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: AN INTEGRAL DESIGN TECHNIQUE FOR
- WIDEBAND MULTISTAGE TRANSISTOR AMPLIFIERS

Larry Scott
lawrence Radiation Laboratory
Univeroity of Califoranin ;
Berkeley, Californla =

April 27, 1962

, | ABSTRACT |
Preoented horein 10 o philosophy for designing wideband multistage transistor

- amplifiers. The amplifier {o vioualized oo an integral unit, the interstage n'etworkd

constituting the elements of the amplifier unit, By designing the amplifier as a unit

g and adjueting the overall responsc {gain and bandwidth) with the interstage time

constants, an increase in gain-bandwidth product io realized over the iteratively

~designed ampnﬁere. The resulting {ncrense in gain-bandwidth product results from
. absence -ot' the ba;:dw!dth shrinkage factor for multistage amplifiers,

Formulas are derived for both a two«" and throe«transistor integrally déaigned

w;dctbapd .ampliﬂe'r, in which shunt peaking networks are used for ¢oupling, Exper-

o 1merftai ampnﬁéro wera.constructed following thesco formulas, and the observed

s performance agre.ed}quito well with ’tho calculationa,
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- AN INTEGRAL DESIGN TECHNICQUE FOR &
WIDEBAND MULTISTAGE TRANSISTOR AMPLIFIERS

3

o Larry Scott -~ ,_ S ) .

‘L‘awrence Radiation Laboratory
University of California
v+ Berkeley, California

April 27, 1962

1. INTRODUCTION

L

A greater oy'cran gain-bandwidth product for multistage amplifiers is

. B ﬂ-.""'i‘éalizable through a design procedure that characterizes the total amplifier rather
3 thén‘chatactorizing each stage separately. The design entails picturing the several
v v. 'l'st‘a'ga;i of tha"ampliiier as an integral unit and aﬁuétinﬁ the individual time conataxits ’
s to obtain the desired ovorall response, The principle of stagher tuninglhas been -
: applied to transistor amplifiers by Victor H. Grinict and others, and can be
’; 'covns'ide‘réd as an appucatioxi of the £ntegx"al'-unit 'phﬂosophy of circuit deéign. }iow-
S if-' ever, the use of this deaign phuooo;:hy ao shown in this paper is not yet reported

" ._' elaewhere in print,

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

: : aﬁaence of the bandwidth shrinkage factor in the calculation. Here the bandwidth - -
| ' ;ohrinkage iactor is the ratio of overall ampuﬂer bandwidth to the interstage band-

| wi&th of an iteratively designed ampliﬁer. I£ the iteratively desxgned amplifier has
) t}a singla-time-conatant {onc~polec) response, the shrinkage factor is given by |
; | {2 Y/ N-l)l/ 7'.. where N is the number of cascaded atagen. Abzence of the sh:ipk_age
(‘~_ factof iuﬁ the result of an integral-unit design philosophy, rather than an iterative |
(i; e ' idéntical-sgageafcaucadéd) deoign, | The convenience of designing one stage
o and then cascading costo the designor a fraction of the attainable gain-bandwidth

| piodx;ct of the multistage amplifier. The integral-unit philosophy is applied here

o ?Wo_r.k done under tho nuaﬁiceo of tho U, 8, Atomic Energy Commission,
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to the design of both two« and three~ transistor amplifiers ixtilizing shunt-peaked.

interstage networks, Shunt-pealking interstage networke are selected because of

-their'relative simplicity and conservation of gain-bandwidth product when broad.
banded, The gain-bandwidth product ofa ahunt-peaked intorotage {o approximately
3

Aa shown l.n Appendbz A.. ‘the currem 3ain of 8 typicai ahunt-peaked interatage o

‘ 5

ia of the zofm

e

+ 7
A, o H‘T‘E'———'o
i p tap+b

. where p=jw, and H is a conotant,

It can easfly be shown that the shunt-peaked interstage can be designed to

yield a single-tima-constant {one«pole) form of response. 4

This occurs by factoring
the dénominator poiy,nf'cmial into two real roots, one of which is set equal to the

numerator term (the zero), and the resulting function is of the form (see Appendix A)

H ,pt7 , H
pte ptz pte

. .’Ai_s .
. For two chunt-peaked intarstages connected in series the current gain io of | .

