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1. Introduction

The field of application of high gain operational amplifiers was con-
siderably widened by the developments in integrated circuit technology and
network configurations. Modern application technics treats operational
amplifiers as universal circuit units and applies their advantageous properties
to improve the parameters of a number of classic network solutions. The
designers of integrated operational amplifiers try to approach the so-called
“ideal operational amplifiers” with their constructed networks. The ideal
operational amplifier will be a symmetrical input and asymmetrical output
infinite differential and zero common mode gain unit, with an infinite band-
width and input resistance, zero offset voltage, zero bias and offset currents
as well as zero output resistance which, at the same time, does not bring
about any accessory noise. Over and above the aforementioned properties let
us mention another important one: in case of arbitrary large input and output
signals the operation is still similar, that is, linear. The real networks are
rather different from abstract ‘“‘ideal operational amplifiers”. The specifi-
cationsinthe data sheets reflect just these differences with the aid of operational
parameters, limit-data and diagrams characterizing the operation.

One of the major hindrances of applying operational amplifiers is the
finite bandwidth, in close connection with it the maximum possible slewing
rate, and the frequency relation of the output voltage swing. [1, 2, 3, 5, 6, 7,
8, 9]. With the improved variety of the nA 702 and pA 709 type integrated
networks, which can be regarded as classic ones, the solution of this problem
was the main aim and it is to be expected that further improvements will
follow in this very direction.

A suitable interpretation of the sphere of concepts is important not
only for the designing production engineer but also for the user, as these very
phenomena may influence in a major way the feasibility of the given tasks,
The effect of maximum slewing rate manifests itself the most pregnantly
in high loop gain amplifiers, in networks including the combination of opera-
tional amplifier—nonlinear units as well as in active filters,
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In the following, the concept and calculation of maximum slewing rate
will be discussed, introducing a simplified, non-linear equivalent circuit model
of operational amplifiers.

2. The concept of slewing rate

By definition, slewing rate is the maximum speed of the voltage change
recorded at the output of the amplifier in case a proper amplitude, ideal
square wave function or step function signal is input in the amplifier, which
just does not lead to an overdriven state of the stages of the amplifier —
after the reproduction of the transients either in a positive or a negative
direction [4].

In case of non-feedback amplifiers the above definitions are of no special
importance. In such a case all stages of the amplifier operate almost linearily
and thus the resulting slewing rate is proportional to the maximum speed
of the output voltage change of a linear, low-pass, two-port weighting function.

In case of feedback amplifiers, one or more internal stages of the ampli-
fier may, however get into an overdriven state in the course of tramsient
responses and in the following this stage, or stages, determine the time function
of the output signal. Slewing rate is thus a characteristic of the amplifier,
related to the internal limitations of the active devices and the reactance
determining the frequency response of the linear system. Thus, slewing rate
is directly related with the value of the feedback amplifier compensating
units and their position in the system.

The frequency-dependence of the maximum sinusoid output voltage
swing can be traced back to similar physical reasons, but (neglecting here
and now a trivial definition) it is an important data for the user in case of both
feedback and non-feedback amplifiers.

3. Slewing rate in case of linearity

The two-port transfer function of the general low-pass contains n real
and complex poles. The slewing rate SWR value is pressed by 1. in a general

way.
SWR = -2 [em Yoy l (1)
de p(1+—P—] (HL]”'(HLH
L A P P2 \ Pn lt=to
where U, is the maximum static output voltage; p;, p,...p, the poles of

the transfer function and t, the least time where the second derivative of the
right-hand-side term in brackets is zero.
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The expression (1) immediately shows that in case of a single pole the
output slewing rate is:

SWR = U, o, (2)

where o, is the absolute value of the pole, i.e. the bandwidth of the amplifier.

The SWR value is delivered by (3) and (4) for the poles on the real
axis and a complex conjugate pole pair, respectively (Figs 1 and 2). In the
figures, the slewing rate data normalized to values U, w,, and U,
respectively, indicate the relationship between the slewing rate and the
position of the poles.
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where o, is the absolute value of the complex roots, ¢ is the angle between
the complex vector characterizing the roots and the negative real axis,

Relationship (3) demonstrates that the approximate relationship (5)
for the resultant rise time of systems with several real roots, gives a rather
rough approximation for SWR values.

