IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 12, DECEMBER 2002 2947

A Filter Synthesis Technigue Applied to the Design
of Multistage Broad-Band Microwave Amplifiers
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Abstract—A method for designing multistage broad-band D
amplifiers based upon well-known filter synthesis techniques is
presented. Common all-pole low-pass approximations are used
to synthesize prototype amplifier circuits that may be scaled in
frequency and impedance. All-pass filters introduced at the first
stage are shown to improve input match while maintaining circuit
performance less 6 dB gain. A theoretical comparison is made with Vg,

the distributed amplifier and the cascaded single-stage distributed 0
amplifier. Theoretically, a larger gain-bandwidth product is S Em VCg.Y Ry S
achieved using the synthesis technique. A proof-of-concept But-

terworth low-pass two-stage amplifier was designed, simulated, Fig. 1. Four-element MESFET ECM.

and measured and achieved a flat gain performance of 1-4 GHz

with a power gain of 14.5t1 dB close to the predicted 1-4.2 GHz, . o . . .
1541 SB. g P is no need for amplifier designers to duplicate this effort. The

prototype is simply scaled in frequency and impedance to suit a
particular application. It is also possible, and useful, to discuss
the performance of varying topologies in an environment that

allows comparisons to be generally applicable regardless of the

final application and components used, especially the active
[. INTRODUCTION device.

HE distributed amplifier (DA) has been firmly established The amplifier response can be fully specified using Butter-
for the past two decades in the design of amplifiers spafyorth, Chebyshev, Bessel, or other all-pole approximations to
ning multioctave bandwidths [1], [2]. The advantages of thi§€ ideal low-pass response.
type of amplifier are flat gain, flat group delay, low noise figure,
and low voltage standing-wave ratio (VSWR) performance over Il. PROTOTYPEANALYSIS
broad bandwidths. The key applications are electronic warfgke single-Stage Prototype
(EW) and digital optical communications.

The main disadvantage of the DA is the high number of ac-
tive devices required per unit gain. The cascaded single-st
distributed amplifier (CSSDA) matches the bandwidth of th .
DA, but by cascading single stages, increases the gain &gﬁ?urce and load are terminated4p
icantly [3]—[8]. This technique relies upon computer optimiza- —2gmRr
tion to meet the final design specification, but this nonscientific S21(p) = 1+ pCyRs @)
method is costly in terms of design hours. e

This paper proposes a new method of multistage broad-bamaerel. = Zo + Ri, Rt = RasZo/(Ras + Zo), and the 3-dB
amplifier design utilizing normalized low-pass prototypes:utoff frequency for the MESFET is, therefore,

The advantages of using prototype circuits in amplifier design
are commensurate with filter design. Solutions valid for fixed w3dB =
topologies are given for normalized frequency and character- &s
istic impedance and, therefore, a significant proportion of the|t is well known that the bandwidth may be extended and
total design time is invested in developing the prototype; thetige gain flattened by adding a series inductor to the gate of the
MESFET (Fig. 1), creating the single-stage prototype amplifier.
Manuscript received April 5, 2002; revised August 15, 2002. This work wakh€ transfer function becomes second order with two complex

Index Terms—Active filters, all-pass circuits, broad-band
amplifiers, Butterworth filters, microwave circuits, microwave
FET amplifiers.

The schematic of a simple four-element equivalent-circuit
gdel (ECM) for a GaAs MESFET is shown in Fig. 1. The
ansfer function in terms of thé€-parameters is given when

rad/s (2)
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. . Fig. 3. Schematic of am-stage prototype amplifier showing matching
Fig. 2. Pole zero plot in the complex frequency plane for a second‘orqﬁﬁuctorsLi.

transfer function.