.
[

G ageRE, e L g PRS0
T T TPt T pTeayp tb,

- Let on_é afage (1) be deoigned for n ai:iglé-pole response, o
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: 'Thio curreut-gain expreogsion shows that the bandwidth is determined only by the

T4 9%
o, .
FEDAN
P
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a7
-k

: _ aecond interstage, and the gain by both interstage networks, The two roots of the
o _deucminabor polynomial may be va.ried to obtain the shape of response desired.
ma:dmany ﬂat magnitude. lincar phase, and other results,

F o Y

s A Aepwd

A For three stages, tho final form of the gainiso -

T mN T (pT ety )p 4rey)

Ce

'}.‘o genera.lize on thinmhemo. aosume a product of u‘ _ahuht-peaked inter-

o otage terms

i Y ¥

s v s .
A . & n
- + '. .
i R = [1
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o .
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14iat of symbols

"
G
e e

o depletioix-lnyer capacitanco of tho collector-basc junction
= extrinsic base resistanco of transistor |

kT 0.026 volt

"_n o . » intrinsic emitter resictance {(whore Ie is the dc

qI i a
emitter current)

;n(B +1)(r, +R )I

= external emitter resictance, unbypaaoed
o interatage resistance

= interatage inductance

a o : -
=TT -?a- » or low-frequency current gain of a common emitter ctage
: 0

' when the load ia a short circuit
= frequency at which the commaon emitter current gain has dropped 3 db from
' Por With a shoxt-circuit load

= g (Bo+l)

= frequancy at which the ampliﬁer reaponsa ic down 3 db from itas low-frequency

value

e} +uw (C +C b"nlf r + R ). a factor that indicates the degradanon of
| 'bandwmth becauso of feedback through C_ and C,, (whers C_, is the

’  extrinsic collector-to=base capacitance,) -
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By pmper cancellation of tho numerator and denominator factors the overall AI

function can take the form

“1'”"(i . )/P”*unp""+b?“ 2heietypru),
o .

which means that the responso function for n stages contains an nth-order polynomial

- |
" in the denominator.

To determine the relative merit of thio ‘dasign. the resulting bandwidth, as

' vd‘etérmined by the ntheorder denominator polynomial, is multiplied by the low-

£requency gain. and this gain-bandwidth product is then compared with that obtamed‘

by ca.scadmg the same number of transietors £n an {terative design. In the iterative
B deaign. all atages have the came bandwidth and a aingle«-time-cm.stant form of -

. re ﬂponse.

. ANALYSIS OF INTEGRAL DESIGN
‘I'he band-edge frequency of an pth-order gain fnnction is determined by the

shape of the response; for our examplaa. a maximally flat magnitude response is

: »epeczﬁed. ‘

A. Two-Stape Ampliﬂer

Fox' the two-stage amplifier, we have E . ,,-:; L

_Ainx-xlnz/(pzfazp-c-bz)._l  E IEE (1)

" " For maximally flat magnitudo we require ,.‘

2

8, = 2b (z)

a‘
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ey and the 3-db tx.-equency io

The»lowluf_requency gai.n 1o expreooed by

e ByH e - S
a@e—gEL T

{517 and the gain-bandwidth product io

L S | Ax(O) wadbn H, Ha(b )l/Z | . ‘_ o (5)

'
¢
P
& f
i
3
¥
4
H
H
‘e
1
H

'* o R In termas of the circult par&metéra. ‘we have

| Hy o “’(z)/D '

2

‘;‘ R ‘ H ' S - R W R + R + l’ s . . ’ o PRI
B Gaay? ‘bz"llz” [’%@)( H.Z,Lzl b)] I ()
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o It w‘m.be}aeen that the gain-bandwidth product for the integrally designa&. , B
. | améliﬁer. Eq. (8), is greater than that of the iteratively desighed arxii)niier with |
- the oame bandwidth by the. rociprocal of tho oquare of the shrinkage factor, for two
otngao, uPPraximatelv o factor of 2.4, . : : _ T |