3 (5)



38 GY. SIMOXN and L. PAP

where £;; ... ; t, are the independent rise times pertaining to the individual
poles.

Higher degree two-ports can be investigated with the aid of (1), of
minor importance for operational amplifiers.

4, The simplest non-linear equivalent cireuit

The equivalent circuit model in Fig. 3 [4], symbolizes a three-stage,
feedback amplifier. Two-ports 4,, 4, and $ are frequency-independent and
can be separated from each other ideally. The maximum output voltage of
amplifier A, is + U, . the middle stage is symmetrically current limited and
it is supposed to have transfer-characteristic with a linear pole, according
to Fig. 4.
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Fig. 4

The response of the system to the step function change is rather de-
pendent on the input signal level. In case of small input signals, the system
works in a linear mode of operation. In case of a sufficiently high control
signal it can cause an overdriven state in the second stage at time f = 0, and
during this period current I,, and capacitance C determine the slewing rate
of the output voltage. After the transients the system will return to linear
region, provided the stipulation by definition in item 2 is valid for the input
signal amplitude.
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With notations in Fig. 3, and supposing A, RI,; > U, , always present
in practice, the transfer functions of the linear system are the following:

N R 1
Uy(p) = Uii(p) —47;‘1‘:—;1—{“0‘—‘ (6)
b 1r4p
'h 4, = 4 : A=A, 4 R
wnere _:;U-—«"i—-{;—;g, A= Ay A28y
_ A, 14+ pRC
I fr— | (A 1
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In case of step function input signal Ui, (p) = Uj,/p, the output time func-
tions can be written in the following form:

Uylt) = Uy A,,{l ~exp [— < -:—ﬁA)H ®)

R A. t
Ity = U, L 31+ pBAdexp| — — (154 9
0 43{ f exp[ (L )}} ©)

e

If the maximum value of the current I(t) exceeds the limit determined by the
current-limit, the second stage will get into an overdriven state, relationships
(6) and (7) are not valid any more. As I(t)max = I(0), the limit here is:
..’.(1 .
U, -1+ 84) =1y 10
LR (1 +3d) =1, (10)
- Iy RA, I,
Uin: M : _,; — M (11)
A1+ pA4) &m A,

The permissible maximum input signal (U}}), still with no overdriving, is
inversely proportional with the gain of the amplifier preceding the limited
current stage.

During the time of saturation the time function of the output signal is:

s [ t
Us(t) = Iy R4, |1 — exp [— ___) (12)
RC
The complete time function is seen in Fig. 5. For the interval ¢t = 0; t = ¢,
the second stage is in an overdriven state. According to the former, the figure
is valid if the condition I,  RA, > U, > A4, Ui, is met.
By using relationship (12), time period ¢, can be computed in the fol-
lowing way:
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Un _ IuRd, _ UnA,
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a = M > 1; 7= RC.
Uin Av

In Figs 6 and 7 the values of t; and U, (t,) are plotted vs. @ and ApJ, respec-

tively.

From expression (12), the output slewing rate is [4]:

IosA,

SWR = (15)

From Fig. 5, it appears, without demonstration that the maximum rise rate
is the highest in the cverdriven region.
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Fig. 6, shows that in case of U, A4, > I,; A, R, the system will never
get into the linear region, as the second stage is in an overdriven state when
the output signal corresponds the maximum output voltage. At a sufficiently
high input signal, the complete rise time becomes independent from the input
signal level and supposing that U, < I, RA,, is approximately:

UO.}!

tr
SWR

R

(16)

In such a case the rise section of the output signal is characteristically
linear.

5. Non-linear equivalent circuit meodel with two poles

Multi-stage amplifiers have, in every case, several dominant high
frequency poles, thus, 4, and 4, in the equivalent circuit model, (Fig. 3),
can both be frequency-dependent. In this case it is much more complicated
to investigate the feedback amplifier, as, increasing the feedback requires
stability investigation of the linear system and necessity of compensation
emer ges.

