input step causes Q; to
turn orr, leaving Q@q to operate as an emitter follower
with its emitter tracking the variational output voltage,
vo(t). It is seen that wo(t) is essentially the voltage
appearing across both €, and C, 50 we can write

oy e o

@ =0
Noting that 4, = 2I;
be solved for is:

(5)

i, (unity o's assumed), (35) can

21,
1+ C./C,
which is scen to be constant with time. The degraded

voltage follower slew rate is then obtained by substitut-
ing (36) into (35):

(36)

|ty 2L
@ iwe  C.- C.FCL

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 + C3/C.). As long as the input tail capaci-
tance C, is small compared with the compensation ca-
pacitor C,, little degradation occurs. In high speed
amplifiers where C, is small, degradation becomes quite
noticeable, and one is encouraged to develop circuits with
small C,.

Ae an example, consider the relatively fast LM118

@n

which has C, = 5 pF, C, = 2 pF, 2I; = 500 4A. The
caleulated inverter slew rate is 21,/Ce = 100 V/us, and
the degraded voltage follower slew rate is found to be
21,/(C. + C.) = 70 V/ps. The slew degradation is scen
10 be about 30 percent, which is very significant. By
contrast, a uAT41 has C, = 30 pF and C, == 4 pF which
results in a degradation of less than 12 percent.

The slew “enhanced” waveiorm can be similarly pre-
dicted from a simplified model. By reversing the polarity
of the input and initially assuming a finite slope on the
input step, the enhanced follower is analysed, as shown
in Fig. 18. Noting that @, is assumed to be turned O
by the step input and Qs is orF, the output voltage be-
comes

wo =~ [ pn+ioa @9
The voltage at the emitter of Qs is essentially the same
as the input voltage, vi(t), 5o the ourrent in the “tail”
capacitance C, is

iy =c, Wi
i =0, G =y

Combining (38) and (39), ve(?) is

0<t<t (39

ZI,JH-Cif'C'—J"ldt (40)

~ 2L

—oo(t) = A Vi + c. “n
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,
in which the slew rate is identical to that of the inverter,
see (18). This response is illustrated in Fig, 18.
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¥ig. 18 Cireuit used for calculation of slew “enhancement” in the voltage follower. The fast falling inpul
causes a step output followed by a normal slew response as shows.

VL Limrrations ox Baxpwiorn

Tn earlier scetions, all bandlimiting effects were ignored
except that of the compensation eaprcitor, C,. The unity-
gain frequeney was sel at u point sulliciently low so that

“negligible excess phase (over the 80° from the dominant
pole) due to second-order (high frequency) poles had
built up. In this section the major second-order polcs
which contribute to bandlimiting in the op amp are
identificd.

A. The Input Stage: p-n-p’s, the Mirvor Pole, and the
Tail Pole

For many years it was popular to identily the lateral
p-n-ps (which bave fi's = 3 Mlz) as the single domi-
nant source of bandlimiting in the IC op amp. Tt is quite
true thai the p-n-p’s do contribute significant cxeess
phase to the amplifier, but it is not-true that they are the
sole contributor 0 extess phase [9]. In the input stage,
alone, there is at least onc ather fmportant pole, s
sllustrated in Fig. 19(a). For the simple differential input
stage driving a differentinl-to-single ended converter
(“mirsor” cireuit), it is seen thut the inverting signal
(which is the feedback signal) follows two paths, one of
which passes through the capacitance €, and the other
through C,.. These capacitancas combine with the dy-
namie resistunces at their nodes to form poles designated
the mirror pole at.

I

. : i (42
T, @
and the tail pole at,
N
nEFT (43)

It can be secn that if ene attempts to operate the first
stage at too low a current, these poles will bandlimit the
amplifier, T, for cxample, we choose Iy = 1 4A, and
assume Cp = 7.pF (consisting of 4-pF isolation ca-
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Fig. 19. {a) Cireuit showing “mirror” pole due to Cr and “lail”
pole duc to C,. One component of the signal due (o an invert- -
ing input must pass through either the mirror or fsil poles
(b) Alternate cirenit to Fig. 19(a) (LMIOL, »A741) which has
less excess phase. Reason is that half the inverting signsl psth
necd not pass through the mirror pole or the tail pole.





