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TECHNICAL MEANS IN AUTOMATIC CONTROL

STRUCTURAL METHODS FOR INCREASING
THE SPEED OF OPERATIONAL AMPLIFIERS

A. A. Danilov and D. E. Polonnikov . UDC 621.375.147.3

Structural methods for improving the speed-of-response of operation amplifiers (OA) are dis-
cussed along with ways to reduce the settling time of an OA with a parallel negative feedback
loop. Promising block diagrams for high-speed OA's are analyzed, specifically for OA current-
to-voltage converters, and their maximal potentialities are estimated with regard to increasing
the cutoff frequency and reducing the settling time of their output voltage.

Operational amplifiers (OA) are employed widely in a great variety of arrangements. In a number of
cases the dynamic properties of an OA determine the speed-of-response of the equipment in which they are
utilized.

The most important parameter of an OA, which characterizes its speed-of-response, is the settling
time 7 5 of the output voltage as determined with a step-type input signal. It is helpful to minimize 75 in prac-
tically all OA applications, but especially in that broad class of arrangements such as converters for the type
of data (digital-analog and analog-digital) and commutators.

In this connection the objective of the present article is to analyze new OA block diagrams that can re-
duce the settling time as well as to estimate their maximal speed-of-response potentialities.

If it is assumed that the transfer function for an open feedback loop K;(s) (s is a complex variable) cor-
responds to a first-order inertial element, then the transient process in the OA for a step-type input signal
decays exponentially with an equivalent time constant of 1/w¢q (the cutoff frequency is determined from the

condition |Kj(jwco)! = 1), and the settling time for a given relative error is equal to
1
To= —«lnT.

co

It is evident that to reduce 74 in this case one must increase wgp. In a real amplifier circuit the maxi-
mal value of wco is limited by parasitic high-frequency poles wpj that occur in K(jw) on account of nonideal
amplifier elements, a load capacity, and mounting capacities. If the values of wpi are remote enough from
weos then they can be replaced by a single equivalent pole

g™ (2—1_”)_1’

= Ui
that infroduces at the frequency wco the same phase shift as the actual set wp; and also affects the transient
process in approximately the same way.
With Wp taken into account the transient process will have the form

a(t)=Zont®) _ g ih et W
Upyi ()

where

Moscow. Translated from Avtomatika i Telemekhanika, No. 10, pp. 159-165, October, 1982. Original
article submitted June 19, 1981.
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1t follows from Eq. (1) that if k; >4, then

crmie (1-2) (1S (14 2] - e i )]}

and T is even somewhat smaller than in the case of the ideal element of the first order with the same wco.
It can be shown that 75 has a minimum when k; = 4, where s; = s; = — 2w and

a(t)=1— (1+2acqt) exp (—2wcct) -
Here 75 for 6 = (1.0 to 0.01)% is about 1.5 times less than when wp ™ ®,

When k; < 4, an oscillatory transient process occurs, but when k; = 2, the value of 75 does not exceed
the values for wp —~». A reduction of k; to a value less than 2 results in an abrupt increase of the oscillation
and the value of 75. Considering these characteristics and also the need to have some margin it is advisable
to choose wgq = wp/4. In this case it is permissible to have a load capacity such that wp is reduced by half.

Besides the existence of a pole‘;up there may be in the transfer function of a real amplifier what are
known as dipoles. A dipole represents a pair composed of a zero and a nearby pole that occur on account of
a mismatching error in the correcting networks. In this case if the frequency mismatch of a zero (wj') and
a pole (wj) is small and their frequencies are many times less than wco, then the transient process can be
approximated by the following relation:*

a(t)~ (1 +;“’T"“’_){ [1—exp(—o, 1] +; "’m‘_“; [1 _exp(_mim}_ @)

From Eq. (2) it follows that at first a(t) is rapidly damped with a small time constant l/wco owing to the
first term with the square brackets, and then the damping is slowed down abruptly owing to the large time cons-
tants 1/ wj.

However, if

L (l),'—(|)4' e (l)t—(og'

1+ ——-) 20 <, 3)
( 1.; Do ;‘ @co

then the presence of the dipole has practically no effect on the value of 75. In the opposite case T increases

sharply.

As seen from Egs. (1) and (2), in order to achieve the maximal speed-of-response it is good practice
to synthesize the OA circuit with the feedback network taken into account so that K;(jw) has an attenuation of
20 dB/decade over the frequency range from 6w t0 4weg. In this case one can have dipoles in the low-fre-
quency region when the condition of Eq. (3) is met.

