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ABSTRACT

The hasic investigation of tranaistor feedback amplifiers has proven
mathematically simple and of éreat'practical value, The behavior of single-
'stage common-emitter amplifiers is described and provides a building block
with which cascaded feadback ampliﬁers can be analyzed and designed. From
the results of this analyais the conditions for winimum drlft for caacaded ‘

- single-etages and cascaded loope have been derived. h

A transistorized linear amplifier, pulse-height diacrimmator. scaler,
and high-voltage power supply packaged together as a gingle pieee of portable
counting gear {o under development. The high~gain iinear ambliﬁer is the
heart of the system and must have good reliability, wide bandwidth, small
temperature -drift effects, etc. The amiplifier daveloped has a rise time of
0.5 usec and current gain of 7,000, and is deeigned to drive a curient-pnlse
discriminator eo that only a few volts ewing at the output are needed.,
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1. INTRODUCTICON ,

It i not necessary to discuss the importance of precision Mghv-’gala
pulse amplifiers. They are perhaps the backbone of nucleay instrumentation.
Despite this, little has been written about design for optimum performance,
and it is probably due to the nature of the problem. They are used for many
different purponeo and a specification important to one application may not be
important to another. Rise time, gain, overshoot, noise, drift, linearity, and
overload are the main problems involved. Clearly not all of these may be
optimized in a eingle design, therefore one must understand the effect of each
factor upon the others in order to find an optimum design for a given set of
spaciﬁcations.

The scope of this study is as follows: _

1. Deascription of the drift of the ac gain for local and loop feedback. -

2. Analysis of the beha.vior of the elngle-atage common emitter amplifier
wm; mcal feedback,

3. Ana!ysis of the bebhavior of cascaded amplifiers with loop feedback.

4. Determining a practical method of shaping the feedback network to
produce the deoired pulse response.

5. Cowparison of the types of amplifiers in order to predict which
type will give tho best performance.

Basically the question is, what benefit will be derlved by using different
types of simple feedback loopa rather than cascaded single stagos. and will
such benefits be appreciable ?

‘Wprk done undey the auspices of the U.”8, Atomic Energy Commlssioﬁ.
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II. DRIFT, | |

The term ''drift" here means the change of the ac'gain. It is not the
change of oparating point, as in a dc ampliffer. The designation drift ie used .
because these effects are usually slow and rather random owing to their many

' causes. The greatest effect is dus to temperature, but bias-point shifts are
also very important. In addition, the tranasistors may change over long periods
of time, or they may have to be replaced, thereby causing some “drift" of the
ac gain. ' ‘

Single Stages | ' .

Drift may be deacribed simply for local aad leop feedback and fo
cascaded stages, First, however, the gain equatione for the single stage: must
be discussed. From the equivalent circuite of Fig. 1 and the amplifiers.of
Fig. 2, one sees that the equations are aimply

Casge |
pr— . 8 RB/Ré : _ _ :
Current gain = Ai e S o (.l)
. . o
Upper 3db frequency = BW = -g S, @)
: where | _ : .
S=1+(p+1) R! /RY , (3)
D=l+2vf (R,+R{}C., 4 (4)
Rg = Rgty} , " . (3)
R.Q g Re"’reo (6’
' .
v f“ = Bfa. ‘ (7)

The quantity 'Zp {s thorefore the frequency at whick A falls 3 db
for Rbakewo and Rsfmb. ". Rsl | ‘
Gain-Bandwidth product = GBW, = -g- XL . (8)
Notice that r} and C_ are the effects which reduce the GBW “figure of merit."
- Also, the GBW cannot be considered constant an the gain is changed, bsacause
) R; affects the D factor.

i~
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Case U
PR, /RY

Voltage gain = Ay & ——p— , 9

£ | - -

BW o g. s. . 10)

The agme deﬁnitlons as for Case 1 hold,
t' Ry, . . o
GBW, = 3 g . . . {11)

These formulas are of groeat practical did and much easier to use than may be .

supposed at first glance.
Now for drift analyeis: _
A = Gain before drift,

¢ Gain after drift,
\.Ax .