Compensation is, in most cases, a shifting of the lowest frequency pole
in a way that the linear transfer function of the feedback system fulfils certain
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conditions (for example, maximally flat or critically damped response). Com-
pensation necessitates to build in external capacitances, the point of building
in having a great influence on the slewing rate value.

In further investigations the system will be supposed to have two poles,
hence the second pole w, can be ordered to either twoport 4, or A,. Once
again, feedback is independent from the frequency and compensation is
carried out by increasing condenser C of the second stage, affecting the fre-
quency of pole o, = 1/RC. The aim of compensation in our case is to bring
about a maximally flat transfer function.

Concerning the feedback linear system, the following relation may be
written up:

_ _ 1 .
UO(P) = Uin ~’11 ; 28 ' P~2 (1 ()
TP T
[ON ;
where:
]}Z . V.Eiz
S 1 fw, | oo
0y = | o, {1 + 34); e i
] 1 2 1( s ) 2 1/1 _}_ 13‘/1

The condition of a maximally flat response is:

11 H 154 ]'F 1484 1'J‘~' . (18)

oN Wy 2 2

If 54 > 1, with a small neglection

B}

RCe<— 34 . (19)

Dy

Relationship (19) is suitable for computing the required compensating con-
denser. The response to step function of the closed, linear system is:

The time function of current I is investigated in two cases depending on wheth-

er the second pole pertains to the first or the third stage.
a) The second pole is in stage 4,

@,
. - -5t (. o, . o
Do(t):_fivb’m{l —e 12 (sm—%t-;«cos———g—t

7 (20)

i

I(t):—‘i"—u-i—n— 1+ ewﬁt[ﬂfi siniog—t%— 54 cos ] t]]
4, R V2 2
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The maximum value of I(f) occurs at the time t = 0.

A, Uiy o
I(O)max = 1(0) = —:1—:17;‘ (14 pA4) (22)
In case of a sufficiently high U, voltage, the second stage will be in the over-
driven state:

Uy =~ 23)
&m Al
The result is thus similar to the one indicated in item 4. The maximum output
slewing rate depends, however, on the value of loop gain, through relationship
(19).
In a non-linear range, the time function of the output signal is also in-
fluenced by the frequency dependence of A.,:

wy ey e }

Uy(t) = Ly RAQ[I _—

|
Wy — @ Wy —

Supposing that the loop gain is sufficiently high, that is, w,/0;>1

Uy (t) = Iy RA, [1 — &' ] (25)
swR = Ja AR (26)
284 »

After’compensation, SR is about inversely proportional to the loop gain.
The character of the time functions U, (¢) and I(¢), appears from Fig. 8.
Time ¢, can be computed also in this case by (14).
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b) In stage A,, the second pole
. Ooy
I(t)z—U‘—'ﬁ’i 1—e 12 cos—({.)—ﬂt«}—
A, R 12
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Wy 2
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w12
©
tg 2 1= e SEEPURE | (28)
' 0,2

In case 45> 1, the neglection is permitted. The value of the maximum

brd

> 1, gle
current is approximately proportional to the value of Af, in case of a high
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The output signal can be divided into three stages, according to Fig. 9.
At time #, the system is operating linearily, during time t,, the second stage
gets into an overdriven state, and finally the network returns to the linear
region, Time ¢, can be approximated, by (31), provided U;, > Uj,. Approx-
imating the time function of the current with a starting slope, at t = 0:
I/\"I .40R [OR I‘,\,[ 1
e ——F— — =~ ——, (31)
4. Uy wf A18m Upe @2
If w, > m,, then, in general, time ¢, is negligible as against ¢, . This supposition
involves that t; can be computed at a sufficient accuracy from (14) while
the SWR value is given by (26) at a good approximation.

6. The limitations of the equivalent circuit models

The real amplifying systems are much more complex than the ones
described above. The differences and the evolving problems are summarized
in the following.

Uin /
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Fig. 10

a) In general, high gain systems consist of three amplification stages:
two for voltage and one for output. The linear transfer function thus contains
three active poles. Compensating means to form expediently the frequency
characteristic of a three-pole feedback system. Supposing that the frequency
of the third pole is much higher than that of the other two, the results obtained
for the two-pole systems, can be generalized also for this one.