The greatest difficulty in realizing such a transfer function when using an OA in circuits with parallel
feedback (Fig. 1) occurs because the capacity C, at the OA's input results in the appearance of a relatively
low-frequency pole 1/T,, where T, = CyR{Ry/ (R; + R;), in Ky(jw). Here, in order to avoid an oscillatory
transient process one must sharply reduce weo to a value approximately equal to 4/T0 and be satisfied with
Tg = 40T (6 = 0.01%). For example, if Ry =R, =10 kQ and Cy = 30 pF, then 75 = 6 usec. To reduce 7§ one
must either reduce R, (which is not efficient) or employ correcting sections in the feedback network, as shown
in Fig. 2, which provides for the equality CjR, = C;jR; = C;R;. In this case it is quite possible to compensate
fully for the pole, but the matching must be very accurate, compensation is achieved only for a fixed transfer
factor (K, =R, /Ri), it is impractical for a current signal (for example, in a digital-analog converter), and,
besides this, the introduction of R, increases the zero drift.

* The error in a determination of 75 by this formula for systems of an order no greater than five does not ex-
ceed 7%.
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To overcome these difficulties a specialized OA can be assumed that has a very low input impedance in
the high-frequency region, i.e., that operates as a current-to-voltage converter (OA-CV) and not as a voltage-
to-voltage converter like the usual OA. In the ideal case the OA-CV should have input (z;,) and output (zgut)
impedances that are equal to zero with an infinitely high transfer impedance Zty = Ugyt /Iin and an unlimited
frequency range. It is not difficult to see that the transfer function for the open feedback loop of such an OA-
CV does not depend on C, and the transfer factor of the computing amplifier since the shunting action on z;,
of the resistance R; and of the capacity C, at the input is negligible.

We will consider two possible design principles for an OA-CV, and we will estimate their potentialities.

One of the possible block diagrams for an OA-CV is shown in Fig. 3. It consists of an input inverting
amplifier A; supplied with feedback through Cfp, and an output voltage follower VF. If it is assumed that in
the frequency range under discussion the transfer function of the VF is unity and the transfer function of A, is
equal to

®© -4
K (j) =ko 1+ == ko)
®y
(where w,; is the frequency of unity gain for A,), then when wl/ ky
1

(08}

~

z.
mn

From this it is seen that over a frequency range from about 4w, /ky to w; /4 it can be said that Zin = Rin =
1/w1Cfb. With a large w; the value of Rj, can be made very small. For example, with Cfp =2 pF and f; = w,/
27 =800 MHz we will obtain Rjn =~ 100 Q. If such an OA-CV operates in the circuit of Fig. 1, then its fre-
quency wee = 1/CgyRy, and the pole due to C, corresponds to wp = w,Cgp/ (Cep + Cy). It is advisable to make the
maximal value of w,, as noted above, equal to wp/4, i.e.,

3 co,Cfb

CpR:  4(CptCy)

When R;, Cy, and w; are given, it is necessary to make

2

o U+ 1+ e.CRy), “)

Cﬂ')=
which provides for

= i (5)
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Compared with the ordinary circuit without Cgy, the value of w¢g is increased and the value of 75 is de-
creased by the factor 2w;CoRiRy/ (R; + Ry)(1 + VI+w;CoR;). As an example, when R; =R, = 10 kQ and C, = 30
pF, f; =800 MHz without Ctp and it is found that f,, = 0.28 MHz with 75 = 6 usec (6 = 0.01%), but with Ciph =
1.6 pF we obtain f,, #10 MHz and 75 = 160 nsec, i.e., characteristics that are about 38 times better.

The transfer function of a real amplifier A; inevitably contains a high-frequency pole wpy < wi. As has
been demonstrated by modeling, the frequency of unity gain for the contour formed by the amplifier A; and a
capacitor Cg,, which is equal to
Q),C

—.——fh.
Wpy Cfb . T 4o
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should not exceed 0.5wp1 (otherwise it becomes too oscillatory). Therefore, with Eq. (5) taken into account
we find that if

0p8ag = )
1+V1+w.C.R,

then the relations presented above, especially Eq. (6), hold well. With smaller values of wpy (for the example
presented with f; < 80 MHz) the values of Cg, or R, should be increased so that CfpR, = 8/wp1. In this case

1 (8)

(DCO=(1)P1/8, 15=EIHF.

