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ABSTRACT. This paper desoribes & now approach to the dosign of pulse amphfior
basod on its Lrunsient response charactoristics. A pulse amplifier is characterised by its gain,
rivetimo und overshoot and its design is dependent upon the relation betwoen these puramotors
and the circuil constants. Analytical rolation botween overshoot and risetime (defined as
tho time for 109 to 909, of the final value) cannot bo ohtamned. Relation betwecen gan,
overshoot and tho time to rse from zoro to peal value huas, howover, beer. obtained, and the
mothod of designing an uctual pulse amphfier from a knowlodgo of these parameters shown,

Results aro compared with an actual pulse amphfier designod from the data obtained theo-
rotically

INTRODUCTION

Tt is known that the unwanted shunt capacilance sets a limit to the high
frequency response and hence the sharp risetime of R-C coupled pulse amplifiers.
Since it is not possible to reduce its value indefinitely one aims at reducing its
detrimental effects and thus improving the high frequency response with the
help of some complicated circuitry. The simplest method is shunt compensation.

The degree of h.f. compensation may be ascertained fron the transient
responso charactoristics. A short risetime for a stop function input corresponds
to a high upper 3 db point, and hence large bandwidth. In this paper a briof
roview is made of the effect of pole-zero location on the transient response charac-
teristics and the process of designing parameters of a shunt compensated R-C
coupled amplifier, which gives the best possible combination of gain, overshoot
and rigetime, is discussed. (Guptla Sharma, 1954 and Martin, 1955).

2. DESIGN ANALYSKIS

If the mutual impedance function of a network is given by g (p) the voltage
output for a unit current step input is given by

1 " o)
o) = 2_"3_“_!‘ 2. o ap,
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where the contour has to be chosen in such a way that all the singularities of
¢(p) are to the left of tho path of integration. Thus

—_— l A 3 g(p) t
v(t) = s— X 2mj X Residues L1t at the poles of g(p)
) Smj ) ) p P

= Z Residues %) ¢?* at the poles of g(p),

where g(p) can be expressed as

(P — oy)(p — ag) ...

“(p— o)(p — ay)

In the above expression H is a constant, a,, d,... are zoros and oy, & ... poles of
the network function in the complex frequency plane.

Hence we can write

(t) = 1 (p_a)(p~an),-_:-_
() =H X Remdueﬁ (}r:_ﬂi)fijid) ...... Pt

It may be mentioned here that pentode tubes are normally used for such
amplifiers with relatively low values of plate load. So that eqmvalent generator
for the output circuit 11 ideally a constant current generator and the ouiput voliage
is proportional to tho output current which, i turn, is proportional to the input
voltage. Honce, in calculating v(f) we have taken a step current input function.

Tho conventional shunt compensated amplifier and its high frequency gqui-
valent circuit are given m figures 1(a) and (b) respectively where C' denotes the

output capacitance of the first stage together with the input capacitance of the
second stage.

Fig. 1 (a) Iig. 1 (b) High frequency
equivalent eirouit.
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For this equivalent cirouit

=_% 2,
olp) Zy+Zy+-Zy
where Zy = R+4pL
_ 1
Zy = 20
Zy=0
. 1 P+ 5
»oulp) 0 L i
2 - =
P*+p-7 16
= Pta
(»--b)(p—c)
Where H = é ; a=R|L
__ R . R’ _
b=— 5, \/ o~ app = —otib (ay)
. __ B T "R _ .
and c= 57, I \/7;0 - 4E = A (say)
Ilonce v(t) =H Z Rosidue 1 P12 oot

P (p—b)p-—o)
for unit step current input.

€ af,
=H. [1+ g o (ﬂt—¢)]

20 cet .
=H. ) [ 1+ s g 8in (ﬂt—¢)]

17

where ¢ = tan—! a*+7€;Ja

The nature of the solution clearly indicates that the response is non-mono-
tome (oscillatory) and some overshool is present which is always the case as
long as poles of the network functions are complex conjugates. For roal poles
the response is monotonic (damped), but the risetime 18 large. In order to mini-
nnse the risetime the parameters have thereforo to be so adjusted that the
roots are complex conjugates and in such a case some overshool has to be

tolerated. To obtain such & condition the rela.tlon i > 9 has to be satisfied.
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Now locating the poles and zero’s in the complex frequency plane (figure
2) we obtain

