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Gain-Bandwidth Properties of a Class of
Matched Feedback Amplifiers

DAVID J. AHLGREN, MEMBER, IEEE, AND WALTER H. KU, MEMBER, IEEE

Abstract — This paper considers the anafysis and synthesis of small-sign-
al feedback amplifiers which use shunt feedback around a generic gain

block. The armfysis presented leads to estimates of atl network element

values and predicts the closed-loopbroad-bandgain, bandwidt~ andqnafity
of match at both ports. The tradeoff of gain for quality of match is made

evident by a graphicaf technique. The paper also desenbes,a synthesis
method and two illustrative design examples.

I. INTRODUCTION

M

ATCHED BROAD-BAND solid-state feedback

amplifiers enjoy wide application in communication

and instrumentation systems. It has been shown that these

amplifiers exhibit gain–bandwidth and noise performance

which compares favorably to the performance of the dis-

tributed amplifier and the lossy-match amplifier [1]. Anal-

ysis of the noise properties of such amplifiers has been

presented in [2], and the measured performance of feed-

back amplifiers using GRAS MESFET’S has been described

in [1] and in [3]–[15].

In such papers, the analysis of gain and matching has

been” approximate and limited to the low-frequency case

[8], [13], [14]. In contrast, this paper presents a detailed

broad-band small-signal analysis of the gain and matching

properties of low-pass feedback amplifiers which employ

resistive shunt feedback around an active gain block (Fig.

1). The gain block, which may consist of a single active

device or a more complex circuit, is modeled by one of two

unilateral frequency-dependent equivalent circuits. The

analysis treats both the low- and high-frequency properties

of the feedback amplifier, leads to estimates of all network

element values, and predicts the closed-loop broad-band

gain, – 3-dB bandwidth, and the quality of input and

output matches. Predicted values of network elements serve

well as starting values for an optimization step by comp-

uter.

The analysis presented here considers only small-signal

behavior. Biasing is a problem associated with designing

the particular gain block and is not discussed. Still, the
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Fig. 1. Basic feedback amplifier.

analysis is general in that it does not require detailed

knowledge of the arrangement of active devices within the

gain block, so the gain block may contain FET’s or BJT’s

in several circuit configurations.

The paper begins by studying the gain and matching

properties of a basic feedback amplifier at low frequencies.

The tradeoff of gain and quality of port match is il-

lustrated by a graphical technique, and conditions which

lead to simultaneous perfect matches are derived. The

paper then presents a broad-bancling technique which

yields predictions of the closed-loop bandwidth and the

quality of high-frequency port matches. Finally, a sys-

tematic desigrt procedure and two design examples are

presented. The second design example describes a direct-

coupled feedback amplifier, suitab [e for monolithic realiza-

tion, whose predicted transducer power gain is 7.8+ 0.2 dB

from dc to 7 GHz and predicted – 3-dB bandwidth is

nearly 9 GHz.

II. THE BASIC FEEDBACK &ViPLIFIER

The basic shunt feedback amplifier shown in Fig. 1

consists of a unilateral gain block, a shunt feedback resis-

tance Rf, a series output resistance R., and a series

impedance Z1 which is used to broad-band the amplifier

response. The input admittance and the output impedance

of the gain block are denoted by yia( p ) and ZO.( p ),

respectively, where p = u + jo is the complex frequency

variable.

The small-signal equivalent circuit shown in Fig. 2 may

be used to calculate the open- and closed-loop transducer

voltage gain and input and output immittances of the

feedback amplifier. As noted on Fig. 2, we can calculate
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v z, (P) R. By using these relationships, we can investigate the trade-

s
off of gain and matching performance of the feedback

R
amplifier.