The amplifier A; can be realized in accord with the block diagram shown in Fig. 4, where DS is a differ-
ential stage having a high-impedance output, VA is a voltage amplifier composed of an emitter follower on the
input and a common-emitter push-pull stage, VF is a voltage follower, C,' is the sum of the output capacity of
the DS and the output of the VA, while Cg,' is the capacity of the local feedback.

Keeping in mind that the amplifier's input capacity should be a part of Cy, then DS ought to have a mini-
mal input capacity and for this a cascaded structure is advisable or the use of input repeaters with the DS.

As a calculation shows and as confirmed by an experimental study, when transistors having fp = 1.5 GHz
and C¢ =1 pF are used in Ay, it is possible to provide fj = wp1/2 around 1600 MHz. In this case the maximal
potentialities of an OA-CV with such a structure where Ry =R, = 5 kQ and Cfp = 1.6 pF are characterized by
the following values: oo ~ 20 MHz and 75 = 56 nsec for 6 = 0.1%, and 75 = 80 nsec for 6 = 0.01%.

A virtue of this kind of OA-CYV is the feasibility — owing to the small value of Rjn — of changing Kp by R,
(i.e., the ratio R, /R1) with practically no increase of 75. The minimal value of R; can be made equal to

4 2R,
R=4R; =~ 7 === e
[0 b 1+Y1+C()Rzm!

Therefore
0<KP< (1+V1+0,CR,) /2.

For this example Kp can be chosen in the range from 0 to 20 while keeping 75 ~ 56 nsec. (Remember
that when K, is increased in the ordinary OA's, an increase of 75 proportional to 1 +Kp is unavoidable.)

It is permissible to change C, to within certain limits. If C, is doubled versus the original value as-
sumed for a calculation, then an oscillation will appear in the transient process owing to the proximity of
wot t0 weoy but (for 6 = 1%) T has practically no increase. A reduction in C; also has an insignificant effect
on T5 when the conditions of the inequality (7) are fulfilled, but in this case the frequency wq; will increase.
When there is a pole wp in the transfer function K (j«) smaller than w;, the maximal value of wg; should not
exceed 0.5wpy . Considering the restrictions indicated, the value of C, must be chosen in the interval

2coro>co>cﬂ,( 26 1) ,
(I)P|

where Cy , is the initial value of C, adopted when calculating Cyp.

We note that the introduction of Cgp, from the output of an OA without a VF reduces the maximal poten-
tialities of the circuit because in this case the load capacity on the OA's output results in a reduction of the
frequency band, not only in the contour formed by the amplifier and basic feedback but in the contour with Cfh,
thereby making it more oscillatory and requiring a reduction in w¢o and an increase in 75.

Another design principle for an OA-CV was proposed in [1], namely, to connect on the input of the OA
(Fig. 5) a current follower (CF) (loaded by Ry' ~ Ry) that has a very small input impedance achieved by using
a common-base type of stage as shown in Fig. 6, where A is an auxiliary OA which forms a low-frequency
channel that is needed to obtain a small zero drift.

The transfer function of the CF per the circuit of Fig. 6 for the conditions wy;Ci'Ry > 1, Ry' >rg', and
wy1C{ Rgky >1 can be represented in the following form:
K.c(io) 02, Roko (1t+j0/0,") (1+jo/ @) (9)
®)=. +
T R (R R) (1 0/0,) (1Fo/0s)
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where Ry = RiRjn;/ (R; +Rin1)s Kos Rint» and wy; are, respectively, the gain, input resistance, and frequency
for unity gain of A;; ¢and re' are, correspondingly, the current gain and the input resistance of transistor T,
in a common-base circuit,

o _ 1 _ R,
C/R,’ (C/R,H1/wy) ko 1-+j0Cy'R,’

R=R.R,/ (Ri+R:), ©.'ou(1—1/C/R/ 0u),

0 ~0yu (1+1/0uCy/Ry) [ (147, [Rp).

’

(1)" @y Zy

A disadvantage of the circuit in Fig. 5 is that the capacity C; causes a pole to appear in K;(jw) at the
frequency 1/R,'Cy'. To compensate for it, it is necessary to employ C; and C, which must be matched with
C, as was done in the circuit of Fig. 2. This can be avoided by the block diagram shown in Fig. 7 (the desig-
nations are similar to Figs. 4 and 5, but Ry' > R,).