A,

AA= Az

'dA = Fractional drift of A =

el

. R
The form of both current and voltage gain is «A = %—4 » where Hae g—

. for current gain and H = R L/R' for voltage gain..
| Remember that these equations are good only for the cmditions of Case 1 and

Case 11, and the following is limited to small signals
B; =P before drife, ’ ’ -
ﬁz = B after drift,

8p =, - By
dg = Fractional drift of B = ap/g.
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From this one obtaﬁxs
. P H By H
T T -

ane TRl B L M g pegel. -
yop (1+§-:°;-). -
152 5
o Y |
d, = %—f‘ . % (1 +RL/RY) = 5 8 I : . (12)

The quantity 4, is known upon measurement of B at the limits of operation. The | o
deeired d, and a knowledge of BZ from measurement of 4. allow a calculation of -
R! /R' . For example, if an amplifier {s allowed to drift only 5% over.a certain
temperature range, then dA = 0.05. Suppose dp is measured to be 0.15 with a
B, of 60, Then irum .

4 . R
QA/dp s[1 +"1ta.'°/rvs]/szz = [1+RL/RL] /;ﬂpau) ﬁ'g .

we have RY /R' = 1/29, The bias scheme musat not be changed to achieve
this because ft. determinee the drift of operating poiat which holpe determine. dﬁ
There are several references in which one may find dlecussions of bias-

. atabilization achemee. 1

The factor 5 (local ieedback factor) therefore determines the reduction

of the percentage drift in a2 mannor which is easily described. ‘ v ,‘

~

: d, (1 +R' /R! . :
- gy d 3;0 g - - a2

B §

‘For example. R. ¥. Shea, E&.. Transistor Circuit Engineoﬂng_
(Wiley, New York, 1957).
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' Laép Feedback : \

The fawiliar feedback aquation may be used along with a few simple e
definitions to easily and thoroughly deacribe the etﬂect of loop feedback upon -
drift:

A = gain of amplifier without loop, - _
K o gain of A after loop i8 applied,
p B feedback factor (ratio).

From K= %—A . - ‘(13)

and defining~ 4 = pA = loop gain

we have L ’
Ke 137+ : (14)
Subscripts of 1 denote quantity before drift occurs « the reiszence ‘case.

Subscripts of 2 denote quantitics after drift takes plice.

The change of gain,

, 42 A
A= K-Ky =, T TRE,

AK = Ayl +pA)) -y (1 +uAj) R .
RS TUERRR A - C WFEATFA,)
since
4 AK _ _AA A
x* ® 0 MUK T IRAT
are Ay = Al +d,), , |
% °  YFIFT,) - S s
K l A ‘ - ‘ "l

wheve £, = loop gain at Al and K,.

From the groph of Fig. 3 one may quickly see the loop gain tequlted to obtain
the desired dK when d, has been measured.

453 00Y
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Caagceded Drift
Assume two ampiifiers of gain A and B cascaded to produce the gain

G:
4G = G,-Gy = 4,8, - A4,By,

A, = A0 +4d,),

B, =B, %,,‘

4G = AyBy (1 +d, N1 +dg) - 4B,

G AG o
ABy 'ﬁT"“css’ﬁi,*%"dA%“ I
dgTdy tagdudy. o - - ({f;{t‘w

The drift is thomfere cumulative except for a second-order term (4 AdB, which L
usually may be ignored. Notice that this effsct does not depend upeon me '
mwagnitudes of A and B <~ only on their fractional changes. ‘

Optimum Design fox Si*txgleo

We now have the neceééaty tools for optimiaing cascaded einglea. Snppose

‘gain G is requix’eé of n cascaded singles: . , ‘ _ e
. Gs A » A® Gx/n e %54 ’ . . Lo »,Ty'i;f-.f-{,:
where H is an ottenuation factor (Rg/Ry or R, /Ry).

