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ABSTRACT

Prosented herein is a philosophy for designing wideband multistage ransistor
ampliliers. The amplilier is visualised as an integral unit, the interstage networks 

constituting the elonents of the amplifier unit. By designing the amplifier ns a unit 

and adjusting the overall response (gain and Landwidth) with the interstage time 

constant*. an increase in gain - bandwidth product is realised over the iteratively 

designed amplifers. The resulting increase in gain- bandwidth product results from 

absence of the handwidth shrinkage factor for multistage amplifiers.

Formulas are derived for both a two- and three -transistor integrally designed 

wideband amplifier. In which shunt peaking networks are used for coupling. Exper-

imental ampliflers were construcie following these formulas, and the observed 

performance agreed quite wail with tbe calculations

I

I
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I AN INTECRAL DISIGN TECHTICUE FOR a 
WIDEBAND MULTISTACE TRANSISTOR AMPLIFIERS

Larry Scott

Lawronce Radiation Laboratory
University of California 

Berkeley, California

April 27. 1962

I. INTRODUCTION

A greater overall gain-bandwidth product Cor multistage amplifiers is

realizable through a design procedure that characterizes the total amplifier rather 

than characterising each stage separately. The design entails picturing the several 

stages of the amplifier as an intecral unit an adjusting the individual time constants 

to obtain the desired overall response. The principle of stagger tuning- ha- teen
2

applied to transistor amnpli: iora by Victor H. Grinch and others, and can be

considered as an application of the integral-unit philosophy of circuit design. Fow-

ever, the use of this design phi osophy as shewn in this paper is not yet reported 

elsewhere in print.

The increase in gain- band width product will be shown to result from the

absence of the Landwidth shrinkage factor in the calculation. Here the bandwidth

shrinkage factor is the ratio of overall amplifier bandwidth to the intorstage band-

width of an iteratively designed an plifer. I: t e terativoly designed arpliller has 

a single-time-constant (one-pole) response, t e s rinknge iacstor is given by
(21/N -1)1/2. where N is ths number of ca faded stages. Absence of the shrinkage 

factor is the result of an integral-unit esign philosophy. rather than an iterative 

(1. e. , identical-stages - case ad ed) design. The convenience of deesignins one stage *

and then cascadiug ceet the iss gne - a fraction of the attainal is gain- : idth

product of t):o multistage an plir. The integral-unit philosopl y is a pliod here 

°work done under the auspices o: the V 3. Atomic Energy Commission.
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the degign ol both two- and three- transistor "mplifer utilizing shunt-peaked

. ter stage networks. Shunt-pzaking interstage networks are selected because of 

their relative simplicity and conservation of gain- bandwidth product when broad­

banded. The gain-bandwidth product of a shunt-peaked interstage is approximately 

equal to {, of the transistor. 3

As shown in Apperdix A, the current gain of a typical shunt-peaked interstage

is of the form

A ‘ H -r*-^... . 
p + ap + b

where pmj and H is a constant.

It can easily be shown that ths shunt-peaked interstage can be designed to 

yield a single-time-constant (one-pole) form of response. 4 This occurs by factoring 

the denominator polynomial into two real roots, one of which is set equal to the 

numerator terra {the zero), and the resulting function is of the form (sno Appendix A)

_H 
i ' p+c

p4z Hf--— • • ----
P+z P+C"

For two shunt-peaked interstages connected in series the current gain is of

the form

P+3, p + 3, • H.H -,-------------1---- X ---------------- 2----
P + aP +b, p+azP+ba

Let one stage (1) be designed for a single-pole response.

i
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- H H I <2 (p+c,/P+313
P+3, X -z-------------- - ------- :

P +a2P+b2
then for C1 ■ 32•

-„2 p+a2p+b.

This current-gain eaprossion chows that the bandwidth is determined only Dy the 

second interstage, and the gain by both interstage networks. The two roots of the 

denominator polynomial may be varied to obtain the ehape of response desired. s

maximally flat magnitude, linear phase, and other results.