B. n-Stage Prototype
MESFET ECMs. The transmission-pole locations, as iIIustrated-|-hen_Stage prototype schematic is detailed in Fig. 3. A gen-

in Fig. 2, may be solved, wheje= —a + j3 eral transfer function was derived as follows:

R 2(=1)"Rr [] gmi

a= 2—2 4) Sa1(p) = - =1 (10)
_ Fi(p) H2 Fi(p)
1 R, =
p= C ~ <2L> ®) where

1 Fi(p) =14 pCiRy + p*C1Ly (12)

wo = | 6) ,
VLC Fi(p) = Gasii—1) (1 + pCiRsi + p*Ci L) (12)

A Butterworth, Chebyshev, or other all-pole approximatiowhereR,; = Rqs; + R;; fore = 2ton. Ry = Zg + R;1.
to the ideal low-pass response may be synthesized fromThe denominator of the general transfer function in (10) con-
this second-order prototype amplifier. There are well-knowiainsn quadratic factors representing, in turn, the frequency re-
general methods of synthesizing singly terminated networkponse of eackth FET and matching inductdr;. Each stage,
to produce a given transfer function [9], [10]. The followingherefore, contributes a pair of complex conjugate poles, whose
considers second-order transfer functions only. positions are determined by the value of the circuit elem@pts
Solving (4) and (6) for. andC, respectively, yields the pro- L; and the source impedandg;. This is possible as the FET
totype circuit element values required for the chosen approxitodel used is unilateral, i.e., there is no interaction between
mation stages and isolated pole pairs may exist. One may, therefore,
synthesize an-stage prototype amplifier to exhibit a prescribed
all-pole transfer function, firstly by isolating each complex con-

L= By H (7) jugate transmission-pole pair of the prescribed transfer function,
2a and then by administering individually their production to sep-
20 arate amplifier stages, as described in Section II-A. The overall
=—5F 8) desi . :
wg R esired response will be synthesized.

An n-stage amplifier contributes pairs of complex conju-
The normalized cutoff frequency is then defined as the ratio géte transmission poles. For example, a two-stage design has
prototype to MESFET ECM gate—source capacitarize two possible realizations, one of which results in a larger band-
width due to the larger value @f; required [from (9)], but re-
duced gain if identical FETs are used due to the smaller value of
- ¢ (9) C:required.Ingeneral, for-stages, there afe—1)n permuta-

Z0C¢s tions of whichn provide unique gain-bandwidth variations. The

order of a realizable approximationds, thus, for two stages,

We

with Zo, which, in this case, is a necessary dimenSionIe55fourth—order all-pole approximation is realizable.
scaling factor. Equation (9) ensures that when the prototy

is scaled in frequency and impedance, the resulting scag;for the case whergy = Fasi = 1 {2, andRti; = 0 &,
- . ' e positions and prototype element values are given (Table |
prototype may be realized using the chosen MESFET. P b yp g ( )

Th itivity of th ot ¢ N for a Butterworth amplifier. Sample permutations that provide
_'he sensitivity of the protolype response to component va nique gain-bandwidth solutions to the designer are tabulated.
ations is fairly low. For example, a 10% variation in the value

. ) ! : . he prototype amplifier may be modified for the case where
R; results in bandwidth shrinkage of approximately 1% if th . £ 0Qfori = 1ton as follows:

amplifier is redesigned to account for this change. If the am-
plifier is not redesigned, then changesif < 10% result in L, = L;Rs (13)
negligible deviations from the ideal response. The same may be C;

said for L andC. Ci = Rl (14)




ROONEYet al.: FILTER SYNTHESIS TECHNIQUE APPLIED TO DESIGN OF MULTISTAGE BROAD-BAND MICROWAVE AMPLIFIERS 2949

TABLE | . L;
POLE POSITIONS AND PROTOTYPEELEMENT VALUES FOR BUTTERWORTH FET(i-1)
MULTISTAGE AMPLIFIERS (Zg = Ras; = 1§, R;; = 0 Q,AND Cy # C)

FET:

Stages Pole locations Stage | Element Values
(n) a B () | Gi[F] | L; [H] % Rds i-1)
1 -0.707 | £0.707 1 1.414 | 0.707
2 | -0383 | £0924 | 1 | 0.765 | 1.307 Ces T Ve,
2 1.848 | 0.541 - ;I: -
-0.924 | £0.383 [ 1 1.848 | 0.541 gmi-) Ve,
2 0.765 | 1.307
3 -0.259 | +0.966 1 0.518 | 1.932 Fig. 4. Schematic of aith stage withC; fixed by Cg.
2 1.414 | 0.707
3 1.932 | 0.518
-0.707 | £0.707 1 1.414 | 0.707 L; Cshunt i
2 1.932 | 0.518 FET(i -1) SV FET:
3 0.518 | 1.932
-0.966 | +£0.259 1 1.932 | 0.518 R;
2 0.518 | 1.932
3 | 1.414 | 0.707 g% %Rds(i-l) =
4 [-0195 | £0.981 | 1 | 0.39 | 2.563 \ B
2 | 111 ] 09 CgSI Ve,
3 1.663 0.6 -- --
4 1.962 | 0.51 8m(i-1) VC(i-I)
-0.556 | +0.832 1 1.111 0.9
2 1.663 0.6 Fig. 5. Shunt capacitance employed to incre@ge to C/.
3 1.962 0.51
4 0.39 2.563
-0.832 | £0.556 1 1.663 0.6 and substitutingus g from (9)
2 1.962 0.51
3 0.39 | 2.653 )
4 | 1111 | 09 Cr;=Cj = CC& (16)
-0.981 | £0.195 1 1.962 | 0.51 1
2 0-39 | 2653 To illustrate, a two-stage Butterworth prototype is developed
3 1.111 0.9 . .
4 1.663 0.6 (Table I). Three methods of realizing the restricted case proto-
type amplifier are discussed.
TABLE I A. Using Shunt Capacitance

ECM ELEMENT VALUES FOR

A NORMALIZED FET ECM WhenCr; > Cy, i.e.,C; > (i, shunt capacitance may

be used to increas@r; (Fig. 5). The voltage across,; now

Circuit element Value behaves as though,; = Cr» under the conditior?; = 0,
R; 09 and the overall desired response is regained. In this case, the
Cos 1F bandwidth, gain, and GBP are given as follows:
Im 1,1.5and 2 S
Ry 1Q
we =0.765 (17)
S21(0)| =1 (18)
lll. PROTOTYPEPERFORMANCE COMPARISON GBP — 0.765 (19)
=Vu. J.

The gain-bandwidth product (GBP) is calculated for a re-
stricted case of prototype amplifier where identical FETs are
used to realize the design. An FET ECM is employed with elg. Using Series Capacitance
ment values (Table II) chosen to allow for simple comparisons
between different amplifier topologies.

The FET ECM value ol is fixed by the device and re-
quires the gate—source capacitance of each protatipstage
(Fig. 4) to be identical. To preserve the desired response,
total capacitance of thith stage, i.e.C'r;, must be made equal
to the scaled prototype valu&/, where

WhenCr; < Cy, 1..,C; < Cy, series capacitance may be

used to lowelCr; (Fig. 6). V¢, is reduced and, thus, so is the

overall gain of the amplifier. The bandwidth is proportionally

@rﬁger, however, due to the larger valugigfand, therefore, the
P remains constant as follows:

w. =1.848 (20)

C 521 (0)] =0.765/1.848 (21)
o (15)

T Zowe GBP =0.765. (22)
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Cieriesi TABLE I
L. NORMALIZED PERFORMANCE INDICATORS FORBUTTERWORTH
FET(i -1) M FET: MULTISTAGE AMPLIFIERS
N Stages GBP
g% ! n BW | gn=1|gmn=15| gn=2
% Rs i) 1 1.41 1.41 2.12 2.82
Y 2 077 | 077 1.73 3.08
Ces Ve, 1.85 | 0.77 1.73 3.08
- I— - 3 0.52 0.52 1.76 4.16
8m(i-1) VC(H) 1.41 0.52 1.76 4.16
1.93 0.38 1.28 3.04
Fig. 6. Series capacitance employed to reddige to C. 4 0.39 0.39 1.98 6.24
1.11 0.39 1.98 6.24
R shunt i L; 1.66 0.26 1.32 4.16
FET(: -1) FET: 1.96 0.19 0.96 3.04

\ Ri T T T
%Rds(i-]) % .

- el

Bm(i-1) Ve, R

inti

Fig. 7. Shunt resistance employed to modify,; to C';.

C. Using Shunt Resistance

Another method is to usB ;1) to scale the element values Zo
of stagei. For Cys; = Caa1

w2 V.
Rinti = abwogl Rs (23) ' @
alwoi

whereR;,; is the source resistance seen byithestage looking
back toward stage— 1 (Fig. 7). This method may be applied to
both cases detailed in Sections IlI-A and 111-B.