To evaluate the low-frequency behavior, we assume that

yla(jO) << R-1, a condition that holds for both FET and

BJT input stages. Letting zOa(jO) = rOa, we obtain
I
Y,,

II = 8Vout(l+Ro/R)Gf

(

~ , 0 open loop

I closed loop

~ z;+

( k(p)
12=v -Gf

Zoa(l+z, yio) 1

(kO+l)(RO+R)+rOa

~n(j”) = (Rf +rOa)(RO+R)+~o.Rf (6)

Fig. 2. Basic feedback amplifier equivalent circuit. and

the open-loop transducer voltage gain by assigning 8 = O

[

1 + RGf
(?3is defined in Fig. 2), and we can calculate the closed-loop z~.t(~o) = R. + r.= Il+(kO+l)RGf “

(7)

gain by setting 8 =1. By straightforward analysis, we ob-

tain the open-loop transducer voltage gain

For perfect port matches, we set ~.(jO) = R‘1 in (6) and

nut(P)
Ao(p) ~ ~ (p)

.%t(jo) = R in (7), obtaining

s 8=0 (kO+l)(RO+ R) R-rOaRO
Rf = (8)

rOa+RO+Ror

-k(p) R+ RGfZOa(P)[l+ Z,(P) Y,a(P)]

‘“(p)= (RO+R+zOa(p)[l+ Gf(RO~- R)]}{ [l+ Zl(P)Y,~(P)] [l+ RGf]+R~ia(p)}
(1)

where k(p) is the open-circuit voltage gain of the gain and

block. For such simple gain blocks as single FET’s or

two-stage circuits with one high-gain stage and a source

[

1 + RGf
RO=R–rOa 1 (9)

follower, k(p) may be approximated by the single-pole l+(kO+l)RGf “

function
It follows from (8) and (9) that the input and output ports

kO are simultaneously matched when

k(p)=———
l+pTo

(2) Rf = QrOa (lo)

and when
where kO is the open-circuit voltage gain and where p =

– l/rO is the dominant pole of k(p). The closed-loop

transducer voltage gain is R=r(QF+fil-y+%!l\(11)
0 Ou

AO(p)
(3)J4f(p)= l-( RO+R)GfA.(P)

where

and the closed-loop input admittance and the output im-

pedance are

I (kO+l); -Q-l I
‘Oa )

1}ko+l 2 1’2
h-o+2

–1. (12)

Y*.(P) 1

X“(P) = l+z,(p)yla(p) + Rf+Zo.(P)ll(Ro+R) In typical amplifiers, conditions (10) and (11) lead to

low closed-loop gain, so the quality of match must be

(

k(p)(RO+R)

)

sacrificed to achieve acceptable gain. In particular, the

x 1+ [zOa(p)+ RO+R][l+ .Z1(p)yi.(p)] ‘4)
series output resistance R. decreases gain and should be
included only when the output match must be carefully

controlled. It is significant to note that (10) and (11)
and demonstrate that by matching both ports perfectly we

-%., (P)= R.+z.. (P)

(

[l+RGf +Ryla(p)] [l+ Z1(p)yza(p)]

)[l+ RGf+RYU(P)] [l+ ZI(P)Ym(P)] +~(P)RGf “

(5)
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exhaust all available degrees of freedom. Furthermore,

given 0< RO < R, we may derive from (3) and (4) the

following bound on the return ratio:

(Ro+R)Ao(jo) <1+ k. <2
l–

Rf ko+l++ ‘
0

Therefore, when matching both ports perfectly at low

frequency, no more than 6 dB of negative feedback maybe

applied, so that the performance improvements associated

with negative feedback are limited entirely by matching

constraints.

To illustrate the tradeoff of gain for quality of match,

we study the behavior of the scattering coefficients ,sll( jO),

sZ1( jo), and S22 ( jo) with the variation of the normalized
impedances x ~ roa/R, y ~ Rf /R, and q ~ R ~/R. From

(l), (3), (4), and (5), we obtain

s,,(jO) =
1 – R~n( jO)

1 + RYin( jO)

y(x+q+l) +qx–(q+l)(kO+l)
(13)

‘y(x+q+l)+ (q+2)x+(q+l)(kO+l)

–2(kOy–x)
S21(N) = z~f(jo) =

(x+q+l)(y+l)+(kO +x)(q+l)