. For three stages, the final form of the gain is

Ap-+a2p+b2)p + c3)

To generalise on thisscheme, assume a product of n shunt-peaked inter-

stage terms

n
- n 

im1

Hilp * “)
P +a,p+b

i

#
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List of aymbola

Cc • deplotion-layor capacitance of the collector -base junction

a extrinsic base rosi stance of transistor

r 1 T
“-q, - O-O26o- intrinsie emitter resistance (-aze i is the dc

e e
emitter current)

F l 
R.
B,
1

• external emitter resistance, unbypussed

• interstage resistance

Po

= interstage inductane ’ . .
a

M —------------- - , or low-frequency current gain of * common emitter stage
■1 “ Fo‘

when the load in a short circuit

"p = {requency at which the commcn emitter current gn has dropped 3 db from

"e
-3ab

So. with a Ghort-circuit load

• “p Wo +1) .
= frequency at which the amplifier response is down 3 db from its low-frequency

value

D =1+u,(C+C. • r + P. ), a factor that indicates the degradation of
[ C 613 ;e 3 63

Landwidth because of feedback through C, and C,1 (where Cc1 ia the

extrinsic collector -to-base capacitance. )

i

*

i

I



- 5 UCB3 -3009Rev.

By proper cancellation of the numeratoz and denominator faci-re the overall A

function can take the formn

/ a
/ n
\iw1A * M, /pn * a p“-> + b pn-2 +.... y p 4 2 ),

which means that the zoopons ■ r n stages contains an nth -order polynomial 

in the denominntor.

Tc determino the r inrive merit of t} is design, the resulting bandwidth, as

deorrined by nt? a d ■ or ornin to r polynomial, is multiplied by the low- 

frequency gain, and t is gain-bandwidtl r roduct is then compared with that obtained

by cascading the same number of transistors in an iterative design. In the iterative

all stages have the sama bandwidth and a single -time -con atant form of.

responze.

II. ANALYSIS OF INTEGRAL DESIGN

The band-edge frequoncy of an nth-order gain function is determined by the

shape of the response; oz our examples & maximally flat magnitude response is 

s pecified.
(

Two-StaroArplifier

For the two-stage a rnpli G er we

I ' (I)

For maxmally flat mnag vo require

2•2 "
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Id the 3-db frequency is

“3db‘ Nba (3)

■

. 6

i

The low-frequency gain is expressed by

H,F,A (0) - • (4)

and the E ain- bandwidth product is

A, (0) “3db- 1,H,(b21/2

in terras of th.© circuit parameters, we have

H1 * “ty D •

12 * “t(2y/D2-
and

or

(5)

•,a,- (bg1/2- “(2) (r rr rb
L z '

1/2
(6)

A(0)-(,xa1)(Ux 1_ ■
~386) (7)

and

a toi . _ (*MnAi‘°2 “3db5 "5, *5,)
A 2

1
03as

(8)

i
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c It will be se •. that 1 e G aln-bandwidth product for the integrally desinod

amplifier. Eq. (3). is greater than that of the iteratively designed amplifier with

tpe sare bandwidth by the reciprocal of the square of the shrinkage factor, for two

stages, approximately a factor of 2.4.

B Thre A rnplifer

In the casa of the three-etage amplifier we have

, • H,H,H,/62+a22+b2p+c3). (9)

and

p t a, - p 4 C or 72 • Cp (10)

and we have
1

or

and

(p+ z,)tp + c,) » p“ + a, p + bj.