€
——

2K

Tig. 2.

o) = H. 2BV [1—g-ae S0 (P 12Y) ]

sin 2y
whore a= Fcosy
p=Fsmy

= tan1 & = a1 A

1 an % an ot ]

F=ap= \/LL(

The plot of »(t) against ¢ as given in figure 3 veveals that () passes through
alternate maxima and muuma, before it reaches the steady state value given

2 cos Y
by H —

T, is the risetime at which the first maximum is obtained and can be found

out by satisfying the following iwo conditions simultaneously; o(t) =0

d? .
and 7 o(2) = negative.

We thus have

or Tyw=—;+=

for the first maximum,
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v(t)
1

Fig. 3.
Substituting the value of 7, in the expression of v(t) we got

Wmas = 1. 2V (14 S

The percentage overshoot is therefore given b
¥ g y

V(Bnaz — — ¥(H)en
of ')m % 100

€ — (T —y) cot ¢
2 cos

From the expressions for overshool, 7T, and steady state value it 1s clear that
overshool is a function of ¢ alonc whereas the steady state value and 7, aroe
functions of both ¢ and F. Tt is therefore expocted that by properly adjusting
I and ¥, it is possible to obtain favourable combination of overshoot, risetime
and gain to suit a particular purpose.

Now in any case C 1s fixed by the choice of the tube. So to vary i and F,
we havo to adjust L and R, but the limit of variation is decided by the relation
4IJ

X 100

o= L

i . . L c
Or, we can write R = by
whore K>1

Let us now find for what value of K one can obtain an optimum combination
of gain, overshoot and risetime. Expressing them in terms of C and K we get

7 _m—ten1yk—1
VK ————

Overshoot § = JE—1

p — OR_K

5~ (1r — tan—l4/k — 1)
Vi—1
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Steady state gain @ = g, R. (midfrequency gain)

T, ¢ K ;
Imo— .o (m —tanWk — 1)
¢ 2m V-1 ( v
'The plot of § vs K and T,,/Q vs K arc shown respectively in figures 4 and 5.
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The above sels of curves can bo taken as a guide to the design process. To
start with one fixes up the amount of overshoot that can be tolerated. From the
knowledge of tolerated overshoot, one knows the value of K which automatically
fixes up T,/g ratio. Then knowing the valuc of @, T, is aulomatically fixed or
from the knowledge of TY,, ( is fixed up. In fact one has to make a compromiso
between T, und (. For the same permissible overshoot, if a large gain is desired
T, will also have to be large and if, on the other hand, a small 7', is-required
one has to sacrifice gain. G decides the value of R in the circuit. Thus knowing
R and K, L can be known from a knowledge of C.

1t will be noted from figure 5 showing the plot of 7T',/G againgt K, that the
curve passes through a minimum i.e., the gain-risetime ratio is maximum for a
particular value of K = 2.55. The percentage overshoot for this value of K
is 13%,. 1f this can be tolerated, the combination of gain, overshoot and risetime
as defined by this value of K should be taken as a guide to the design procedure.

It may further be noted that the minimum of the curve is not very sharp,
it is rather flat for values of K greater than that for minimum. This means
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that beyond a certain value of K (= 2) although 7',/G does not vary appreciably,
the overshoot rises rapidly with increase of K. ‘

70 £ 7o ©

Fig. 5
From the expressions of 7T, and @ we have seen that both include B as the
multiplier, but 7,,/G becomes solely a function of K without having any multi-
pher R.  Further, since K = 4L/CR?, any change in K by varymg R and L will
modify the individual values of 7,, and G. The speafied gain will fix up the
value of R and any modification of K required will be done only by changing L.
The following observations were carried out on an R-C' coupled amplifier with an
inductance connected in series with the platoe load resistance having the following
circuit parameters, with a view to study its behaviour for different values of K
mvolving changes in L and also R as discussed above.

