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1. Introduction 

The settling time of a given output signal of any circuit is interpreted as 
the period elapsing from a step'wise change of the excitation of the circuit or 
of one of its parameters to the time when the output signal approaches the 
asymptotic steady state value (after the step> .... ise change) within a prescribed 
error band in a way, that further on it >"ill not step out of the error band. 

The settling time of operational amplifiers is always defined for closed 
loop systems. The settling time of the output voltage >"ill be examined by 
applying a step input voltage to the inverting (Fig. la) or noninverting (Fig. 
Ib) amplifier designed >"ith a frequency-independent feedback network. The 
manufacturers usually specify the settling time of the operational amplifier 
for the worst case, i.e. they assume an input voltage step producing maximum 
output voltage and an amplifier with unity gain. 

The settling time is one of the most important dynamic parameters of 
low-pass networks used in programmable analog electronic circuits. The 
possibility of applying analog networks controlled by digital signals produced 
by means of fast electronic analog s>Yitches (such networks as programmable 
gain amplifiers, multiplexers, sample-hold networks, analog circuits of AID 
and DIA converters, the operational circuits of hybrid-analog computers, etc.) 
greatly depends on the time required for the error of the output signal to 
decrease, after a step>"ise change, below the prescribed static error limit, 
generally in the order of 0.01 ... 0.1 per cent. The settling time of program
mable analog circuits is determined first of all by the own settling time of the 
feedback operational amplifiers - mainly of the unity gain amplifiers used 
for stepping up the loading impedance. This fact is due mainly to the necessity 
of using operational amplifiers having very good d.c. properties in order to 
decrease the static error. It is, however, very difficult to ensure excellent 
d.c. and dynamic properties simultaneously at the design of operational 
amplifiers. The problem is well known and hard to solve. 

One of the more or less efficient solutions of the problem is the application 
of feedforward. Fig. 2 shows the three basic types of the operational amplifiers 
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Fig. 1. Inverting (a) and noninverting (b) operational amplifiers 
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Fig. 2. Three main types of the application of feedforward 
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with feedforward structure which can be applied only in the inverting ampli
fiers. In the operational amplifier "with parallel channels (Fig. 2a), the first 
amplifier is a preamplifier with excellent d.c. but poor dynamic properties. 
On high frequencies the second amplifier assumes the role of the preamplifier. 
The gain of the second amplifier is lower, its d.c. error does not affect the d.c. 
properties of the whole amplifier, thus an amplifier with dynamically advan
tageous properties may be used. In this way the system unites the favourable 
d.c. properties of the first, and the favourable dynamic properties of the 
second amplifier. In Fig. 2b a simplified version of the circuit is seen where 
the role of the second amplifier is taken over by a passive high-pass network. 
Fig. 2c shows the feedforward compensation of the so-called second generation 
of the integrated operational amplifiers. This design differs from the solution 
according to Fig. 2b in that the signals of the first and second channel are not 
summed free of undesirable feedback. 

The present paper aims at examining the problem of how much the 
settling time is affected by the feedforward undoubtedly advantageous from 
the point of view of other dynamic properties (e.g., rise time). In our study 
those of the factors determining the settling time 'vill be considered that can 
be modified by feedforward. Thus certain phenomena, such as the effect of 
the thermal transient upon the settling time, or of the time constants of the 
feedback resistances, etc., will be disregarded. It will be assumed that the 
operational amplifier works in the linear domain during the settling time, i.e., 
no saturation occurs in any amplifier stage. The feedforward can be used also 
for eliminating the slew rate. This prohlem will he dealt ,vith in a suhsequent 
puhlication. 

2. Relation between open-loop and closed-loop 
transfer functions and the settling time 

The settling time of a liuear low-pass two-port network can he computed 
if the relative error hand h and the poles and zeros of the transfer function 
are known. The typical pole-zero configuratiou of the transfer function of 
feedhack operational amplifiers is shown in Fig. 3. If the pole-zero configuration 
corresponds to Fig. 3, i.e., the root nearest to the origin is a pole (or a pair of 
complex conjugate poles) and no zero occurs in its immediate vicinity, the 
settling time is determined hy the so-called dominant pole or pair of poles. 
If the dominant pair of poles is 

(1) 

the settling time will he [1] 
lnh 

(2) 
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Fig. 3. A typical pole-zero configuration of the closed-loop transfer function of operational 
amplifiers 

The inaccuracy of the approximation relationship is maximum, about 10 per 
cent, ,vith double poles [1]. 