A

B. Three-Stage Amplifier

AL

In'tho case of tho threa-stage ampliﬁer’we have
‘Aian H Ha/(p +azp+bz)(p+-c ) - N (9

Cona

ST et A T s etat

S _-,“p+sznp+cl or a3, =¢,, e (10)

f.'andv-véhave
¢ T 2

(p+ ’51"9 ¥ cl) sp + 84 pt blo 3 :

e

P

2

(P+ 33)(1-" + 303) s P+ a3P+ b3'

+e = 8, | o Y
. zl _'61 = 'bl . | - - R | | | _(12) v
" and

fegeag, 0 U )

(14)

» 8, a NE;, . (15)':.-
o | | (16)

e Tebn
P
{,a

R R R
. D wl e

o . \1/3 o R,

e s Tha L P S AP

s . v
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¢ o ‘Tho lowdrequency gain for three ctages is thon exprensed

h . Ai(O) 8 “"'E;z""a;“" ¢ | . o S (18). _
and o -

: 177273 e : :
. A(O)@ o e - - ‘ (19’ .
A1 ‘bzc.s,zli_ S e e e T

R In terms of transistor parametors, we have

) . o

1

' $
b o J82) (Pry* Rot ’b) |
2 Dz LZ ¢

B e A

]

[ I R,y R, +1,0')
LT L, ggs) (1(3) 1 b)-. -
o L ' v “c. o A ) v

“3dp ° (bz(ég?lls :
Clert

AT ' (O)b(t % - l)( tfa)x,l )(t(3)x l‘>. 20
[P & AP T ¥aan/ \U3ap ¥3qn/ \ P35 T9gan /7 ( ).

¢ ., N L g.r . "
T S ST _ S N
T (A ’ * N . ) .
o . : T
X R L s . .
R ol R o - : . o . . . N
R Lo VoL o . - o < .
[ T o ¥
\

-
S

i

O PR A P
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" For n otages cascaded we have
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'a.nd

1

*

- _-Gexiemhzing. for n iotagas we apply'the formula

i 3db

.. . Hi. ANALYSIS OF ITERATIVE DESIGN
- The gain and bandwidth of an iteratively deaigned ampnﬁer may be derived
a8 fonows. '

o Wbere the typical interatago gain is

. ff,/ip’“fo“ . | 23
Yadb © Poe.

w

2,0 adb”‘ mxn.ﬁ.nf:j e

RS ke

R A4(0) "’3db (.%&il)(:’%ﬂ)(ﬁé&)(.}_) e

e e vy s b Lk gt pe i AL T BT

: ' | \a : | |
Al(O) =<‘“3 1 ) R - (22_), |

B R A a s T B

s it
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T'thrc,yyc have tho shrinkage factor §:= (22/ R, 1)1/ 2 o @7~
| we have ; | | | SR |
o0 oK o ( ) £, e
T | AN N “’Mb o R
I T L R L

' IV. COMPARATIVE THEORETICAL PER FORMANGE | .
4 *By comparing integral equation (22) and iterative equation (28), we see that

x 4 ) 'the gain of an n-transistor amplifier designed by the mtegral unit method is §™®

: ?} - " times the gain of the iteratively designed one, where both amplifiers have the same |
2 ove:(an ba.ndwidth. and where S ic the  shrinkage factor calculated for n cascaded _-
, : stag 8. Table I shows the ga.in-inereaae factor S~ for two«, three-, and foure

: “339 mtesml dosigned amplifiers, in which

. ) ' : . : . » N X . n
Qain memiterativo = Ggix_z Wdthintegrai(s

S - TR e i e TV -

L for equal bsndwidtha. o :
. _’ The resulting improvement in ga1n~banéwidth product indacates that for equa.l |
ban&wddtha the integrany designed amplifier wm hzwe a gain that {s 2,4 times that

3 of an lteratively designed amplifier ualng two interetagea. For three transiotor

| interstages the gain advantage 1o o factor of 8. 48. and for a hm-atage ampliﬁer o
an impraasive factor Of 30,5, - )