Fig. 8. Schematic of an all-pass network used to improve input match.

e If the transmission poles of this second-order transfer function
Examining the Butterworth example, whetg, > Clg . " e .
are located in a similar position in theplane to those required
(Rintz = 1.848/0.765, BW = 0.765) and Cy < Cys | i ; .
: in Section Il, then the overall desired response can be main-
(Rintz = 0.765/1.848, BW = 1.848 ), it may be noted __. o . .
. . tained, albeit with less gain and more bandwidth. The degree
that the GBP remains constant at 0.765 for this Casst freedom necessary to maneuver the poles to the required
Rin2 = 1.848/0.765 cannot be realized aBss = 1 and, y P d

thus, series capacitance must be employed, reducing the g%?ﬁ't'on Is provided by the elemert,. A two-stage Butter-

to unity. This will not be the case for practical FETs, wher orth prototype amplifier illustrates this. Table | yields the pro-

e ) a .
Rgqs > 1, but is useful, as this proves that the GBP remair%)type f I?()eorr;el:t maltl;]eesr:/;fﬁeg c(::\s?[,. C_l 0_80:(;?\/2;,[?]2
. . 1 = U.

constant for all three topologies detailed previously, assumiﬂgtt;t response, as shown in Fig. 9. Note that the prototype

that identical FETs are employed. amplifier is normalized for unit gain. In practice, the prototype
The bandwidth and GBP for Butterworth amplifiers up to four . pinert : gain. n p ' P yp
. . will exhibit more than unity power gain, and the matched am-
stages are given in Table IIl. o . -
plifier will exhibit 6 dB less.

IV. ALL-PASS MATCHING V. COMPARISONWITH CSSDA

The authors have found that an all-pass network may be usecl.he equations describing dc forward available gain, i.e.

toimprove the input match ofthe amplifier, as shownin Fig. 8.%av for each using ideal losslessstage devices are given in
6-dB loss of power results &%, is halved. Even-and odd-mode. able IV [8]-[12]. In order for the CSSDA to achieve higher

;nealriifc\r,l\/:j (lzjjr?gi ttl(());:j t:rlelfgipg’sscjrijl'(tglle/geit Z?Ig'es goarins than the DA, the following inequality [8]:
andL,, = C1/2 H. Note that the values af; andL; used are 7> “~n

dimensionless. The transfer function of the first stage is straight- e
forward to derive, and is given as follows:

(25)

must be satisfied. It has been demonstrated that the CSSDA
Ve, (p) 1 o4 provides more gain per device than the DA [3]. The synthesis
Vilp) ~ 2+ pCi(1 + 2R;) + p2Cy (L + 2L1) (24) method realizes 12 dB more gain than the CSSDA for identical
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4 ' ' ' ' TABLE V
MINIMUM Z;,,« REQUIRED FORCSSDATO MATCH GBP RRODUCT
2r 1 OF SYNTHESIS METHOD
*~><~.><‘_>< wE 0 Stages | Butterworth | Chebyshev
- 2t “X\x“x‘ o8 % y iy 2 > 74.7Q > 160.29 Q
g Ll o DQ\X“X s 3 >113Q | >30020Q
& . IGach ‘X‘X‘x % 4 >149.9Q > 4320
= & S
-6 .I‘i"i‘zi ﬂ L f ¥ R e E o .‘i“l!‘;
2%
8r g W L L
3 o g d
Stage 1 —+— 3 3 G D
Stage R % ﬁ Y'Y Yo
-10 F Total Response - .
All-Pass Stage 1 {3} *
"2 Total All-Pass Response_--#-- ) . R;
0 0.2 0.4 0.6 0.8 1 1.2 1.4 %
Frequency [rads/sec] Y
Ve
. - . Cgs 85
Fig.9. Two-stage prototype Butterworth amplifier comparison of the matched o o
versus unmatched gain response.
g p S 8, Veys Ras S
TABLE IV Fig. 10. Unilateral ECM used in the synthesis of a two-stage amplifier with

COMPARISON OF FORWARD AVAILABLE GAIN (G,,) FOR THREE
AMPLIFIER TYPES

gate and drain parasitic inductance.