If the pole-zero configuration is of the type shown in Fig. 3b, i.e. when 
between the dominant pole (or pair of poles) and the origin there are a parasitic 
pole and a zero near to each other, then the settling time is greatly dependent 
on the place of the pole-zero pair and on the distance of pole and zero. It must 
he noted that this pole-zero configuration is generally produced by neutraliz
ing the effect of the parasitic pole Pp ,vith such a compensating network that, 
in principle, results in a zero zp identical to the pole Pp (pole-neutralizing 
compensation); however, the two roots do not coincide, due to the component 
tolerance. As a consequence of incomplete pole neutralization, the pole-zero 
configuration of the open loop transfer function ,till be conform to Figs 4a 
or 4b, depending on the position of the parasitic zero and pole with respect to 
each other, and in the Bode plot of the loop gain a step ,\ill develop (Fig. 5). 
The place of the open loop pair of pole-zero can be characterized by the constant 

(3) 

and the extent of incomplete neutralization by the constant 

(4) 

where W 1 is the angular frequency belonging to unity loop gain, and zp and 
Pp are the open-loop parasitic pair of pole-zero (the open-loop roots are con
sidered to be real). Supposing a frequency-independent feedback and the 
inequalities 

(5) 

(6) 
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Zp 

Fig. 4. Pole-zero configuration of the open-loop transfer function of operational amplifiers 
in the presence of a parasitic pole-zero pair 
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Fig. 5. Absolute value of the loop gain of operational amplifiers as a function of frequency. 
in the presence of a parasitic pole-zero pair 

the relative distance of the closed loop pair of pole-zero with real roots ·will 
be [1]: 

p~ - z~ 
a~ = -=-'-----'--

z~ 
(7) 

If a step excitation is applied to the amplifier, an exponential signal component 
"\~ill appear which has a time constant determined by the closed-loop parasitic 
pole and a relative amplitude approximately identical ,,,ith a2. If the amplitude 

4 Periodica Polytechnica El. 19/4 
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of this slowly changing component exceeds the prescribed error band h, the 
settling time may by orders of magnitude be longer than it is in the case of 
complete neutralization of the pole [I], [3]. 

It follows from all this that an incomplete neutralization of pole-zero 
does not affect the settling time if the condition 

a; < h 
or 

h ary<-
- a1 

(8) 

i.e., the deviation of the open-loop pole and the zero is restricted. Though, due 
to the great component tolerance of operational amplifiers, the condition 

is missed in most cases. Therefore the effect of the pole-zero pair to increase 
the settling time can be avoided with certainty in the case only when the 
condition 

(9) 

is fulfilled, i.e., if no pole-zero pair is admitted in the domain between hWl 

and W 1 [I]. 
If condition (8) is missed, the settling time will be determined by the 

parasitic pole P~ instead of the dominant closed loop pole P~' and the settling 
time is given by the relationship 

(10) 

Depending on the value of a1 the settling time computed this ·way may be 
by orders of magnitude longer than that of an other·wise identical amplifier 
containing no pole-zero pair (Eg. 2). 

3. Settling time of operational amplifiers 'i\ith 
feedforward structure 

If the feedforward operational amplifier is applied in an inyerting ampli
fier (Fig. I), the open-loop amplitude response from 

W = - Pd 
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to at least the frequency COl must be designed to have a slope of - 20 dB/D 
in order to achieve universal applicability. To this the dominant pole Pd must 
be produced in the 1st amplifier having unfavourable high-frequency charac
teristics. Let us suppose that the 2nd amplifier is of high-pass character (with 
a break frequency of co = - PF)' Then at the frequency where the gain of 
the 2nd amplifier becomes dominant instead of the 1st amplifier, a break 
frequency (pole Pd) has to be produced in the 3rd amplifier. The Bode plot 
of the loop gain will have a slope of - 20dB/D, if the following conditions 
are fulfilled (see Appendix, App. 1): 

PF = Pd' and 

AlO 
Pp =Pd-A 

20 

(11) 

(12) 

where A 10 is the d.c. gain of the 1st amplifier, and A 20 the gain of the 2nd 
amplifier on high frequency. 