Then

H
8= .
Sf/ff .
dG = nd,, from Eq. (16)
dﬁ(l +R'e/Rs') .
dy ® ﬁz . from EQ‘. (12).
<e3 (08



-9- ‘ UCRL-8515
Usually S >1 for the reduction of drift needed, therefore

R
s:u(gn)ﬁg = pR!/RY,

S, = B, R/RY = By(l ¢d) RU/RY = Sy(1 +dp):

. ~ dg(“"‘fe/“'s’
dA ‘n 1 " .

We now limit ourselves to dﬁ s»1, knowing that the entire analysis is to ééw’paré |

different amplifier types and that when this is done for cl5 <<1 §t will be -
sufficient,

L q \
o F R urryape gy oMavmymy.

. a .
dG,—r.'. nd&"«a B-%’ Q1 *R;/R!s, B Glln.

This function haa amwinimum forn=nG and A= Gx/“ a G
Thevefore winimum drift is achieved when each stage has a gain of &

a. e tnG 1+ RL/RY)
a_, = E%-e!nﬁ(l#ﬂ'/l%'h’[ !; 69] ( H/ .

IS - T R )
B

l/ln G, .

an

Drift of Two-Stage Loops (Doublets)
‘ The gain of a two-stage amplifier is of the form A= ﬂ , where H is
an attenuation factor detewmined by the particular design. After the loop s

applied one has ' ,
2

g

4y 244 from Eq.(16).

609
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This is aseuming that H does not reduce 4, noticeably. Of course the
greatest drift reduction will be realized when it is all done in the loop and
none accomplishad in local feedback inside the l.aop. Thegefore this is the
only case discussed. We have .

;;%wrgr:';fp g . ae)

bacause £ 1 is usually the pracsieal cage, and we are limiting ournelvcs

" agein to very emall Wﬂ .

When a total gain G {a desired by cascadlng these doublets what wﬂl be
the optimum number of loops (n) and what will thie minimum drift be ?

" For n loops cascaded, :

daa ﬂdx. itom Eq. ‘16) : . ...._'-,i O S
24 |

dy = _TP , fvom Eq.(18)

. 2d,n

4 ° _-'f-' '
8% _1/n 2y

b - o
‘2n el/“ 24, y/ | o

= o |Z2| metm |

PTH]

This achieves a minimum when n = InG, 5o for singles.

Therefore ‘
K o Gl/u s G‘(‘_?G e

The gain of each unit is again e.

24 e InG , . -
d a inG s ["—Fi] 2 . (19)
Crmtn 9‘2'5 ein BH | '(

> | <+3 (10
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Notice the comparison to the optimum drift for stngles «-Bq. (7). If there are
two transistora per loop and G is 3, 000. then n = £nG = 8, which means sixteen
transistors. It is very seldom a designer will choose to use this many units even
though it {s optimurn design. For this reason it is good to compare the drift of
" the optimized singles A with that for doublets using she same number of
transistora, :

Nown = ..%’9 since n is the number of loops and there are uanauy two

transistors per loop in the douyblet.

an :
dG sndg = T'ﬂ » from developmwent of Eq. (19)..

K =Gt/ ﬁr—- -9-17

Ggl/n . g2/1nG _ 2

' 2
e

- 2ndy 240G ‘a~
’Te 2 pzx

e ‘nG d - . L. el s | th;‘,i?%‘%m‘)‘

Cbmparing Eq. (20) with Eqs. (19) and (17), we see there is still a distinct
advantage inﬁuéi’ng loops (doublets so far) with negligible local feedback.
Drift of Three-Stage Loops (Triplets) .

Three stagés with a loop (triplets) have a gain K of the form -

* 3 : 3,
p"H pH
K= ~ = .
' 142

1+pp™H
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For the previous approximations,
' 3
. K»; EI!'! & Gl/no
: ‘ nd n3d '
dg wmdgs o~ = = .
| = .E?;.i ’
Gi/n
3d
.1/n
dG = L-sl H] oG . b

This function also has a minimum at which n = inG and K= G‘/"‘ o G-l/‘"cc e,

3d,0inCG eldnGd ' _ '
l'c dG ‘ = ‘—'g—__' = [ p] 3 (Zl)
m .