(P + z,)(P * 3) “ P-+ a3P * b,.

z.+c.m a. .1 J 1

-21 C, '

23 ♦ - I’ *3 •

*3 3 22
3

For a. maximally Hat mngnitude, we require

z • ~ b2 •

C3" *2
and

53 db (b, c,»1/3

(11)

(12)

(13)

(14)

(153

(16)

(17)
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The low-frequency gain for three stages te then expreaeed

and

AJO) - •—5
^2 C3 (18)

AJC) m - ------------- —-;31 3d3
In terms of transitor parameters, we have

H

Hz

H3

(19)

- D, •
- ^2D2

4
"t(3) D3

-

i

4

Alto.

b, ■ —8,1 f R,,-, + R ,+ r,‘_1(2)___ 1 b
-

f

and

c,- — ») Rzo)R1t‘65 \ ^1(3)

~3 as - », s,)1/3 :

or

A(0). “2xg1) JiHix—1 
v “36b/\-3Eb “3ab “gxg1

\ 3 3 db (20)
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t I

4 lad

A60) as- (3,) 2/8,) (3

«

1

5 db
(21)

Generalising, for n stages we apply the formula

A,!0) •
(—a)    - ) 

LD “3 4b ) (22)

III. ANALYSIS OF ITERATIVE DESIGN

The gain and bandwidth of an iterat vely designed arz liler may bo derived

as follows.

Where the typical inter stage gain is

- K/(p * Po) . (23)

and

“3 &o"Po
“ta,(0) •3 db " K, and K " —5 - (24)

For n stages cascaded we have

a, - ( K/(p * Po1 • US)

and

“jab * Po“ 5- (26)
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Where we have the shrinkage factor S • - 1)1/2 (27)

e have

n
K

Po
/

1
3ab

(28)

•Ad

a,(0)~3an (+,/ D~3az)" an (29)

IV. CONPAIA TIVE TI I EOIETICAL PER FORMANCE A

Py cornparing integral equation (2.Z) and iterative equation (28), we eee that

the gain of as n-transistor amplifier designed by the integral unit method is S -n

timnes the gain of the iteratively designed one, where both amplillers have the same

overall bandwicth, and where S is the shrinkage factor calculated for n cascaded 

stages. Table I shows the gain-increase factor S’n for two-, three-, and four-

stago integral designed amplifers, in which

Gain bandwidth.-.. • Gain bandwidth
-56a aal » w

a

for equal bandwiths

The resulting improvement in gnin-bandwdth product indicates that for equal

bandwicthn the integrally designed amplifier will have a gain that is 2.4 times that 

of an iteratively designed amplifier using two interstages. F.z three translator

interstages the gain advantage is a factor of 3.43, and for a four-stage amplifier

an Irnz rossve factor Of 30.5.

IX the compared amplifier designs are simplified to a typical or equivalent

interstage of each overall design. the difference between them is the exclusion of

the shrinhnce factor from the integrally designed amplifier interstage. This indicates
i



-11- UCRL- 10009 Rev.

r an Improvement in interstage broadbandins efficiency by the same amount as the

V. EXPERIMENTAL VERIFICATION
4 The procedures for integral designs, developed in detail in Appendices A

and B, were used to design ths two- and three-stage amplifiers shown in Figs. 1 and

2. Theoretical and experimental performance of the amplifiers are compared in

Table II. The agreement between predicted gain and bandwidth, as shown. is as 

clone as experimental accuracy'allowed. about 210.

Although the design equations yield an exact c: me ell at ion between the numerator

and doronnntor terms, the realisation of such exactness is not possible because of 

nonideal elements. The observed behavior of the two amplifers. Figs. 1 and 2, 

indicates that considerable error in the-cancellation may be tolerated before de­

gradation of the performance results. Inasmuch as the final value of the numerator 

and denominator terms is determined by njusting the value of the interstage inductance 

with a tuning slug while observing either the pulse or frequency response on an 

oscilloscope. the desired accuracy of cancellation is limited by the method of obser-

vation.

The amplifier of Fig. I was constructed with a silicon mesd-type transistor.

2N834. To reduce losses in the biasing circuitry a relatively large value of collector

supply voltage was selected. However, in dez ic 3 the second amplifier the selection 

of voltages was restricted to conform with LR L st ardo. The use of a lover supply

potential necesei anted placing the shunt-peaking circuit in the collector su ply path 

rather than in ho base. This in turn required the use of appropriate (5.0- lilohm)

biasing resistors in the base circuit of the transistors.
5

The addition of a 39-ohm unbypassed resistance in the emitter lea l of the

shunt-peak -tage desensitises the circuit performance to tr.x. sia tor pare ncter changes 

(series. feedback). The use of an unbypassed emitter resistance in no way degrades
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the attainablo perforrance at the shunt- peaked inter stage, and it mnakes it possible 

to usa arbitrarily selected transistors of the same type without redesign of the 

I

-

amplifier.