If conditions (11) and (12) are fulfilled only approximately, there will 
be two pole-zero pairs both in the open-loop and in the closed-loop transfer 
function. The deviation from Eq. (11) results in a step of the amplitude 
response in the frequency region of 

(13) 

(£0 is the d.c. loop gain). 
Since, to ensure static accuracy, 

(14) 

the pole-zero pair does not increase the settling time (i.e., condition (9) is 
fulfilled). 

A deviation from condition (12) causes a step in the Bode plot of the 
loop gain in the region of the frequency 

(15) 

Here /3 0 is the frequency-independent feedback factor, and A30 the d.c. gain 
of the 3rd amplifier. Thus the place of the pole-zero pair is 

(16) 

4* 
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and for an inverting amplifier with unity gain: 

2 
(17) 

while in a most unfavourable case, with 100 per cent feedback (e.g., in an 
integrator circuit): 

1 
(18) 

Thus, in the case of inadequate design, the feedforward may lead - with the 
improvement of other dynamic properties (limiting frequency of 3dB, and 
rise time) - to a large-scale increase of the settling time. 

From condition (9) it follows that the feedforward improves the settling 
time at any rate, if 

(19) 

If an operational amplifier is specified also for the settling time, the fulfilment 
of condition (19) must be regarded as a basic principle of the design. If con
dition (19) is missed, then a careful control of Pd' Pp and the ratio A 10/A 20 

have to ensure the fulfilment of the inequality 

(20) 

corresponding to condition (8). 
For two typical cases (amplifier A: A 10 = 103, Azo = 1 and A30 = 103 ; 

amplifier B: AlO = 103, Azo = 10 and A30 = 103 ) the effect of the pole-zero 
pair upon the settling time was determined also by numerical analysis 
(Appendix, App. 3). The place of 0)1 (and by it also of pp) was fixed and the 
effect of the deviation of the parameter Pd from the value prescribed in Eq. 
(12) examined. 

Fig. 6 shows the interrelation of the relative distances az and ai of the 
open-loop and closed-loop parasitic pole-zero pair. In Fig. 7 the settling 
time defined for the error bands of 0.1 per cent and 0.01 per cent is plotted 
vs. a2 • The asymmetry of thc diagram and the deviation of the results from 
the previous relationships arise from the fact that on the one hand, condition 
(5) is missed near the edge of the domain examined, and on the other hand, 
a change of a2 involves also that of a1 (during the examinations the frequency 
0)1 was kept constant because of the so far neglected further time constants). 

If conditions (11) and (12) are completely fulfilled, the pole-zero pair is 
similarly present, supposed that there is a further pole Po in the transfer 
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Fig. 6. Interrelation between the relative distances of the pa~asitic open-loop and closed-loop 
pole-zero pairs of feedforward operational amplifiers 

\ I 
\.-.lh::O.Ol 'I, 

\ lB. 
\' 
~ 

20~~---4----4---~----~.r~----~~ 
\ 
~ 

o 
_._> 

!smin = 140 ns; 

tsmin ::leS ns; 

h= 0,1 'I. 

h= O,Ol'{, 

Fig. 7. Settling time of feedforward operational amplifiers as a function of the distance 
of the open-loop pole-zero pair 

function of the 1st amplifier. This pole must, however, not be neglected, since 
the feedforward is applied just to eliminate its effect. If the feedforward branch 
is considered as independent of frequency, the open loop transfer function 
(Eq. App. 15) will have again two zeros (App. 17). If the break frequency 



338 B TELKES 

produced by pole Po lies in the frequency range decisively determined by the 
feedforward branch - as it is desirable - i.e., if 

the two zeros will be 

Pd k-l 
Zi e:,< -z- . -k-' -

(21) 

(22) 

(23) 

Provided that requirement (9) is fulfilled, the effect of the pole-zero 
pair produced by the fulfilment of equality (23) can be neglected. However, 
the pole-zero pair Po - Zi "\vill come about, for which condition (9) is not 
fulfilled. Following from (4) and (23), 

a.)C:::::i.-, 
- k 

(24) 