a  §’H B BeH

Notice the further reduction of dG i .
. min

When there are the same number of transistors aa for the optitnized

singles, n becomes %—G » if there are three transistors in a triplet:

i

K=gl/n. g3/taG _ 3

[ 4
e InG @& 2
) ] e
snd % * { B } B H

(22)

It is now shown that the use of triplets offers quite an advantage over both eingles
and doublets. - ] ‘ '
The aim;;le drift analysis then states that one does benefit greatly by -
using feedback loops {nstead of local feedback, and the more stages in ths
- loop the better. ' o o

53 012
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I, PULSE RESRONSE

The discussion of drift reduction assumed any desired amount of loop
gain (4) could be achieved. In every cagse some shaping of the frequency
~ reaponse of the {eedback network is neceasary to produce the time response
desired. A further comparison must therefore be made between singles,
doublets, and triplets to see which is best for rise time and overshoot, The
amplifier must be showsn in much more detail, and the types discussed here
are shown in Fige. 4 and 5. Theze are other possible conﬂgurations of course.
Doublets-

The gains spoken o! fromn now on are cnrrent gains and agply to Case I
of Fig. 1. A denotes the gain without a loop, and K denotes ths gain of the
same unit after the loop is introduced; 1 = pA is stlll the loop gain. From
- Fig. 4 we hava

p Ry/RY Ry/RY

A low-frequency gaia°
lHﬂﬂ) S] l#(ﬁ#lk};}

A ; p H .b AR T . | N
0 ’ . ) R R
%
where H = Rs/Rg‘ R, /R} ) T S \
, N
re .re PR CT] I. :
and (p+1) <<, ;.: (P4l) <<, N

The local internal feedback is therefore considered negligible.
' From here on A is the gain function including frequency

AO “’1“’2

Ae A‘:" = lp+wlﬂp¥wa)

where p = ju and ©), “2 are the 3-db cutoff freq'uenciés of éaoh ft;s't,.a‘g,e.
Local feedback (8) is negligible, and good design demsands D = 1:

sln

o)
el
(V)

813
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AR 2o “ t |
' (phag)
A 0 ﬁa
Ko rg © , “‘Mo“g . (23)

‘ 2,2,,. 2 2
Ke AO“Q /p Omep +m9 +Mom§ .

When @ is constant with frequency one has

2
A
Ke == o 4

P 4’3%"0@(1*%0):

and A

0
K0 ®f 3&30 *
Hore K {8 of the form

A“Z ‘

0
K* GaiG®) -

e ealt v

where the roots a and b cause the step function response to have overshoot

and ringing as shown in Fig. 6.

. 20, 200, N @ = 41 +pAn)
’ a.bc % % *2* o

a,b3 ~9g [1ajNE) .

Complex roota always cause overshoot. The angle of the cemplex rcote is

¢ = tan”} N7, and the overshoot is a function only of this angle, as shown
in Fig. 1.

™D
P
()

]
e
[Py

\
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Complex roots may be eliminated by causing p to be a function of
frequency. From the basic definitiena and approximations for facdback ratio,
we have p = ‘fAL (Fig. 4). This assumes that the input impsadance of the o
first transisctor does not affect the feedback ratio. That is a problew many
times and mm be evercome by inserting an impedance-matching stage in the
loop (See Fig. 4): : ‘

B 'ig, ‘t;' iq .&R' : 1 Be.‘.
hbﬂpf—- . re..t-;: S‘QUZ; ) a— _QT H

V]

g ther :buot be shaped to eliminate the complex roots for any given 2.
The elimination of complex roots requires that 'Zf become a parallel
RC combination where :

Z

R .
e .
R=g - ' (24)
and ' - ' ' ‘:;:-/.‘ ,,'JH.*‘F
c 8B cheaememansy . . (25) |
W, Jr R s ' Co
P
The K equation for this shaping becomes
. " z >
» ™
lpmgﬁ ) 0

This locks like two identical cascaded singles with gains of B %’l and
. . _ _ 1T

_ bandwidths of 15472

For ns -‘-%9- theve is the same number of transistorse aai for th; “

singles (neglecting buffers):
| i1/n 2y
KsG = %“ * ﬂ_“ "e72n J-gv
G .
GVl/Zm - c5l/luC.% s e,