‘ If the compared amplifier deoigno are simplified to a tygical or equivalent '
":_'finteratage of cach overall design, the difference between them is the exclusion of f
the shrinkage factor from the integrally designed ampliﬂer interstage., This indicate_s o




o \

i
an improvement in interstage broadbanding efficiency by the same amount as the

s / | , o ', «11- | UCRL-10009 Rev.v
'1 gain-bandwidth product of that ntaga ia increased; namely, the shrlnkage factor. oo

R 2 EXPI«:RIMENTALVERIFICATION |
o " The procedurea for intagral designs, develc)ped in detail in Appendicea A

'. , and B. were xwed to deeign the two- and three-etage ampliﬁets shown in Figa. 1 and ‘
o 2, Theoret&cal and experimental performa.nce o£ the amplifiers are comparad in
a ;"'; f'._'rable 1L, - The agreement between predicted gain and bandwidth. as shown, is as
3 :_--w-~‘i'fcloee ao experimental accuracy allowed, about £10%. ‘

) Although the deoign equations yield an exact cancellation between the numerator
i | .  and démon.inator terms, the realization of such exactness {s not possible because of
‘ .monidenx elements, The observed behavior of the two amplifiers, Figs. 1 and 2, v

‘ ,indicates that conaiderable error in the cancellation may be tolerated before de- ;

v e

' _.‘Qradation of the performance results, Inanmuch as the ﬁnal value of the numerator

| and aenominator terms is detormined by adjusting the i'alue of the interotage inductance
with a tuning slug \vhue observing either the pulse or frequency response on an

.' :"'i:.oeci}.IcacOpa. the deairad accnra.cy of cancenmion i3 limited by the method of obser« |

':"vation. ‘
: / 'rhe ampnﬁer of Fig. 1 was conatructed with a. ailicon maaa-type translﬂtor.

potential necessitated placing the shunt-peaking circult in the collector supply path

et T e o et Sael i L § 0 e e o

;-aﬁhér tha# inv the base. This in turn required tha use of appx’opriate {5. oaz\nonm)
"T"‘biaaing resistors in tho i;aue circuit of the tmnnintora. , | o

| ‘ The addiuon of a 39-ohm unbypasoced resistance ln the amitte.-r I@ad oi ehe
shuat-peak atage desensitizes the clrcuit performance to transistor parameter changea

o (serfen feedback). The use of an unbypasged emitter resistance in no way degrades

TS T
Wik

o - e

_:’.";i‘ ' ZN&?A To reduce logses. in the b&aaing circuitry a relatively large value of couector o

'-: _' supply voltage waa uelected. Howevar. in design&ng the second amplifier the selection

j“l; ot voltages was restricted to conform with LRL standarda. The use of a lower supply =
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&he attainable performanca oi the shuntcpeakeé intersmga. and it makes it posgime
zo use arbitraruy aelected tranalatora of the same type without redesign of the R

ampliﬁer. - ' _

'é' | , Tha deaign fo mocs nannmve to chmgea in "b of the ermminwro. 8o the |

value of the cam:eling term is approximately r / L, and the range of adjustment o
i.n 1.. must be aufﬁcient to accmmt for variation in r,' from onme transiator to another. _

r;-:;‘ The use of an unbypaaaed emitter resistance also reduces thiu eensitivity because

; . davelapad into a Bo-ohm load for the emmpleo is approximately 2£0,75v with about .
l%unea.rity. o *'r .

- _ V. CONCLUSION ;

: -~ The phuoaophy of integral design is o useful technique for cxrcumventing the " -
ilimitation of gain-bandwidth product for multistage amplifiers, A greater gain-

- bandwidth product results for the integral design of multistage a.mplifxers becanae :

the ban&wwth shrinkage factor is eliminated. This factor 5 defined a6 the loss in

' ﬁttainable gain-bandwidth product that results from cascading identically (iseratively)

‘ :deaigned atages. By eliminating thie loss, an appteciabxe increase in gain can be -
-"v_z'eauzed (sea ’I‘able 1), whkich could remxlt {n the use of fewm transistors to realize e

Mt o S AT i P mnen ATy I by, 6 i e o 4 e e, e e e DO

the same gain-bandwidth product as an itemtively designed amplifier.
' Some pra.ctical difficulty io encountered with the design because the paras
metera of the transistors arc not accurately known nor uniform from unit to \mit

:-Thin difficnlty can be somewha.t reduced by such devlces as tha extern...l ami&ter L '
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: .' _'A.aystematic &esign technique now appears in which we auccessively
(a) pi.ck a bandwidth (e db) £or tha ampuﬂer, or pick a gam. and then '

£rom Eq. (A-9) ﬁnd the ba,ndwidth.