[image: image13.png][y

o v
i e
.

¥ig. 20. Simplification of sceond stage used for pole-splitting snalysis. () Complete second stage with uput
slage and output stage losding represented by Ru, Cy, and Rz, C, respectively, () Emitter follower ignored
to simplify analysis. () Hybrid = model substituied for transistor in (b). Source and lond impedances ure
absorbed into model with the total impedances represented by R», C, and R, Ca. Transistor base resistance
is ignored and C, includes both C. &nd transistor collector-bese capaeilence.

pacitance and 3-pF cmitter transition capacitance) and
€, = 4 pF} po/2r = 09 MHz and p/27 = 3 MHz
cither of which would scriously degrade the phase margin
of 8 1-MHz amplifier.

I o design is chosen in which either the tail polc or
the mirror pole is absent (or unimportant}, the remain-
ing pole rolls off only half the signal, so the overall
Tesponse contains a pole-zero pair separated by one
octave. Such a puir generally has & small cffect on ampli-
fier responsc unless it oceurs near w,, where it can degrade
phase margin by as muich as 20°

It is interesting to note that the compound input stage

Dout

—guPaR(l — 5C,/0m)

B. The Second Stage: Pole Splitting

The assumption was made in Scetion TII that the see~
ond stage behaved as an ideal integrator having a single
dominant pole response, Tn practice, one must take care
in designing the sccond stage or second-order poles can
cause significant deviatior™ from the expected response.
Considerable insight into the basic way in which the
second stage opcrates can be obtsined by performing a
small-signal analysis on u simplificd version of the cir-
cuit as shown in Fig. 20 [10]. A streightforward two-
node analysis of Fig. 20(c) produces the following ex- +
pression fOr Ve

4 1SRG+ C) + BalCa + O + BBl + 0

of the classical LM101 (and xAT41), has a distinct ad-
vantage over the simple differential stage, as seen in
Fig. 19(b). This circuit is noninverting seross cach half,
thus it provides & path in which half the feedback signsl
bypasses both the mirror and tail poles.

3¢, con have o wide range of values depending on circuit
configuration. It is largest for n-p-n input difierential amps since
the current source has o eollector-substrate capucitance (Ce =
34 pF) at its output. For p-n-p input stages it can be as small as
12 pF.

(44)

RGO+ GO+ Gl

The denominator of (44) can 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

D) = (L + s/p)(t + s/p2)

=1+4s0/p + Lp) + &/ppa. “5)
With the assumption that p, is the dominant pole and
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Fig. 21 Pole migration for second stage employing “pole-

splitting” compensation. Plot is shown for increasing C and
it s noted that the nondominant pole reaches @ maximum
value for large C,.

H
P2 is nondominant, i, p; << pa, (45) becomes

D) =1+ s/p. + '/pups. (46)

Bquating coeficients of s in (44) snd (46), the dominant
” pole p, is found directly:

1
TF O R 0+ kke, @0
1
REG @

The latter approximation, (48), normally introduces little
error, because the gy, term is much latger thanthe 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 g, R:C,
combined with input node resistance, Ry, The nondormi-
nant pole py is found similarly by cquating s* cocflicients
in (44) and (46) to get pyp, and dividing by p, from
(48). The result is

9aC,
P& Gl + GC + O

Several interesting things can be scen in examining (48)
and (49). First, we note that py is inversely proportional
t0 g (and C,), while p, is directly dependent on g, (and
Cy). Thus, as either C, or transistor gain ara inereased,
the dominant pole decreases and the nondominant pole
increases. The poles p; and py are being “split-upart” by
the increased coupling action in & kind of inverse Toot
locus plot.