JFe & VR
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The amplifier looko as though there are £nC single stages in cascade «- sach

‘with a bandwidth of .
s E{‘E = — WH

‘0
& 3 1/20G
3w,rma‘ 5 = 45 2 -1 . (26_)'
Teiplets .
For three atageo one hae , ) '
. W m? A, uE3 |
Neglectibg local.feedback we have alsd
. 0w3 |
A o . p ) R
Keples Jg : (@

(PM&, ﬂ‘AO p (P’a’(P"b’@’@)

‘When @ is not frequency-sensitive, complex roots appear for u >0, In order
to eliminate them techniques may be employed which bring about resuits aimilar
to the doublst analysis. In Fig. 5 2 L s a geries L-R and Z L ie a parallel
R«C., It is not possible to completely eliminate the imaginary parts of the roots
unless an S factor is introduced in one of the internal stages. This naturally
reducen the 1 achievable, and the drift of G becomes more on the order of
that expected for doublets.

There is seldom much reason for using triplets, because in order to
get rid of the overshoot the drift is increased and the problem of trimming the
feedback network is mhch more complicated than for doublets. ’

Singles
For minimum drifs,

netnG, A=GY/Pce,

BW = [‘381 'JZ ;uo‘. ‘
H 3H _ pH

bE SUELL S |
£.8H £ H

BW = -&65- Nal/ey - - Na}/inG ) (28)
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The rise time for the singles is the same as for doublets. It is possible
to peak the singles response with colls, and also possible to peak the doublets
response by adjustment of the feedback capacitor,

IV. DESICN PROBLEMS
Buffers

It 19 dqmettmen necessary to put in an impedance -matching stage (buffer)
in the loop or in the output. Figures 4 and 5 show the use of such buffers. For
the doublets the i"cedback resistor usually is made low enough 8o it {s of the
samwe order of msgn&tude as the input impedance of the first traneistor. As
the input impedance drifts, the feedback ratio s affected and the gain drifts
much more than predicted from Eq. (19). The grounded-base stago is chosen
because its input impeﬁhnce is very small and ite current gain is close to

.unity and very stable. '

‘{or triplets the 10ad usually may not be taken off the third collectos
becausge it would upset the feedback ratio. R is seldom the load is a pure
vesistance.

Lineaﬂty

For omallwlgnal atagea. the linoarity is not a very big problem. The
output mgon. however, may havo large voltage or current swings and the gain
way change as the pulse height is changed. This is of course dus to f's being

" dependent upan voltage and current. The voltage effect can be reduced greatly
by inserting a grounded-base buffer stage between output and load, but the
current effect is otill important in most cases. The answer lies in knowning
over what operating region P varies least as current is chonged. From a

‘curve of collector current as a function of base currvent for different values of

_collector voltage, the most linear region can bo easily found, Linearity and

ame may be analyzed in the same manner, and feadback has the same effect

upon both. '

~ Overload Effects

When pulses are proseant which drive the transistors beyond c\xteu or
saturation, care must be exsrciscd so that dead time between pulses does not
result, Dead time reoults when coupling capscitors charge through a emall

{impedance and discharge through a large impedance. It is possible to cascade
PNP and NPN units alternitoly oo that each is being driven on by the pulse,
but if there is undershoot at the ond ozf the pulse it may cauvse dead time owing

<iad 017
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to some of the units’ being cut off. R may seem better to design such an
arrangement that each unit will be driven toward cutoff normally and under-
gshoot at the end of a pulse will not cause any dead time. This, however,
could require more stand-by current than can be tolerated.

Dead time may usually be eliminated by careful biasing., The output
stage should be made to be driven further into conduction by the pulse, but {t
must be biased into conduction enough to abaord the undershoot without causing
dead time. Of course, etages that are normally driven toward cutoff need only
be biased on encugh for the normal pulse to be passed,

V. CONCLUSIONS

The daefgn for high-gain linear pulse amplifiers is obviously complicated,
and to optimise its performance {s almost hopeless because of conflicting re-
quirements.