(14)

’22( jO) = ‘Out(jo)– R
%,( N)+ R

= (q-l) (y+l+zx+ko)+x(y+l)

(q+l)(y +l+2x+ko)+x(y+l)”
(15)

Given q, we can compute loci of constant sll( jO), s22( jO),

and S22(jO) in an x – y plane. The results are:

1) for sll( jO) = Cll, a constant, where Iclll <1:

[y+q+l-(-)l(x+q+l)
‘(q+lKakO+q+ll’16)

2) for s22(jO) = C22, a constant, where IC22]<1:

[y+l-2(q--)l[x--l
[1=(kO+2) q-- (17)

3) for ls21(jO)l = C21,a constant:

( .. 2k0

)(

2
x+q+l —’— y+2+q+z

C21 )

‘(2+q+a1+q-3-(q+l)(kO+l)’18)
For any q, the loci described by (16)–(18) are hyperbolas

I

L,ti-
+

Fig. 3. Loci of constant sll(jO) fork. = 4.

(J ,~~
o 10

*

Fig. 4. Loci of constant \s21( jO)] for k.= 4.

in the x – y plane. Figs. 3–5 present these loci for a gain

block with kO = 4 and q = O when R =50 Q By superim-

posing graphs of these loci, we may determine values for x,

y, and q which effect the best tradeoff of gain and quality

of match.

III. BROAD-BAND AMPI.IFIER RESPONSE

This section’ shows that broad-banding may be achieved

by adjusting the impedance 21 (Fig. 1) and that satisfac-

tory performance is obtained when 21 is a pure induc-

tance. The analysis predicts a value for L1 which serves as

an excellent starting value for optimization by computer,

and provides an estimate of the upper – 3-dB frequency of

the transducer voltage gain.
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Fig. 6. Gain block models.

The gain block is represented by one of the unilateral

models ‘shown in Fig. 6. The model shown in Fig. 6(a)

(type A, zOa inductive) describes gain blocks with com-

mon-drain or common-collector output stages, and Fig.

6(b) (type B, zOa capacitive) describes gain blocks with

common-source or common-emitter output stages. Both

types model the input port of the gain block by a resis-

tance r, in series with a capacitance cl. By using optimizat-

ion techniques, one can fit a type A or type B model to

the measured or predicted s-parameters of the gain block.

To obtain estimates for the value of LI and the – 3-dB

frequency u~, the transducer voltage gain Af ( p) in (3) is

expanded and -normalized to yield a rational function of

the form

[1IIoAf(p) l+&p+~2p2
—

Al. = l+g~p +&p2+&p3 + &p4
(19)

TABLE I

RESULTS FOR TYPE A AND TYPE B GAIN BLOCKS

Zoa

’72

a2

TYPE A TYPE B

roa+j~Loa rOal(l+larO~cOa)

Loa M.b[l+Gf(Ro+Ff) ]/(ko R) Mocoaroa(Ro +R)/(ko R)

~m[p(ro+~2) + RcJ/Bo om[p(To+zz -roaco~)+Rci]lao

mm2[P(70 TZ +L1 Ci)+ ~m2 [P( .0 ~2+L1cl)+RCi( T0+f2-~1)

Rcj(?O+~~-~i)]/BO ‘Coaroa{p( T.0+z2 -coaroa)+Ffci}ll Bo

2cao[P(to+q)+ Rc,]-1 2CBo[P(to +z2-coaroa)+Rci]-l

P=l+RGj. MO= koR/[roa + (R. + R)(1 + :&f)l. BO=l+RG,
+( RO+R)G, MO. T,= r, ct. ~ = 0,7 for flat gain.

where

kOR
(20)

‘04~oa+ (~o+R)(1+roaGf)

and

BO~l+RGf+(RO +R)GfMO. (21)

By expansion about p = O, (19) is approximated by an

all-pole function

[1BoAf (p)—
MO

. l+~l(fi)+~,(:)~’22)
which can be approximated over the passband by a sec-

ond-order function:

[1R?Af(P) ~—
MO

1+2’(/) +(:)2 ’23)

By choosing { = 0.7 in (23), we can calculate the value of

inductance LI which yields flat broad-band gain, and a

value for the – 3-dB frequency ti~. Results of this analysis

for type A and type B gain blocks are summarized in

Table 1.