Tube : 64K6
Plate load R : 2KQ
Inductance : 20uH
HT supply : 200V.
The equivalent shunt capacity with the measuring aids connected to the cor-
responding points was approximately equal to 30pF of which the input capa-
atance of the measuring probe was 8pF. The input rectangular pulses were fod

from Marconi Video Oscillator (7F885 A[l). The parameter K (= g%z was
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varied by varying L alone and the output waveform was examined on the cali-
brated pulse oscilloscope, Tektronix type 541. It was ohserved that with increase
in the value of K from zero to unity (monotonic condition), effected by varying
L from zero to 30uH( = CR2[4) thoe risetime improved i.e. decreased uniformly,
the steady state gain remaining constant; with further increase in the value of K
risetime was still reduced but overshoot appeared.

When the inductance was further increased to 60xH, keeping R = 2K q
i. 0. K (= g,ll;z) = 2, tho observed overshoot was approximately 6% whereas
from the graph it was 6.7%,. Now K was increased by decreasing R in steps.
1t was found that the rsetime was reduced and the steady state gain began o fall.
For large values of K with small values of R the output approximated a damped
oscillation and the steady state gain approached zero. Under this condition the
risetime, which is the time for a quarter cycle of oscillation 18 given by m/24/LC.
Upto a value of K=2.5 there is a rapid improvement in the risetime with vory
little loss n steady state gan, thus resulting in a minimum value of T,,/G for this
value of K. This value of K corresponds to about 139, overshoot and if that is
tolerable (which is normally the case), pulse amplifiers can be conveniently
designed with K = 2.5. With further increase in the valuc of K, loss of gain
becomes more rapid than improvement in risetime, thus resulting in increased
values of T,/ (figure 5).

| DESIGN EXAMPLE

Suppose we want. to design a single stage pulse amplifier with a vacuum tube
type 6Ak5 having gm = 5mA/V. The unavoidable shunt capacity C ab the
under practical conditions is, say, 30pF. Let the tolerable overshoot (S) in the
amplifior be 12.5%, . Reffering to figure 4, we find K = 2.5 for this value of 8.
From figure 5 we then have, for K = 2.5,

Tm x m 40
Thus we see that the value of K automatically fixes up the T',/G ratio, for
a given value of g,,/C.
For the operating conditions specified above we gel
T 1.38 x 10-®
q
Now if we specify G, T, will be fixed up and vice versa. If the desired gain is
10, the risetime becomes
Ty =1.38 X 107

If permissible risetime is less than 0.138 x sec., the value of G will be corres-
pondingly reduced, koeping 7',,/G = 1.38 X108,
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For G =10 we have B = 2000 ohms. Substituting this value of R in the
ogn. ng_n =K .‘-i—-, we get L = T5uH. If, on the other hand, the permissible value

of Ty, is 0. lusec, G comes to be 7.24 and R = 1488 ohms, which in turn gives L
= 41.43uH.

Experiments were carried out with a shunt compensated amphfier as discussed
above, the input reclangular pulse being obtained from a pulse generator. The
output was observed on a calibrated pulse oscilloscope.

Observations carried out with R = 2000 ohms, L == 764H and C = 30 pF
gavo Ty, = 0.154 sec, gain 9.2 and 8 = 12 %, approximately.

Tho experiment was further varified by connecting a 10pF condenser between
anode and ground of the 6Ak5 tube in the amplfier and thereby making the total
shunt capacity 40 pF. With the samo overshoot and gain ie. K = 2.5 and

T % 20m

@ = 10, since @ 0= 4.6, we have for the operating conditions spocified

T
above —(;‘ = 1.84x107¢ or T,, = 1.84x10~7 sec. with & = 10. Actual obser-

vations carried out with R = 2000 ohms, L = 100xH and C' = 40pF gave
T'w = 0.2 psec, gam 9.4 and § = 12%, approximately.

The above design example refers to a single stage pulre amplifier. If the
desired gain for a given overshoot is higher than that obtamable with a single
tube the number of stages must have to be increased.

. T C
From the expression deduced above wo have G’" =-go— X some factor spe-
m

cified by the overshoot Honce for same overshoot using same tube, higher gamn
”

will automatically increase 7'y, to keep —1({1' a constant. Now if 7', is to be ro-
T

duced 7% should be hcreased, which can be done by arranging the tubos in such

a way that only the g, of individual tubes are added and not their shunt
capincilances. This again can be dono by arranging the tubes to form a distri-
buted amplifior.