Let us piece together some sort of consistent guiding statements by
which the problem may be approached.
1. Drift of the ac Gain. There is a great advantage {n using doubletc rather
than ;ingleig The triplets have a much better drift performance than doublets,
but most of 'ihip is loat whon the pulse overshoet has to be eliminated. The
optirdum design for doublets has three times as many units as the optimum
design for stuglao bacause a buffer mubt be used in the lcop. There is atill &
large advantage when half as many loops are used. There must be no local
fecdback (3 factors) within the loopa. and the use of buffers is essontisl if the
drift {2 to be minimized.
2. Bilasing. Bias stability is of primary concern because § s very sensitive
to opsrating point as well 28 to temperature. The bias point must be carefully
sslected so that the most linear (distortionleas) operation may be obtained.
Since the 3 factor of each stage depends upon re.&r o -11- » the emitter
bias current I, must be high enough to insure that #; o4 ’_;\, dback {s negligible.
Bias will aloo determine the response under overload conditions. A stage must
not be allowed to be cut off while the coupling capacttor is rccovoﬂng from the
‘pulse. ‘
- 3. Pulse Responss. Singles, doublets, or triplets may be designed so that
the ringing of the pulse responee is eliminated for any specified gain, For
singles this ringing cannot occur unless thero are peaking coils, of course;
for doublets it is a small problem; for triplets an 8 factor must be used in

-

243 018



sometimes the number of transistors that can be tolerated. The rise time
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ono of the latter two stages, and thic results in a loss of the triplets’ drift.
responge advantage. The rige times are about the sawe for each type for a
given over-all gain G. The rise times are equal when the number of transistors
(not counting buffers) is kept the same for each type in accompllohing the '
over-all gain G,

From these three considerations it becomes apparent that ths best

'practtcal amplifier should usually be composed of doublsts, The number of

stages depends upon the gain needed, the drift that may be tolerated, and

will be determined entirely by the frequency yesponse of the traneistors used
if the D factor mentioned in Secticn 1l is kept very close to unity for each stage.
It would not be good to casgade identical loops bocause the blas plays such an

important role in the operation of each loop, and each loop playas a somewhat -

different part in the operation of the over-all amplifier.

Vi. RESULTS (EXPER!MENTAL)
The descriptions of single-stage and loop drift behavior in Section n

are in good agreement with experiment. Since the whole mathematical de~

velopment is built upon Eqs. (1), (9), and (13) and a knowledga of ‘ﬂ the

drift formulan should be accurate. That is, once Eqs. (1), (9), and (13) are !

subatantiated all the rest is simple, rigid algebra and differential calculus,
These equations have also been substantiated easily by simple experiment.

During the course of this gtudy an amplifier has been built with the
following characteristice. It consiste of three doublets and one single-stage
inverter. :
Current Gain - 7,000,

Rise time - 0.5 usec ,

Cvershoot - Negligible on 8 ‘scope. This may be adjusted, resuiting
in about 0.3 psec xise times for 20% overshoots.

Input Impedance - Series resistor of 1K. l

Input Pulee - Negative

Output - Up to 8 or 10 ma positive. Voltage swings less 'ghau 2 v,

Drift of Gain - 4.5% per 10°C riae.

These doublets did not have buffers and it ie expected the drift would go
down by about an order of magnitude if they were used. The. omtput works into
a forward-biased dicde subtractor, therefore only very small voltages are re-
quired to drive this circuit.

i

«J
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This amplifier {6 not an optimuro design for dri{t response, but it
gives a good idea of the reeults that may be achieved. |

e



Fig. 1.
Fig. 2.,

Fig. 3.
Fig. 4.

. Fig. B.

Fig. 6.
Fig. T.
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- FIGURE CAPTIONS
Familiar "T" circuit and the very useful "w" circuit.
Bagit common-emitter amplifiercircuits,
Effect of loop gain (1) upon the drift (d A) of an amplifier.
The doublet. :

The triplet.
Step-function responoe with complex roots.
Percent overshoot as a function of the angle of the complex root. :
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