The design is most sensitive to changes in z,‘ of the transistors, as the 

value of the canceling term is approximately r,‘/L, and the range of adjustment 

in L must be sufficient to account for variation in r,‘ from one transistor to another. 

The use of an unbypassed emitter resistance also reduces this sensitivity because 

the canceling term becomes {r,‘ + R,)/ L. The available range of output voltage 

developed into a 50-ohm load for the examples is approximately ±0.75v with about 

19- linearity.

VI. CONCLUSION

The philosophy of integral design is a useful technique for circumventing the

limitation of gain-bandwidth product for multistage amplifiers. A greater gain­

bandwidth product results for the integral design of multistage amplifiers because 

the bandwidth shrinkcage factor is eliminated. This factor is defined as the loss in 

attainable gain-Landwidth product that results from cascading identically (iteratively) 

designed stages. By eliminating this loss, an appreciable increase in gain can be 

realized (see Table I), which could result in the use of fewer transistors to realize 

the same gain-bandwidth product as an iteratively designed amplifier.

Some practical difficulty is encountered with the design because the para*

meters of the transistors are not accurately known nor uniform from unit to unit.

This difficulty can be somewhat reduced by such devices as the external emitter 

■ resistance used in amplifier design. The improvement in gain-bandwidth product 

realized by this design technique more than offsets these difficulties.

- 
i
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I

APPENDICES

Th3 Integral Decirn of a Two-Transistor Shunt-Peaked Amplifier

The gain of a typical shunt-peaked interstage may be derived as follows

(see Fig. 3):

4x—L
i “I- 

g

p * ^/x._____________

*53s)pe(F*a>
where

I

R, “ €Po+1)-e•
■

1 C1 -
1 
r

D - 1 + “,Gc+ Ccb) RRL+ Fe).
and

F “sCPo+ 1) as stated in Table I

The condition for cancellation may be determined by dividing the denominator

by the numerator to find

$
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RI 
p $

p+Eb
/ \

73N
0 1
• j

RR,-r,‘ X I D

p2 +(R,/L) p

L * b) P * 5 \----- L------- ;
A RFb 12

o, /IL+r,‘\Rr,“"a (1—)- 12 - o.

However, the denominator factors into

p i) (p ■ "2 e (A-2)

provided that

Fx * Fb‘—1. Rr fb o—2— « O,
L-

or if

RI 6 l 
r

+ rb
b

(A-3)
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$3 »I

Now consider the case oftwo integral stages, for which we can derive the

gain as follows:

5, x D, " 4 fc

p 4 R L
p2+

_P±R1(2/12*[32)“, •("kb
2 .

(•Rx1*‘d.\ Lj

X -------
P *

For cancellation we have

and

*1(1)

L1 —,(12 
V1

R1
Fg (A-5)

E1(2)
L2

Tb 
3 »

1
4 “8(1)

1 (A-6)

The condition for maximally flat magnitude is

^1(2)^ rb “8(2) m 2“(2)
12 D2 LD2

R 4 r 4 r ,\ 1/2 1(2) * I b )
2

(A-7)
J

But we have

63 F
(2
2

(Rx(2)*R+Fs\ (A-8)
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"x2*5b"1
. —2 .