To complete the broad-band analysis, we examine the

behavior of the functions sll(j~) and s22(jti). The func-

tion Sll(ja) is weakly affected by zOa(ju), so that when

investigating Sll we can assume that zo~(jti ) s rO~. Ex-

panded into partial fractions, the input admittance (4)

becomes

p(ci+C)+B 1 A
Yin(p) =

1 + PTI + p2LlC, + Rf+~Oall(RO+R) + l+pTo

(24)
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where

~_~.[ro:;:R][Rf+roa;Ro+R)]~O(,.-~)
Llci+ To(To–T,)

(25)

‘=kO[r.fi::Rl[Rf+r..:R.+R)l-A‘2’)
C=– B(To–T,). (27)

In general, TO> ri so A >0, B >0, and C >0.

All terms in (24) are fixed by low-frequency design

tradeoffs and flat-gain compensation, so the function

(28)

is also fixed. To evaluate the high-frequency performance

of Sll(ja), we can calculate sll(ju~), sll(jtiO), and

Sll(jti,), where am is the – 3-dB frequency predicted

above, a is the frequency where Im [Yti( jti )] = O, and

lo, = I/&.

At the frequency ~0, one obtains

Im[yi.(~~)]

(29)

Rearranging (29), we obtain

@’LlcJ2[’+’ON?l
[

BriTO TO(C,+ c)
Ti*+— —

+ ( tJ:L1Ci ) + ~c A -2+ “:c)
11 0

1

Ci+C– BT,
+1– 0.

ATO =
(30)

From (24) and (29), we can show that

and therefore,

(33)

This relationship demonstrates that high-frequency Sll is

strongly dependent on the value of r,. When r, is not

approximately equal to R, itmay be necessary to add an

input-matching network in order to obtain acceptable

high-frequency matching. Finally, we note that the fre-

quencies u~, UO, and o, are usually close to one another,

so a computation of .sll at one of these frequencies is

sufficient.

To estimate the high-frequency performance of S22, it is

best to simply calculate

‘--’Gf(l-F+2T:) lA(’”~)1
Y.(j@m) = ; (j@m)

Ou

(34)

and

l–(R– RO)YO(jO~)
(35)s22(j~m) = 1+(R – R:) YO(jWm) “

IV. DESIGN PROC13DURE

A. Gain Block Synthesis and Modeling
In this step a gain block composed of FET’s or BJT’s is

designed, and a small-signal broad-band model of the

form shown in Fig. 6(a) (type A) or Fig. 6(b) (type B) is

derived. Biasing circuit details are considered as part of the

gain block design. In synthesizing small-signal models of

the gain block, the authors have characterized the individ-

ual devices which compose the gain block by measured

s-parameter data or by the equivalent circuit shown in Fig.

8. Then, we have used a general circuit analysis program to

compute the scattering parameters of the gain block and

have used an optimization program to fit the appropriate

type A or type B gain model to these gain block s-parame-

ters.

1 [(cI +C)/TO+ B] [1- U:LIC,] + Tl[@;(c, + C)-- B\T.]
Yh(j@o) = + —— (31)

Rf +ZO=II(RO+R) (1- L.$L1CZ)2+ u:,:

The solution u. to (30) is substituted into (31) and Sll is B. Low-Frequency Design

calculated by (28).

The frequency tip generally lies near the passband edge.
Equations (13)-(15) and/or the loci described by

(16)-(18) are ~sEd to choose values for Rf -and R. which
For small r,, e.g., r, < R, and for low high-frequency

lead to an acceptable tradeoff of gain and port matches. If
open-loop gain, we obtain perfect low-frequency port matches are required, (10) and

11
(11) may be employed, but this choice may lead to un-

Yin(jtir) + ; + — (32) acceptably low gain. To improve the low-frequency output
1 Rf match, the gain block output impedance ZO. may be
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adjusted by adding series resistance or by scaling the active

devices.