APPENDIX: A

It is shown before that the mutual impedaunce of the high frequency equi-
valent circuit of the shunt compensated amphfier is given by

1
(B +pL) X
Ty

m =

1
R+PL+1—J—0
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or [Zm| =R [ ("= GLOF ¥ R

Ay (high frequency amplification)

—p———
1+
=In - Zal = gk [ G GropTeicin
wil?
14
= 4] A=wLipteics
=4, -f ((‘))

Where A4, = the mid. frequency gain.

Now to got the peak in the frequency response curvei.e the maximum value
of | Z,| we are to satisfy the conditions -

3 fwy=o0
d2 .
and Pk J(0) = negativo

Satisfying the ahove two conditions we get

i VICE Y IF _ R
=" L 12

Expressing »? in terms of K, we have

2 [ Jj2,1_2
L — —= -_ d ———
o= ol Veri-%]
From this expression we get for @ to be real and positive
Or K* 4+ 8K — 16> 0
Or K>4.(v/2-—1)
That is, thefrequency response characteristic will show a peak only for values
of K > 4(4/2—1). Thus, it is seen that although the transient response shows
a peak (overshoot) as soon as the amplifier load circuit becomes underdamped

(K > 1), the steady state response (frequency response) shows a peak only when
| Z,, | exceeds R. ie. K > 1.656.

In order that| Z,,| > R atsome values of f, K must be greater than [4(1/2—-1)].
For value of K lying betwecn unity and [4(4/2—1], there will be no peak in the
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frequency response characteristic although overshoots will occur for pulse ampli-
fication. Thus we see that to construct a pulse amplifier, a knowledge of transient
response is more important than ils steady state rosponse. As such a design
procedure directly based on the transient respouse, ag done here, will be of much
use.

APPENDIX: B

The above discussions are all valid if the Power Supply impedance is zero.
But practical power supplies are not perfectly regulated and hence, the resulting
mternal impedance will modify the load impedance of the amplifier.  The shift
i the pole-zero location depends upon the nature and magnitude of the impedance.
The equivalent circuit of the amphfier with the power supply impedance is shown
and 1ts effocts on the response are discussed. 14 may be mentioned that if the power
supply has a resistive impedance then 1ts effect can be minimised by connecting
a large condenser across the power supply. In any case the power supply source
can be made to behave as a source of practically zero impedance by using an
R-C filtor consisting of a resistance in series with and a condenser across the supply.
The power supply with its internal impedance Zy, 18 shown in figure 6. If the
source impedance is reactive the shunt condenser across the source has some
peculiar effects on the load impedance characteristics and hence on pulse response,
us discussed bellow :

1k
1
o
[+

(1)  Internal + dance 1s it

/4 d

When the condenser is connected across the power supply, the effective in-
ductance is reduced,

. K is reduced, and hence overshoot is decreased and risetime is increased.
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(2) Internal imped 18 inducti
We know if the power supply impedance is zero, theload impedance approaches

IC_(O’ = the tolal shunt capacity), but when the power supply impedance is
(0]

inductive, it can be shown that as the power supply is shorted by a condenser,
magnitude of the load impedance passes alternately through a maximum followed

by a minimum and a maximum before the impedance approaches m_IO at the

high frequency. This is obvious from the equivalent circuit of the load im-
pedance together with the inductive internal impedance of the power supply,

Fig. 7 The equivalont ciromt with inductive internul unpedanc
of the powor supply.

figuro 7. Since it is a minimum phase-shift type of network, the imaginary part
of the complex impedance also changes from inductive to capacilive nature along
with the impedance variation. Thus the zero-pole location changes and hence
ovorshoot, risetime ete., are also modified accordingly.

dxperimental observations revealed the fact that the power supply had
inductive impedance, and hence the response was modified when a condenser
was connected across the power supply, as explained above. Now, since, in the
case of inductive internal impedance if the capacitance across the power supply

— AW

-
1L

POWER = Ct
SuPPLY

Fig. 8. R -C filter
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18 not very large, the internal impedance of power supply instead of being zero
becomes more complicated. It is found that an R-C filter as shown in figure 8
will give better performance.

CONCLUSION

In this article we have defined risetime to be equal to the time required to
reach the peak and not as time required to reach 109 to 909, of the final value.
Hence in actual practice the risetime according to the conventioq%] dofinition
will be less than the calculated value. FUNR
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