The relative distance of the closed-loop pole-zero pail' decreases proportionally 
to the absolute value of the loop gain. On the frequency determined hy the 
pole Po the loop gain is 

(25) 

and thus 

(26) 

i.e., the relative distance of the closed-loop pole-zero pair is constant for a given 
amplifier and independent also of A iO and Po' Numerical computations have 
demonstrated that this statement is yalid with a good approximation also 
in the range 

which is milder than (21). From relationship (26) it follows that the high 
frequency parasitic pole of the 1st amplifier increases the settling time in the 
case only if condition (19) is fulfilled. 
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4. Feedforward compensation of the "second generation" 
integrated operational amplifiers 

339 

The operational amplifiers belonging to the "second generation" of the 
integrated operational amplifiers (their typical representatives are the opera
tional amplifiers of type 741 and 748) are not of feedforward structure. In the 
types having an external compensation network (e.g., in type 748), however, 
one can apply feedforward compensation (Fig. 8), if they are used as inverting 
amplifiers. This way a larger band-'Vidth and a shorter rise time can be 
achieved (2). 

R2 . 

OUTPUT 

Fig. 8. Inverting amplifier 'with an integrated operational amplifier of feedforward 
compensation 

From the results of chapter 3, it can be expected that this compensation 
"ill not reduce the settling time defined for the narrow error band, but con
siderably increase it instead, since in these types 

and 

A30 < 103
• 

Thus condition (19) 'Vill be missed in the case of an error band of 0.1 per 
cent or less. 

The feedforward compensation of this type has a more complicate effect 
than has the type of Fig. 2a: here the summation of the output signals of the 
1st and 2nd amplifiers involves an undesirable feedback (Fig. 2c). Feedforward 
capacitor CF implies also considerable feedback, thus the zero and pole places 
of the transfer function depend also on the resistance of the generator. 

Fig. 9 shows the simple linear model of the circuit illustrated in Fig. 8. 
The time constant Ro . Co simulates the pole of the input stage and, under 
consideration of the Miller effect, the capacitor Cd simulates the effect of the 

external capacitor Cc' 
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The numerator of the loop transfer function of the model is of second 
degree, its denominator of third degree (see Appendix, App. 2.). It can be 
demonstrated that the amplitude plot of -20 dBD cannot be achieved, i.e., 
it is impossible to make the two zeros coincide with the two poles. For this 
reason, also in the closed loop transfer function there will always be two pole
zero pairs in the region of the zero places identical v"ith the open loop value 
also after feedback. The presence of these pole-zero places does not affect 
the settling time (which thus, due to feedforward, ,vill be shorter than in the 
case without feedforward), if the relative distance a 2 between the closed loop 
pole and zero is smaller than the relative error band h. If this condition cannot 
be fulfilled, the settling time will increase in dependence on the place of the 
pole-zero pair. 

RZ 

INPUT R1 
o---C:lr---+--, 

-----------,,--------~ 

A1 

Fig. 9. Linear model of the circuit shown in Fig. 8 

The high-frequency asymptote of the open-loop transfer function is 

1 
(27) 

s 

and its place is hound by the time constants not considered here (input and 
load eapacitances etc.). Consequently, the time constant Rg . Cd from the 
extel'llal parameters has to he chosen 'with a value certainly inhihiting oscilla
tion. To minimize the settling time one can change the feedforward capacitance 
CF and one of the elements RgCd • With the typical model parameters of the 
amplifier type 748 (App. 2) numerical analysis was carried out to determine 
the settling time and the closed-loop pole-zero configuration (Appendix, App. 3). 