This pole-splitting action is shown in Fig. 21, where
pole migration is plotted for C, increasing from 0 to &
large value. Fig. 22 further illustrates the action by giv-
ing specific pole positions for the xA741 op amp. Tt s seen
that the initial poles (for C, = 0) are both in the tens
of kilohertz region and these are predicted to reach 2.5
Hz (py/2+) and 66 MHz (p/27) after compensation is
applied. This result is, of course, highly satisfactory

9

Fig. 22. Example of pole-splitting compensation in the wAT4L
©op amp. Values used in (48) and (49) are: gas = 1/87 0, C,
30 pF, Gy = (> = 10 pF, R: = L7 Mg, R, = 100 k.

since the sccond stage now has a single dominant pole
effective over u wide frequency band.

C. Failure of Pole Splitting

There are several situations in which the application
of pole-splitting compensation may not result in & single
dominant pole response. One common case accurs in very
wide-band op amps where the pole-splitting capacitor is
small. In' this situation the nondominant pole given by
(49) may not become broadbanded sufficiently so that it
ean be ignored. To illustrate, suppose we attempt to
minimize power dissipation by Tunning the second stage
of an LM1I8 (which has a small-signal bandwidth of
16 MHz) at 0.1 mA. For this op amp C, = 5 pF, C; =
€3 == 10 pF. From (49), the nondominant pole is

P> 16 MH

2

50)

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

A second type of pole-splitting failure can aceur, and
it is often much more difficult to cope with. I, for cxam-
ple, one gets over-zeslous 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 cxact equivalent circuit for the second
stage of Fig. 20(a) as shown in Fig. 23. If the follower
is biased at low currents or if Cy, Qo gm, and/or . are
high, the circuit 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 cireuit contains a pair of coni-





[image: image15.png]n

&

1
- I
1

1

Fig. 25, More oxact cquivalent circuil for second stage of Fig. 20 (a) including & simplificd = model for the

emitter follower (Rm, Cr, gar) and

Tig. 21, Root locus for second stuge illustrating fnilure of pole
splitting due 10 high gns, 7oz, Co, and/or low bius current in (e
emitter follower.

plex, possibly underdamped poles which, of course, can
cause peaking or even oscillation. This effect oceurs =0
commonly in the development of wide-band pole-split
awplifirs that it bas been (a6l fondly) dubbed “the
second stage bump

“There arc numerous ways to climinate the “bump,”
but no single cure has been found which is cffective in
all situations. A divect hand analysis of Tig. 23 is pos-
sible, but the results are difficult to interpret. Computer
analysis scems the best approach for this level of com-
plexity, and numerous specifie analyses have been made.
The following is & list of circuit modifications that have
been found cffective in reducing the bump in the various
studies: 1) reduce gy, 7oz, Clz, 2) add capacitance or &
series RC network from the stage input to ground—this
reduces the high frequency local fecdback due to Cy, 3)
pad capacitance at the output for similar reasons, 4) in-
ercase opersting current of the follower, 5) reduce Cy
6) use a higher f, process.

D. Troubles in The Output Stage

Of all the cireuitry in the modern IC op amp, the
class-AB output stage probably remains. the most trou-
blesome. None of the stuges in-use today behave as well
as one might desirc when stressed under worst ease con-

a complete = for Qs (ra, B, cie)

ditions, To illustrate, one of the most commonly used out-
put stages is shown in Fig. 2(b). The p-n-p)’s in this civ-
cuit are “substrate” p-n-p’s having low current f/s of
around 20 MHz. Unfortunately, both gy and J: begin to
fall off rapidly at quite low eurrent densities, so as one
begins to sink just a few milliamps in the eireuit, phase
margin troubles can develop. The worst cffect oceurs
when the amplifier is operated with a large capacitive
load (>100 pF) while sinking high currents. As shown
in Fig. 25, the lond capacitance on the output follower
catises it fo have negative input conductance, while the
driver follower can have an inductive output impedance.
These elements combine with the capacitance at the in-
terstage to generate the equivalent of a one-port oseil-
iator. In & carefully designed cireuit, oscillation is sup-
pressed, but pedking (the “output bump”) can occur in
most amplifiers under appropriate conditions

One new type of oulput eircuit which does mot use
p-n-p’s is shown in Fig, 26 [6). This eircuit employs
compatible JEET's (or MOSFIT’s, see similar cireuit in
f11]) in a FET/bipolar quasi-complimentary output
stage, which is insensitive to load capacitance. Unfor-
tunately, his circuit is rather complex and employs
extra process steps, so it does not appear to represent the
cure for the very low cost op amps.