In such cases the position of the active poles of the feedback system is
influenced but by the loop gain and the poles on the two lower frequencies.
In more complex cases: numerical analysis is the general method of evaluation.

b) In multi-stage systems, in general, the output of all stages is limited.
The above discussed symmetrical circuit limitation is typical for differential
amplifiers. In general, several stages may be overdriven at the same time.
As an example and by using former results, the operation of the system in
Fig. 10, will be examined. The arrangement is an extended variety of the cir-
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cuit seen in Fig. 3. According to our assumptions, compensation is done in
the second stage, by modifying the frequency of the dominant pole. The
amplifier 4,, similarly to stage two, can be characterized with a single linear
pole and a current limited transfer function. The input voltage limits of the
overdriven states of the individual stages are:

’

Upp, = —% (32)
&m

Uy, = I 56 (33)
gmg;nR’

as 4, = g, R" in (30). The first stage is overdriven first, if:

U, < Uiy, (34)
, I,,1.56 -
M < ‘L”—,“ (35)
gm R
Uin /
O+ Ur Up
Ay ——4>——T R C p—t>—a Az
—1 - Ry
l/M

%J
A

c) Besides the symmetrical current limitation and depending on the
circuit arrangement of the stage, asymmetrical current and voltage limitation
is also frequent. Often (e.g. in sample and hold circuits) the output stage and
the loading capacity determine the maximum slewing rate. The special arrange-
ments require individual analyses.

d) Compensation does not mean in each case the increase of the capacity
pertaining to the dominant pole. Compensation is often done by means of
series connected R and C, adding one pole and one zero to the iransfer func-
tion. This method may much increase the maximum slewing rate at about
t = 0, in the response to the step function. This phenomenon will be illustrated
on the circuit in Fig. 11. For the sake of simplicity let us assume that the loop
gain is suificiently high and 4,, 4, and j can be regarded as frequency-in-
dependent., compared to the dominant pole of the system.
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The responses of the linear system to the step function are:

U0 = U A1 [1- O 5)233 2] (36)
B 1T
(t) — Um —4v i (1 z /3"1) (Rl + R) -1 e (37)
AR ||l Q+B4)R +R
where w, = 1+ p4 , and let wp = _r .
(1+pB4)R,C+ RC C(R, + R)
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Fig, 12

The second stage will enter the non-linear region if the following inequality

is fulfilled:
Und, (1+-p4)(R, +R)

I(H)max = ,
Oima 4,R (1+pA)R +R

>1Ty (38)
That is:

IA’T (1'—{—“3.‘1)1{1 '—!—R
Al 8&m Rl —L R

U/, = (39)

In the overdriven region the time function of the output signal is only deter-
mined by the second and third stage.

Uy(t) = I RA, [1 . (ﬁ _ 1) e”“’f’f] (40)

The signal forms are indicated in Fig. 12.
o boed
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7. The frequency dependence of the maximum output voltage swing

The low frequency output voltage swing is generally limited by the out-
put stage or the driving stage. By increasing the frequency, one of the inter-
mittent capacitive load stages may get to the limit of linear maximum output
voltage swing, before overdriving the output stage. Thus the not clipped
maximum sinusoid output signal is determined by this interior stage. In high
loop gain systems this fact often limits the usility of the amplifier, although
the small signal bandwidth of the amplifier may be many times that of the
limit frequency of the maximum output voltage swing.

a) Systems with one pole [4].

For the network in Fig. 3, the maximum possible distortion free sinusoid
output voltage, affected by the limitation in stage two, can be computed
in the following way:

R
M 4,
1+ joRC

UO max " I

(41)

In case this is less than the maximum output voltage swing of the output
stage, the maximum value of the output voltage is determined by the second
stage.

If 1/oC <€ R is fulfilled, relationship (41) simplifies into:

N I
UOmax = A *’42 . (42)
wC

The limit frequency of the dynamic range, i. e. the frequency where
the level determined by the output stage and the intermediate stage is equal:

IyA,
ZJIC on )

Ju= (43)

Above this frequency the dynamic range decreases at a slope of 6 dB/octave,
viz. hyperbolically, versus of frequency.