(b) use the ehapeoconatraint equat!on (A-?). ,

R !»14;.,:- oy e
e TH2ZY T, 2 Nl
‘ i, z‘. ,'+ z . . ..z‘ w3db.

and Eq. (A-&), the bandwidth equation, to determine RI(Z) and L,;
i (c) use theae data in turn to solve Eqa, (A §) and (A~6) for R I(l) and L
1 There ia an a.dditiona.l degree of freedam in the design that allowe some
v,__.,vﬂexibility in aelecting components, This £reedom reaults fzom varying Boar since |
"'};r = k'l‘/q I«- by changing 1 These equations aaaumce that the transistors, _mt. '
“ﬂ' b ’ C and the optimum biasing conﬁitiona. I ot V have been epecified. |

: | !f we include an unbypasaed emittex resie&auce R to a%a.bilize the design

B
=

(see Appendix B), the design equatlons then become L - ‘j;,_;f L

v .
Lo . &

U . ¥
cty a B
Qe .

S
€
Lo e b» .

1 : PN
)
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e ——

" _:‘Irom (A-?) and (A-B).

; RIZ{-";;* P\€ 'wﬂz _ S |
-“"2 . . +, -E; = 'J r wsdb" ‘ ' - : - “‘ |

mp'z [ +x-bz + (poz+ 1)R'

¥ Ry

- .wﬁl [rb.l'* ‘pO +n R'E]
1 E

1
D T,
b,

| E “
= ' - ¥ 1
AR TR u

Let us assume an amplifier to be constructed from two 2NB834 transistora to

have a bandwidth of 75 Me. The transistor parametere are as follows,

e o A b 5 S A e P

g, ry c+c ' 58
o = (BXC) () _Spn P (xﬁa) (vo‘i?e)

‘?;93:‘:;»_;].,.54 500 90 40 20 50 .. -
o, .46 40 55 40 20 50

——

e R BN st i AL e 8 S 1o e W bl

'I‘o obtaina D factor assume Ry of QZ io rb of O3 RL' of Q, is 509,
5 146,(C +C ) Ry +Rp+1,) ‘
‘514 24 (sooxxoﬁm ox1071?) (50 + )
Sl e 1+ 1.1 = 2.1, .
i p fa 1+ 2u (460x10°) (4.0)(10"") (90 + 40)

B‘,‘ 1 + 1.5 s z.s.
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then substitute into the design equations n '

SURTIRE R YT 500 3

Jda) [ A0 (mms) (w‘mm) - 8 .

oy & 20 xvsxxo“u?x:oa o
93 db st | R

R  ¢rl4RE

n 2 w
1‘3 | Bdb 52

e (1‘.414)(4.7xxo ) - 0.25x108 = 6.41x108
RI + r 24- (p02+ 1) RE "’3 db

Lz | . w‘sz

BRE o Ry 4r

T e = g8X10° . 2
ke L

L, = 0,23k :
R, = (6.62)(23.) - (55+40) = 56. Q5 " .

= 569° +40 %106 = 0.60un,
TIF " 27.7

:3 _‘
4
£



RN «206  UCRL-10009 Rev
SO T 6 (908 (564 1)d0)

}"E;" 27.7X10° 30+ 40

e ' Ry = 3008,

SR o . 3 :
i . . . .