VIL Tae Garx Ceie: Liveas Lance-Seare !
. INTEGRATION

As the true limitations of the basic op amp are more
fully understood, this knowledge ean be applied to the
development of more “optimum” amplifiers. There are,
of course, many ways in which one might choose to opt
mize the device. We might, for cxample, attempt to maxi-
mize speed (bandwidth, slew rate, settling time) without
suerificing de characteristics. The compatible JFET/
bipolar amp of Fig: 15 represents such an effort. An
alternate choice might be to design an amplificr having
all of the performance features of the most widely used
general purpose op amps (ie, pA74L, LMI107, etc),
but having minimum possible die area. Such & pursuit
is parallel o the offorts of digital large-scale integration
(LST) designers in their development of minimum area
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Fig. 25. Troublos in the conventional class-AB output stage of Fig. 2(b). The low [, output pn-ps intorset
with load eapacitance to form the equivalent of & one-port oscillator.

Tig. 26. The “BIFET” output stage employing JFET's and
bipolar n-p-u's Lo climinate seasitivity to load capacitanice.

mesmory cells o gates. The object of such offorts, of
course, s to develop lower cost deviees which allow wide
and highly economic usage.

In this section we briefly diseuss cortuin aspects of
the linear gain cell, & gencral purpose, internally com-
pensated op amp having a die area which is significantly
smaller than that of equivalent, prosent day, industry
standard amplifiers.

A. Transconductance Reduction

The single largest area component in the internally
compensated op amp is the compensation capacitor
(about 30 pF, typically). A major interest in reducing
amplifier die area, thercfore, 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 size to two other parameters,
unity gain corner frequency w,, and first stage trans-
conductance gp:. It is immediately apparent that for a
fixed, predetermined unity gein corner (sbout 2r X
1 MHz in our case), there is only one change that can

be made to reduce the size of Ce: the transconductance
of the first stage must be reduced. 1§ we restriot our in-
terest to simple bipolar input stages (for low cost), we
recall the gm = ¢Tu/kT. Only by reducing I; can g
be reduced, and we earlier found in Section VI-A and
Fig. 19(a) and (b) that I, cannot be reduced much with-
out causing phase margin difficulties due to the mirror
pole and the tail pole.

An alternate basic approach to gn reduction is illus-
trated in Fig. 27 [12). Here, & multiple collector p-n-p
structure, which s easily fabricated in IC form, is used
to split the collector current into twa components, one
comporientt (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
Tig 27), and the compensation capacitance can be re-
duced directly by the same factor, It might appear that
the ‘mirror pole would still cause dificultics since the
current, mirror becomes current starved in Fig. 27, but
the effect is not as severe as might be expected. The
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Fig, 28. Variations on ge seduction. (2) Cross-coupled connection efiminates all ac current passing through the '
mitror, yet, maintains de belance. (b) This approach maintains high current on the diode side of the mirror,

thereby brozdbanding the mirror pole.

reason is that the inverting signal can now pass through
the high current wide-band path, across the differentisl
amp emitters and into the second stage; so at least half
the signal current docs not become bandlimited. This
partial bandlimiting can be further reduced by using
ane of the circuits in Fig. 28(a) or (b) * In (a), the p-n-p
collectars are oross coupled in such-a way that the ac
signal is cancelled in the mirror circuit, while de re-
‘mains completely halanced. Thus the mirror pole is vir-
tually eliminated. 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, thercby degrading noise performance.

The cireuit in Fig. 28(b) does not have this defect, but
requires care in matehing p-n-p collector ratios to n-pn
emitter areas. Otherwise offset and drift, will degrade as
one attempts to reduce gy by large factors.

B. 4 Gain Cell Ezample

As one tries to make large reduetions 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/circuit techniques which combine a
maximum number of components into minimum ares.

©The circuit-in Fig. 28(s) is duc to R_W. Russcll and the
variation in Fig. 28(b). was developed by D. W. Zobel.
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