The results are summed up in Figs 10 to 15. The closed loop zeros depend 
pl'actically on capacitor CF alone (Fig. 10). With CF = 48 pF a douhle zero 
occurs at Po/2. At capacitances over this value the zeros are real, while one of 
the zeros is approaching the origin and the other the pole at Po' For chosen 
value (8 kohm) of Ru the pole loci were plotted (Fig. 11). The closed loop pole
loci exhihit much si~ilarity to the zero loci. The decisive feature is, of course, 
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CF=30pF 

Fig. 10. Zero loci of the closed-loop transfer function of the amplifier type 748 with feed
forward compensation 

Rg=8kQ ~=30pF jwp 

~=48pF 

CF=2OQPP 
~=54pF 

-Po ~=2 OPP --c-
(-107 rls) 6p 

~=48pF 

Fig. 11. Zero loci of the closed-loop transfer fuuctiou of the amplifier type 748 with feed
forward compensation (Rg = 8 kohm) 

Zero loci ". 

/ 
Rg= 20 kQ 

Rg =40kQ 

CF =4BpF 

Fig. 12. Root loci of the closed-loop transfer function of the amplifier type 748 with feed
forward compensation. An enlarged detail 

how much the zero and pole loci coincide, which cannot be evaluated from 
a comparison of Figs 10 and II because of the rough scaling. For this reason 
the positive imaginary branches of the complex conjugate pole and zero curves 
were plotted in a special enlarged diagram for several Rg values (Fig. 12). 
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It is clearly seen that although in this domain the complex conjugate pole
zero pair is relatively far from the origin and so the settling time is not increased 
by orders of magnitude, but no coincidence of the roots can be attained. Thus 
the settling time is determined by the pole-zero pair developing in the vicinity 

of Po/2. 
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Fig. 13. Relative distances of two closed-loop pole-zero pairs of the amplifier type 748 with 
feedforward compensation, as a function of the generator resistance (CF = 200 pF) 

In Fig. 13 the relative distance a~ of the pole-zero pairs has been drawn 
v'lith a value (200 pF) of CF as a function of RC' in the domain of the real 

b 

roots. The root pair of smaller absolute value plotted with continuous line 
is seen to coincide at about Ra = 8 kohm. At the same time, however, the 
deviation of the root pair of la:ger absolute value exceeds 1 per cent. Similar 
results were obtained from investigations into other values of CF' 

Nevertheless, it appears useful to examine the changes in the value of 
the settling time instead of any further analysis of the pole-zero configuration. 
The change of the settling time defined for the error band of 0.1 per cent has 
heen plotted in Fig. 14 for various values of CF , as a function of Rg• The figure 
shows that wherever the roots of smaller absolute values coincide, the settling 
time has a minimum. In these cases the settling time is determined by the 
pole-zero pair having a larger real part and lying nearer to Po' When the 
relative distance of the pole-zero pair vvith lower absolute value exceeds the 
error band, the settling time is determined by the parasitic root pair, and thus 
it increases considerably. The minimum of the settling time slightly decreases 
"ith the increase of capacitance CF' With small values of CF producing a 
complex conjugate root pair, the value of the minimum is relatively large, but 
the curve of the settling time is considerably flattened. 

Without feedforward, the frequency 0)1 of amplifier 748 must be chosen, 
because of Po' lower than in the above example. To obtain the double closed-



SETTLIKG TIME OF OPERATIOKAL A::IIPLIFIERS 

7 8 ---I> 
Rg [kQ] 

9 

343 

Fig. 14. Settling time of a unity gain inverting amplifier with the operational amplifier type 
748 of feedforward compensation 

loop dominant pole optimal from the viewpoint of the settling time [1]: 

(j)l = Po/4 

and then: 

* /9 Pd = Po ~, 

i.e., the settling time defined in our example for the error band of 0.1 per cent 
"\vill be: 

ts = 1.38 ,LiS. 

A comparison of the results in Fig. 14 "\vith the above values shows 
that the settling time can, in principle, be reduced to about its one third by 
the application of feedforward. This requires the adjustment of Rg to its 
optimum value. The optimum value of Rg and the minimum of the relevant 
settling time are shown in Fig. 15. It must he noted that the diagram was 
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made with the data of a typical amplifier 748. Namely the optimum value of 
Rg greatly depends on the parameters of the operational amplifier. It is also 
seen that a greater deviation of Rg from the optimum value may lead to a 
considerable increase of the settling time. Therefore a threefold reduction of 
the settling time can only be achieved by individual adjustment of each piece. 
If no individual adjustment is feasible, it is advisable to choose a small feed
forward capacitance. This way, however, a slight improvement of the settling 
time can be expected. 
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Fig. 15. Optimum generator resistance and mllllmum settling time vs. feedforward 
capacitance CF 

In the case of an error band below 0.1 per cent, the distance of the 
closed-loop zero-pole pair with smaller absolute value decreases helow the 
error hand in the smaller region of Rg, thus no indi-ddual adjustment is possible, 
for the settling time may then considerahly increase as compared "with the 
case "without feedforward. 