»

(0)--x-)x-12
‘ 2 “3ab

(A-9)

A systematic design technique now appears in which we successively

(a) pick a bandwidth (•3 dL) for the amplifier, or pick a gain, and then 

from Eq. (A-9) find the bandwidth;

(b) use the shape -constraint equation (A-7),

Rx2)*-b— B2-2-3an-
and Eq. (A-8), the bandwidth equation, to determine Rr(2) and L23

(c) use these data in turn to solve Eqe. (A-5) and (A-6) for Rr(a ) and L- 

There is an additional degree of freedom in the design that allows some

flexibility in selecting components. This freedom results from varying Sor,• sines 

r -= kT/qI , by changing X . These equatlons assume that the transistors, • .

a,, r. C,. and the optimum biasing conditions, I , V , have been epecificd. D C CCC
If we include an unbypassed emitter resistance R,. to stabilise the design

(see Appendix B), the design equations then become 

(a) from (A-9),

‘°) * 5,,*-------2 
1 2 “Mb

3
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(b) from (A-7) and (A-8).

+ r • + R •22“I2 "2 —gD, • •2 "3 ab •

“a2
P2 *562“. 2

+ 1) R"
°2 E 2

“3db

and (C) from (A-5) and (A-9),

-

and

R->
L,

"P 
D,

rb\ * ®Po,* •FE

R1—2 -—2

‘b, * R’E “s,
—1,— D,

Let ua assurne an amplifier to be constructed from two 21334 transistors to

have a bandwidth of 75 Me. The translator parameters are at follows.

Then

C + C .^pf)cb 1 V.(rn) (volfs)
°3 
o,

54 500 90

46 460 55

4.0

4.0

To obtain a D factor assume

D3=1* “,‘Ec + Ccb (FL
= 1 + 2m (500x1. ..

20

20

5.O

5.0

R. of C, is r‘ of Cy Rr of Oj is 50 0.

♦ R, + r,)
O'12) (50 + 40}

I

! - 1+1.1= 2.1.
D, - 1 + 2u (460x106) (4.0Xl0*U) (90 4 40)

4
. 1 4 1.5 - 2.5.
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then substitute into the design oquationa

(a) A,(O). 460 500 • 7.8

tor • Zu x75x10° m 4,7x10°.

(b) •12 * ‘b2* • E 
1, “3db *

4n 
P2
2

(2.5)(75)/ (2.7)

- (1.414)(4.73108) - 0.25x10S m 6.41*108

l

and

6

or

P,* b,* GPo,* RL
L,- - - - - - - - - - - - - -

Po,• «
—r------ - 88 105 -

-2

2 • 0.23 ph

2“3 db
"Pz 
D,

• sa. x108.

R, + r. ♦ R ♦
-2 b2 E .e 81.4

—2

R, • (6.62>(23.) - (53*40) •56.0:
“2

(c) for cancellation.

"‘2
L;"

3 "

r+ R ‘ w
b3E.. P3mu - " " $ —_— •

-3 -3
%• ♦ R k
n,

2 - 3
23

90 + 40• -56--------6.23 - 27.7
x 10-6 - 0,60,h,

e

234meme%ea. W."e" s-sen Ls idase

*

J
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I g ri • 27.7x10° 
-3

r
90 4 (56 ♦
... ".... ^6..^""40

R- * 300 n .
-3

i

The measured response showed a gain of 6.3 and a bandwidth of 85 Me. A

schematic of this amplifier, including a comrnon base stage (Cp at the input for 

matching the source impedance. is shown in Fig. 1. The loan in low-frequency 

gain due to the biasing realatancea can be calculated as z) o*- x 2.06303 * )0.845, 

or a calculated gain of ((.845)(7.8) =] 6.6.

B. T*e ?ral Desirs of a T rr 3 - Trar. si ctor .nt-Pea! ed AmpHfler

in order to operate the transistors at optimum emitter bias current while

still maintaining the freedom to vary PoFe- the input renistance of the transistor.

a small unbypanaca resistance (n,) is included in the emitter lead. The equivalent 

circuit is represented schematically La Fig. 4.

The gain can be derived as followa:

W
t

Z. 
P +

R,. ♦ P J• —e
---------L-

P•Fr/L
♦"r ? * r

b Pl
*■! "b ♦ Alt

l - a
L

AE a__ IP
J

in which

D - 1 + Mt (Cc + Ccb> (RL * R £>•

a
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I We new consider tbe case of three otageo, for which we derive the gain as

follows:

5. M "
) 2 31

X -

2 
P

_________ P’Fxl
(Ro+r£+r; "po J “pc 
\ L, —D,/P* -D, Rzo*F*-eo)F±1,

X

p2. (2)* FE* Fb
2

x

2F "

P*R1(2 
z \

P(2) ]
D,)

L2

p +

,_________ P*Br0)
F + R ’ + r • e. \(3) E *rb 0(3).