C. Broad-banding

The value of inductance LI and the predicted – 3-dB

bandwidth are calculated using the design equations listed

in Table I. The scattering parameters Sll and Szz are

computed at high frequency, as described in Section III.

D. Optimization of the Basic Amplifier

The values of Ll, R~, and R ~ and of any variable

elements of the gain block are adjusted by the minimiza-

tion of a suitable function, e.g.,

,~o [wIIlsII(jkA@) l’+ w221sm(jkAu) 1’

+ w2,(ls21(jk@ L- T)2](M)

where

Au=?

and T is the target gain in dB. Here, the value of u~ is

given in Table I and the Wi, are positive real weights. This

optimization will indicate whether the bandwidth and/or

the gain specifications may be tightened. If the matching

performance is not acceptable, input and/or output

matching networks may be added. Optimization of these

networks is interactive because the feedback amplifier is

not unilateral.

If a monolithic realization is desired, the inductors may

be replaced by high-impedance lines and a final optimiza-

tion step may be carried out.

V. DESIGN EXAMPLES

Example 1: In this example, the gain block consists of

the parallel connection of experimental 0.8X 300 pm GaAs

MESFET’S shown in Fig. 7. The system impedance is

R=50fl.

By optimizing the fit of the small-signal model (see [15],

[16]) to (all four) measured s-parameters, this MESFET

may be represented by a small-signal model (Fig. 8) con-

sisting of the elements rg~,= 18.8 Q, r~ = 3, C~= 0.265 pF,

r~~,= 2.4, c = 0.05, c~~= 0.0563, r~, = 216, r~~! =3, gm

= 37.5 mS,gdand T = 2 ps. Since the gain block output

impedance ZO= is capacitive, the gain block is type B. By
curve-fitting the type B model to calculated gain block

s-parameters, we obtain r, =19.2 0, Ci = 0.928, rO~= 60.2,
C2 = 0.58, kO = 4.047, and TO= 35.4 PS.

Figs. 3–5 show that with kO = 4, close to the value

calculated above, we obtain IS211s 7 dB with R ~/R= O
and Rf/R = 6. These ratios are chosen as the initial values

for the design. Using (13) and (15), we calculate sll(jO) =

0.4, s2z(jO) = – 0.26, and from Table I we compute T2 =

14.6 PS, A40 = 1.684, BO= 1.447, am= 3.177.1010 (5.05

GHz), and L1 = 1.37 nH. From (30), we obtain aO = 2.66.

1010 (4.23 GHz): from (30). (’31). and (28), we obtain

L

‘+5”’
Fig. 7. Gain block, design example 1.

$r= I

&
s

Fig. 8. GaAs MESFET small-signal model.

‘t
\? jo.1

.o~
8

Frequeney m GHz

Fig. 9. Response curves, design example 1,

sll(j@O) = – 0.456; and from (34), (l), and (35), we obtain
SZ2(j~~ ) = 0.46. These results predict only fair high-

frequency port matches.

Fig. 9 shows the initial response and the response opti-

mized via (36) over [0, 4] GHz using the target gain Islll = 7

dB, with Wll = 0.5, W21= 1.0, and W22 = 0.5. The final

element values are L, =1.18 nH and R. = 283 L?. To,. . ,. .,. \ ,. , I



AHLGREN AND KU: GAIN–BANDWIDTH PROPERTIES OF FEEDBACK AMPLIFIERS 367

Desgn Example 1 (AC C!rcwt Shown)
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Fig. 10. Optimized 6-dB, 4-GHz amplifier,
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Fig. 11. Response curves, design examplel.

improve the behavior of the port matches, the gain target

is reduced to 6 dB and a simple lossless input port match-

ing network is synthesized. The resulting circuit is shown

in Fig. 10 and the optimized response is presented Fig. 11.