Even in the most favourahle cases, the extent of the decrease of the 
settling time is smaller than that of the improvement of other dynamic param
eters. For if the effect of the pole-zero pairs upon the settling time was 
neglected, a settling time of 

ts 0.28 ps 

ought to he ohtained for the error hand of 0.1 per cent, with the assumption 
of an angular frequency w 1 = 2.5 . 10i 1'/ S and an ideal slope of - 20 dBI D as 
the ahsolute value of loop gain. 
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Summary 

The paper examines how much the feedforward design improving the other dynamic 
features of inverting operational amplifiers reduces the settling time in the linear domain 
range. The vndesirable pole of the preamplifier, which is the main barrier of the dynamic 
properties in the cases without feedforward, was found to produce a parasitic pole-zero pair 
in the closed..J.oop transfer function in the case of feedforward. A similar parasitic pole-zero 
pair resulted in the closed-loop transfer function from the parameter deviations of the elements 
adjusting the required frequency response in the individual amplifying stages. The presence 
of parasitic pole-zero pairs, on the other hand, may lead to a considerable increase of the 
settling time. Feedforward was seen to improve the settling time in the case only if the value 
of the low frequency loop gain produced by disconnecting the preamplifier was higher than 
the reciprocal of the relative error band. From an examination of the feedforward compensa
tion of the second generation integrated operational amplifiers it could be stated that the 
settling time defined for the error band below 0.1 per cent cannot be reduced by feedforward 
compensation, on the contrary, a feedforward may considerably increase the settling time 
in the linear domain. The settling time defined for the error band of 0.1 per cent can be de
creased by indi"idual adjustment. 
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APPENDIX 

App. 1. Open-loop transfer function of the feedfoTlcard amplifier (Fig. 2a) 

The transfer functions of the different stages of feedforward amplifiers shown in Fig. 2a, 
under consideration of the primary time constants important for the resnlting frequency 
response: 

After introducing thy symbol 

1-
PF 

s 

A~ = A~o . __ P,,-,-F_ 
1- _s_ 

PF 

A3 = A30 . ---
I- _s_ 

pp 

k = A~o 
A 10 

the transfer function of the open loop amplifier will be of the form: 

A = (A1 + A~) . A3 = A 10 . A30 

Ao 

s s~ 
1- (l+k)+---k 

PF Pd'PF 

(App. 1) 

(App. 2) 

(App. 3) 

(App. 4) 

(App. 5) 
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The loop gain will be: 

(App. 6) 

where, supposing the feedback resistance to be frequency independent, and neglecting the 
input impedance of the operational amplifier - the relationship 

f3 
RI 

0= R 'R 
1 J 2 

(App. 7) 

is valid for the inverting amplifier according to Fig. la. Above the angular frequency 

0) = -Pd 

determined by the dominant open loop pole, the frequency characteristic of the loop gain ",ill 
have a slope of -20 dBjD if the zeros '::1''::2 of a(s) coincide in sequence ",ith a pole each, i.e., 

where 

ZI= PF 

'::2 = Pd 

(App.8) 

(App. 9) 

(App. 10) 

Disregarding now the solution PF = 0, the conditions of the ideal frequency response, on the 
basis of. Eqs (App. 8 to App. 10) will be: 

PF=Pd 

Pd A 10 
Pp = k = A

20 
• Pd' 

If a further pole Po is taken into consideration in the 1st amplifying stage, i.e., 

then the open loop transfer function will be of the form: 

Neglecting the effect of PF i.e., introducing the substitution PF = 0 then: 

A= Ao' 

1 -'- k - _5_ • k (1 
Pd 

where the pole Po is characterized by the relationship 

Pd 
Po= -[ . 

s:! 
1)+- ·1· k 

Pd 

Accordingly, the zeros are obtained from the equation: 

1+1 ( 1! 4(k+l).I) 
'::1,2 = ---y- Pd 1 ± 1 = k (1 + /)2 . 