The transfer function for the contour R, of the amplifier in the circuit of Fig. 7 can be obtained if in Eq.
(9) zy' is replaced by the equivalent load resistance and Krw(jw) is multiplied by the transfer function of the
output portion of the circuit, then
aRy RR:ky(1+jw/e,) (1+jo/es")
(Ro+Ry) (R TRy (1+j0/e,) (1+io/e.) (1Fjo/es) (1+je/od)”

K (jo)~

where w3 & 1/R('Csp'ky; Ry' is the equivalent resistance formed by the parallel connection of Rqyt of the CF
and Rjp of the VA; k; is the gain of the VA at dc, wy ® w4,C¢'/(Cy' +Cfp), and w, is the frequency of unity gain
for the VA.

To provide the minimal value of 75, i.e., to meet the requirements presented above for K, (jw), it is
necessary to choose parameters such that w;' ® wg, wy' & wy ~ wy; ~ 1/Cy're', and wy = 4weo (weo is the cut-
off frequency for the basic feedback circuit through Ry). In addition, so that the dipoles occurring because of
a mismatch in these frequencies should not increase Tg, it is advisable to ensure that w3 < weed, and that the
error in choosing wy; is no greater than dwy; =6 weo/wyy(l + RB/re').

The computation of the optimal value for Cg, (that provides the lowest value of 76) involves expressions
similar to Eqs. (4)-(6) and (8). But for those same values of w;; and wpy @ value of 7§ can be obtained which is
half that for the structure of Fig. 4. An advantage of the structure in Fig. 7 (versus that of Fig. 4) is the pos-
sibility of varying R; and C; within wider limits. The maximal value of R; here is not restricted, but the mini-
mal should be no less than 3re'. With Ry = 10 k@ it is possible to have a maximal value of K, = 100 (R; =100%)
without increasing 75. The value of C; can be varied from zero to a value Cymax that is limited by the reson-
ance effect on the input network which is due to the equivalent inductance of the input impedance (zj, ¢ ) of the
CF (a common-base stage). It can be shown that at a high frequency

Zin. cr=re (1HjoLire),
where L = rp,/wT, wT being the frequency of unity current gain for the transistor in the CF. In this case the
introduction of C; is equivalent to the appearance of an added pole in Ky(jw) at the frequency
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Granting this, it is possible to find Cyyqax from the following condition: wp = 4weo (weo is the cutoff fre-
quency of the amplifier over the basic feedback loop through R,), i.e.,
1

e R A
omax= o (4w LAr’)
co co e

For fp =wT /27 =1.5 GHz, rp = 608, re' =309, and fo = 16 MHz it is permissible to have Cy = 0 to
74 pF. Inthis case with R; =5 k@ and Ry = (0.1 to 100) k2 we will have 75 & 90 to 100 nsec (6 = 0.01%).

These estimates were obtained on the assumption that all OA stages operate in the linear region during
transient processes. It is usually reckoned that during a step in the input signal (i.e., for a signal having an
infinite buildup rate) an amplifier of necessity operates in the nonlinear region because the maximal rate Vi
of the signal variation at its output is limited. Of course in such a case 74 is increased significantly.

However, in reality the maximal rate of change with a step on the input does not exceed the value

Iin/Ctb = Uout. max/R2Ctb = Uout. max®co

(it is assumed that Uggt(®) = Uout. max). Therefore, if an OA's circuit is designed so that its Vi exceeds or
equals Upyt .maxw@co, then there is no restriction on the rate and no increase in 7. As indicated by computa-
tion and confirmed experimentally, the realization of the circuit in Fig. 7 using push-pull amplifier stages with
transistors having Cc = 1.0 pF and fr = 1.5 GHz when the total current consumption is 10 to 15 mA can pro-
vide a Vi & (2000 to 3000) V/usec. Inthis case the OA's operation has no limit by Vm: with Uout. max = 10V,
fo is up to 50 MHz, i.e., for 75 =21 nsec (6 = 0.1%) and 75 = 30 nsec (6 = 0.01%). These values are typical
of the maximal potentialities for the speed-of-response of an OA for which the block diagram is given in Fig. 7.

CONCLUSION

For circuits with parallel negative feedback in which there is a substantial capacity at the OA's inverting
input it is advisable to employ special-purpose amplifiers that are designed to be current-to-voltage converters.
It is then possible to increase the cutoff frequency and reduce the settling time by an order of magnitude in
comparison with the usual OA voltage-to-voltage converters.
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