UmMﬁ=Uw%~ (44)

b) System with two poles [4].
Using the expression (20) the power bandwidth considerations and the
loop gain are related by:
. I RA w,

ax = . 45
U()n,a:\ ZAﬂ R ( D)
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Thus the maximum of the output voltage is inversely proportional
to the loop gain of the compensated amplifier.

In case also A, is frequency-dependent and its cut-off slope is 6 dB/oc-
tave, the maximum output voltage swing decreases by 12 dB/octave, as a
function of frequency. Decrease of the maximum output voltage swing of the
output stage by 6 dB/octave over limit frequency f}, leaves the condition
(42) inaffected.

IR Up max [dB]
R.A
pon-Ag =
b \«\- 6 dB/octave
Uop hY
\\
Nf/-luR,Az \f

ﬁ\\

1
(R+RJC R,

Fig. 13

In case of the series RC-member compensation in Fig. 11, the power
bandwidth changes — according to the sense — in relation to the function
in Fig. 13.

8. Results of the measurements

To prove the presented principles and computation methods, measure-
ments had been carried out and, in case of a few commercial integrated cir-
cuits, the records in the data sheets had been applied.

a) The HIKI-made EH3 type integrated thin film operational amplifier
consists of two differential amplifiers and one unity-gain output stage. Com-
pensation is done in the second stage, by increasing the collector-base capac-
itances of the transistors by external components.

With the aid of the Miller-transformation, our hitherto results can be
generalized also for collector-hase capacitance:

LyA* Ay Tyd,

SWR = ..,
C1+ A4*] C

(46)

where I, is the maximum current of the stage, before, 4* is the voltage gain
of the stage containing collector-base capacitance, A, is the voltage gain of
the output stage and C[1 - A*] is the Miller capacitance. With similar sym-
bols, the limit frequency of the power bandwidth is:

IyA* 4, IyA,

, == == 4-‘7
/i 22C[1 + A*] Uy,  27C U, (0

A Periodica Palytechnica EL XVIIf1.
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Concerning the amplifier EH3, 4,=1; I,, = 0.74 mA, U, =13
V,—p. and C = 220 pF. Calculated and measured SWR values are 3.3 and 2.2
Viusec, respectively.

The frequency dependence of the power bandwidth is seen in Fig. 14.
Beyond the limit frequency f},, relationship (42.) indicates the maximum out-
put voltage swing at a close accuracy.

b) In circuit type uA 702, [9, 10], compensating is done in the positive
feedback output stage. The circuit diagram of the output stage and its equiv-
alent circuit model, in case of compensation, is seen in Figs 15a and b
C, is the compensating capacitance, I,, = 1.1 mA is the operating point
current of transistor T,. The catalogue data and the computed values are in
good agreement (see Fig. 16).

¢) In circuit type puA 709 [9, 10], compensation means to increase the
feedback capacitance of the second amplifying and asvmmetric conversion
stage. The gain of the output stage 4, = 30, the maximum current of the
driving, current limited first stageis I,; = 40 uA.The measured and computed
data vs. gain of the feedback system are shown in Fig. 16.

Comparison of the measured and computed results indicates that the
assumed equivalent circuit models provide a good simulation of the real,
physical phenomena, especially in the case of high loop gains, To the authors
knowledge no publications on the investigation of these equivalent circuit
models and the substantial evaluation of the results are found in the literature.

Acknowledgements

The authors are indebted to Prof. Dr. IstvAN BARTA, assistant professors Dr. IstvAN
Hizvan and Dr. J6zseF KoMARIR, for their help and useful advices.

Summary

Concept and calculation of maximum slewing rate, one of the major hindrances of apply-
ing operational amplifiers, are presented. A simplified non-linear circuit model of operational
amplifiers helps to give some qualitative and quantitative relationships between the slewing
rate and the small signal high frequency characteristics. The theoretical results are in excellent
agreement with the recorded diagrams.
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