The predicted gain is IS211= 5.8 ~ 0.3 dB over [0,4.5] GHz,

and the predicted – 3-dB frequency is approximately 6.7

GHz.

Example 2: In this example, the gain block consists of a

circuit similar to the one proposed by Hombuckle [18]

(Fig. 12), where transistors Q, and Qg are identical 0.8x

300 pm MESFET’S and Qz and Qd are 0.8X150 pm

MESFET’S. The element values in the small-signal model

of the 150-pm device are rgg, = 8 Q, rg = 3.33, Cg= 0.105

pF, Cgd = 0.0168, g~ = 15.75 mS, cd. = 0.024, r~, = 524,
r~~,= 4.67, r~~, = 6.4, and r = 2 ps. The capacitance Cd is

adjusted to make zO~ nearly resistive across the passband,

and the bypass capacitance Cg is chosen to be 4.5 pF. The

system impedance is R = 50 Q For this gain block, r, = 36.6
Q, Ci= 0.323 pF, ri =11.9 p$ TO= 35.4 PS, kO= 4.32, and

z = 46.8. For RO/R = O and R~/R = 5, we obtain

S;;(;O;2 0.258, lszl(jO)l = 7.78 dB, s22(jO) = – 0.369, it40
= 2.034, and BO= 1.607. From Table I, type A, with

LO= = O, we obtain w~ = 3.84”1010 (6.11 GHz) and LI =

I II Y
Q2

in f%
0

1

. . = *

Fig. 12. Gain block, design example 2.

9
I

E5El
0.-0ls~, I

4--A ls~~l

0.-. Isl ,1
1

09

8I--4 - “-’*=Y ion’—0-6=Q==8=%-=

L++++_L *;’; J
Frequency in GHz

Fig. 13. Response curves, clesign example 2

1,83 nH. From (24)–(28), (30), and (31), we obtain aO =

3.84.1010 (5.76 GHz) and sll(jtiO) = 0.12, an excellent

high-frequency match. Through (35), we obtain l.YZz(j@w) I

= 0.033.
Initial and optimized response curves for the basic

feedback amplifier are presented in Fig. 13. The band-

width and gain targets are, respectively, 7.5 GHz and 8 dB.

In this example, the initial estimate for LI is close to the

optimum value, so the optimization yields little improve-

ment except for a slight flattening of gain. The optimized
elements are L1 = 1.765 nH, Cd== 2.53 pF, and Rf = 267

!2. The predicted gain is 7.98 +-0.1.8 dB from dc to 7.2

GHz, and the predicted – 3-dB frequency is 9 GHz.

To obtain a circuit suitable for MMIC realization, LI is
replaced by a high-impedance transmission line, and overall

optimization is carried out. The circuit and its perfor-

mance are described by Figs. 14 and 15. The predicted
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I I

J- J-. .

Fig. 14. Optimized distributed realization.

o—0 1s21I
a—a 1s24
❑ -0 IS,,1

1

0.9

8 I—O—O-O-O—O—O—O-O-O—’--0-0 \
7

3

2

i

08

I I I I I i I I 1 I

1234567 89
Frequency in GHz

Fig. 15. Response curves, optimized distributed realization.

gain is 7.8& 0.1 dB from dc to 6.5 GHz, and the predicted

– 3-dB frequency is 8.7 GHz.

VI. CONCLUSIONS

We have analyzed the low- and high-frequency proper-

ties of a small-signal amplifier which consists of a gener-

alized gain block, resistive shunt feedback, and broad-

banding circuitry. The synthesis procedure presented in

the paper yields circuit element values and provides esti-

mates of gain and bandwidth. When these element values

are used as starting values in an optimization step, conver-

gence is rapid.

The basic amplifier has been modified by adding match-

ing networks and by substituting distributed elements for

lumped elements. In an example, we have designed a

direct-coupled feedback amplifier, suitable for MMIC

realization, for which a 7.8+ 0.1 dB gain from dc to 7.2

GHz and a – 3-dB bandwidth of 9 GHz are m-edicted..
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