+K 13 +-S,/ P* 3/

"p(2) 
D,

3
(.3
0(3)

D3

(,,+,+01—);! I{ 2) b l -Co) E

La

R,,,+ r‘+-—1(3) b (1-do: E, k;NL. '

For cancellation we have

and

Rr(1)Li

1(2) La

L3

-8,2

Da

Solit’b
"E 4 b

PoR£*‘b
* rb

r+I‘ b E . ------- ------- *
2

(2) .
D,—

(B-3)

(B-4)

(3-5)

।
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i

Then we can derive

___ _____ (q/D1)(-(2/d2)(0/d,) 
,2,(1(3)*58*1E.-p(3),.“s(3)/1x3)*Fb*EE P "\ 13 13)313 . r+R, ,. b E. P+ —— . + 

— -8,
L

(B-6)
For a maxirzally Hat magnitude we have

and

“3db “

*“bPE , “p(3)13 •3 ^(3) (xeztbtk

r ' + R '
-hE -—

“s{1)Di

. “28,}

1/7.
(B-7)

(B-8)

(B-9)

/

There are six unknowns (R, and L for each stage) and six equations {B-3, 

B-4, 3-5, 13-7, B-8, and B-9); therefore a solution is only a question of algebra.

As in the two-transistor example, the initial step in the design is to specify the 

bandwidth, or to calculate the bandwidth from the specified gain and the gain-

bandwidth product, which is

"t(1)•1
•3aL

(B-10)

or
/e, 3 Ar0° "3db “(5 )

21
u- \ “3 db

।

I
i
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!
An amplifier wag constructed folloving the above design equations (see Fig. 2),

wirh a specified bandwidth of 50 Mc. The gain calculated from Eq. (B-10) is 76 and 

the measured gain was 66, the difference resulting from losses in the bias circuitry 

(i. a. , the 5 k base resictor). When the resulting 0.85 loss factor is included, the 

gains compare quite well.

The bandwidth was deterrined from a pulse-rise-time method to be

z,,, =0.35/r = 0.35/(7.2x10-9)6 48 Mc. 
3dD r

The amplifier comprised three 2N334 transistors, and the system was

specified to have a bandwidth of 50 Mc. The properties of the transistors were as 

shown in the table.

^0 “t
(Mc)

rb Ce D Gain correction from 
biasing resistors

°z
°3 
o,

50

60

50

420

480

450

60

60

60

4 pf

4 pf

4 pf

2.23

2. 13

2.13

0.96

0.90

0,935

These properties yield a calculated gain

/ 450 N / 450
1 7 (2.13X50) 7.13*X50

420
2,13% ) 76.

which, when the loss from the biasing resistors is included, gives us, for 

amplifier gain.

76*(0.96)(0.90)(0.985) = 66.
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Table I. 
■ ■MIL l I ■HIM 1'1

Gain increase factora for two-, three-, and four - stage ampliQer>
E2

Stages (n) S
■nm 
s-n

2 0.64 2.4

3 0.4? 8.48

0.425 30.5

‘ Table EL Comparison of calculated and measured performances of the 
amplifera (Figs. 1 and 2).

n Gain Bandwidth (Mc)
-e

Calculated Meacured Calculated ' pleasured

2 6.6 6.3 75 35

3 66 66 50 43

7

I
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FIGURE LEGENDS

Fig. 1.

Fig. 2.

Schematic diagram of a two-stage integrally designed amp2ifez.

Schematic diagram of a three-stage integrally designed amplifer

Fig. 3. Typical shunt-peaked interstage network.

Fig. 4, Equivalent circuit with unbypassed resistance RE-

-

I!
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