) 1; ‘I‘he meaaured response showed a gain of 6.3 and a bandwidth of 85 Me, A

’ a ’ . 'i_"schematic ot this amplifier, including a common base stage (Q,) at the input for

- matching the source impadance. is ohown in Fig. 1. The loss in low -frequency
2.0x10° _ 2.0x10° e

(" gain due to the biasing resistances can be calculated as <TT'I'63' X 5o5t%103 *10.845,

'.‘_a_%.or & calculated gain of [(.845)(7.8) =) 6.6. | : _ |

el wepere

it
*

| B The Integral Design of a Three-Transistor Shunt-Peaked Ampliﬂcr

1ot o In order to oporate the transistors at optimum emitter bias current while '
k_’f';lv_;stiu maintaining the freedom to vary fyr,, the input resistance of the transiotor,
a small unbypassed resiotance (Rp) i0 included in tho cmitter lead. The equivalent
clrcuit io represented achemazicany in Fig. 6.

O Ry + R 47 @ Ry#r,+ Ry
coyn AR z*[ 1*RE Ty , p] +“’p. t ™y .é—— E

/ nuxmt(c +cc‘b”R.L"'R )

- o N y
o ) . N .
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:?)f o ,‘3 | -~ We now comider the case of three atagea. for which we derive the ga.in as

'_ tauowa. o

p+ RI(!)/ LI

. opT , + Pt
. 'Ll__' Dl .,"ff_'Dl

P+ RIQZ)/ .Lz

* ] I
- L, 5 D,

. pH RI(B)/ L,

(re’ "2t ). e

2 Pt
Pl Ly Dy PLTDy

NN

W e (B RL+T) | S
1 oFE Ty S o
il b e s ol DU s

__r___g*“_%uz . L (B
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Then we can derive

A‘l - +r' Q:{“)/f ) (t(Z)/D ) (t(?,)/:: \)+R . r';R' RS ;
g Tl 4{( TE +-%L9 pt _%LJ(Rl(a) )M yRE ,,, 2

i }}.-‘For a maximauy flat mag&tude we havo

Lo o 2
+T0 4R +2L 4R _
& Rx(a) " g; ) [ %,5 ) ( 1) % m)}  en

3

148 e Trl ERL ey - R

1 -1

i

{
.2 ‘b‘
&
B

§
e

N I ”n +R #RL e
gy |{ T (T é/}{ E, Jag_) U

3\ B

~

- There are six unknawna (R and L for each stage) and six equations (B-
. .' lB«é 3-5 B-.. B-8, and B-9); therefors a solution is only a question of algebra. o
' As in the two-tranaistor example. tha initial step in the design is to specify the _
bandwidth or to calculate the bandwidth from the specified gain and the gain- »

i —-a

bandwidth product, which 19 ' o R FRE

| S “’zglz “z ,-‘“’t’(sz RS o
T - 1 2 3 oo R S PR S - v 3
- ;‘.AI(O).a = = . e | L (Bel0y

R T Y

w0 .

db 3db

e AR e AT e o
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¢ ':1 S 1 486 ; 450\ SN
o i which. when the loas from the biasing :eaistars la includeé, gives us, £or

,' amplitier gain.
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o with a apeciﬁed bendwidth of so Mc, The gain calculated from Eq. (B-10) is 76 and
L _ the’ meaaured gain wao 66. the difference resulting from losses in the bias circuitry T
';h;f'_"(i.e. ' tho 5 k bnae reamtar). Whan th@ renulting 0.85 loss factor ie included. thc' _.‘ |

T gains compare quite well.

'. fsdb = 0-35/5. - :o.as/ﬂ.zxw"") = 48 Me.

- G

. The a.mpnz‘ier compriaed three ZN834 transistora. and the ayatem was -

speciﬁed to have a ‘bandwidth of 50 M¢, The propertiae of the transistors were a8

f chown in the table,

”\ . M - Pe 4 . rg - G, D * Gain correction from
S (Mc)  biasing resistors

. @," " 50 420 60 4pt 213 09 . - -
o, 60 480 60 4pf 213 0,90

@, 50 450 60 4pf 213 . 0,985

s .-f~'_-zsx(o.es)w.eouo.%s)."'r= 66,

An amplifier was constructed iollowing the above design equations (aee Fig. 2). -

The bandwidth was determined from a pulae-rine-t{me method to be b
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