·k 

(App. 11) 

(App. 12) 

(App. 13) 

. (App. 14) 

(App. 15) 

(App. 16) 

(App. 17) 
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App. 2. The open-loop transfer function of the integrated operational amplifier type 748 in the 
case of feed forward compensation 

A typical representative of the "second generation" of the integrated operational 
amplifiers is the amplifier type 748, the simplified model of which with inverting feedback 
is shown in Fig. 9. Under consideration of the equivalent generator resistance 

(App. 18) 

the open-loop transfer function of the amplifier obtained by simple computation [1] will be: 

where 

and 

., 1 
a-= -a l '-

Po 

bl = - (_1_ + _1_) + CF [Rd Rg(Alo - 1)] 
Pdo Po 

1 [ 1 1 ] bz = --- CF -Rg "';--(Rg + R d) 
Pdo Po Pdo Po 

b
3 

= CF' Rg 
Pdo . Po 

Po= 

Po = - -C;R"""d-C""Zd-

(App. 19) 

(App. 20) 

(App. 21) 

(App. 22) 

(_.\.pp. 23) 

(App. 24) 

The typical model parameters of the operational amplifier on the basis of data sheets 
and own measurements [1]: 

and thus 

RE', = 2 lIohm; gl = 0.1 A/V; Ro = 10 kohm; Co = 10 pF 

g~ = 0.12 mA/V; Rd = 5 2\Iohm 

g3 = 3.33 A/V; ROuT = 75 ohm; 

Alo = 600; Azo = - 250; Ao = AloA~o = 150,000; Po = -107 rJs. 

App. 3. Numerical analysis of operational amplifiers 

The linear network analysis program A:";P3 [4] was used for examining the model of 
the unity gain inverting circuit constructed 'with R- C elements and a voltage-controlled 
current generator. The model accomplished the transfer functions (App. 1 to App. 3) and 
(App. 13) of the feedforward amplifier shown in Fig. 2a. 
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Technical data of the amplifiers of type A and B chosen as examples: 

Amplifier A 
AD = lOG 

A1D = 103 

A~D = I 
A3D = loa 
k = 10-3 

Pdid = 102 rls 
PF = -102 rls 
Pp = -105 rls 

Amplifier B 
Ao = lOG 
A

10 
= 10:) 

A"O = 10 
Aao = 10" 
k = 10-2 

Pdid = -102 r!s 
PF = -102 rls 
Pp = -10 1 rls 

The relative distance of the open-loop and closed-loop parasitic pole-zero pair was determined 
in the range a 2 = -0.7 -7- 0.7 by changing Pd' The settling time defined for the relative 
error bands h = 0.1 0

0 and h = 0.01°;) was also determined by an analysis of the time domain. 
The results are contained in Figs 6 and 7. 

The effect of the pole P; of the 1st amplifier was examined with the valne Pd = Pdid 
in the domain 

The operational amplifier type 748 in the configuation of an inverting amplifier with 
unity gain ·was analysed by means of the model shown in Fig. 9 with the typical data given in 
App. 2. During the examinations the product Ra . CD was kept constant (so as to ensure 
w 1 "'" 2.5 . 10i rls). By means of the ANP3 program the closed-loop pole-zero configuration 
was determined for different values of Ra and CF' further the settling time by means of the 
APLAC2 transient analysis program [5] completed with a program se~gment letermining the 
settling time (SETIME program). Since the settling time is intricately related with the free 
parameters. a simple three-parameter optimizing program (SETOPT) was elaborated, using a 
simple version of the steepest descent. The basic segment of the program is APLAC2, or 
rather its variant SETIME suitable for determining the settling time. With a fixed value of 
Rg . CD the program was used for determining the optimum of the settling time by search 
with one and two parameters. 

Numerical analyses were carried out hy a Ul.\"IVAC llOS computer (Al.\"P3), and partly 
by a HP 2000 F computer (APLAC2, SETBIE, SETOPT) in the Computing Centre of the 
Helsinki Uniyersity of Technology. 
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