Amplifier Type Available Gain, G4,
T2 7. 7 TABLE VI
DA [11] N 9m2LLSs CIRCUIT ELEMENT VALUES FOR THENE71083V. = 3V, [4. = 10 mA
4
2n 72(n—1) T T

Im Zim 21 Zs Circuit element | Value

C5SDA 8] 4__ L, 04 nH
=

n-stage low-pass [12] | 4¢2"ZZs H R2. R; 7 Q
1=l Cys 05 pF
Im 43 mS

. . . : Ry, 250 @
interstage impedances due to input and output matching. Input I 03 ol

d .

and output match can also be achieved in the synthesis design at
atotal cost of 12-dB gain. Input match has been demonstrated in

principle using an all-pass filter in Section IV. The GBPs of thg, e v indicates the GBP advantage of the synthesis amplifier

two ampllflers_ are now compared, accounting for the loss in 98hen compared to the CSSDA and, therefore, the conventional

due to matching. The radian cutoff frequency of the CSSDA fiyrihyted amplifier (CDA). The results are for Butterworth and

given by [6] Chebyshev amplifiers designed for a maximum GBP product.
9 In practice, whemR,s # oo, some prototype amplifiers above

We="7p (26) two stages cannot be realized using shunt resistance and series
g capacitance must be used, reducing gain and limiting the GBP,
and, therefore, the GBP product for the CSSDA is as discussed in Section I1I-C.
2n r72(n—1)
GBPesspa = 2n Ziwe 2175 (27) VI. DESIGN EXAMPLE

20y R,
_ An NE71083 GaAs MESFET was used as the active device
and for the synthesis method from (9) and Table IV, the GBR 3 Butterworth two-stage amplifier design. The first stage in

product is the design is to characterize the MESFET using a very simple
1 ECM. This can be determined from manufacturers or measured
8¢’ Z1Zs 1 Riy; S-parameters of the device using well-known techniques [13],
GBPiynthesis = . i=1 (28) [14]. The ECM used is shown in Fig. 10 and the circuit element
wy Cgs R values are given in Table VI.

Comparing (27) and (28) and allowing for 12 dB more gain The prototype circuit is then determined using (7), (8), (23),
from the unmatched synthesized amplifier demonstrates thaart],d Table | (a1 = Zo + i, Rai = Ringi + Iti). The cutoff fre-
uency is determined from (9); g5 = 4.27 GHz, and the cir-

for th_e_ CSSDAto h:?\ve a larger G_BP product than the syntheg&t elements are scaled in frequency and impedance. Table VII
amplifier, the following must hold: A
tabulates the prototype and scaled circuit element values.
et 1/(2(n-1)) The dc gain is given by (10}S21(0)]as = 26 dB. In prac-
Zo > ( a21 H R2 t/) _ tice, parasitic elements and feedback will degrade the optimum
— w01 l:l mta

(29)
performance.
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TABLE VIl
PROTOTYPE AND SCALED CIRCUIT ELEMENT VALUES FOR A BUTTERWORTH
TWO-STAGE AMPLIFIER

Element | Prototype | Scaled
Ly 1489H | 2.77nH
Cyst 0.671F 0.50 pF
Ly 1.489 H 2.77 nH
Cys2 0.671 F 0.50 pF
Ras 26120 | 130.61Q
30 T T . . . . .
pg [ |
20 +
4.\><-,:::)§:i‘><

15

S21 [dB]
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the effect of Ry,uut- An alternative bias topology should allow
for low-frequency operation.

IX. CONCLUSION

The theoretical development of a simple filter synthesis tech-
nigue applied to the design of multistage broad-band amplifiers
has been presented. Prototype circuits have been developed, al-
lowing for the straightforward design of amplifiers exhibiting
low-pass responses. It has been shown that the GBP for the
prototype amplifier may improve upon that achieved using the
CSSDA.

The technique can, in theory, be extended to any bandwidth
and gain required by the designer, provided suitable MESFETs
are available. The technique is particularly suited to mono-
lithic-microwave integrated-circuit (MMIC) amplifier design
where associated parasitic components are minimal, resulting
in a closer correlation between predicted and measured results,
and large bandwidths are theoretically achievable.

Any all-pole transfer function may be realized using this tech-
nigue, making it particularly useful in realizing amplifiers for

Xl
10 + X\:
5F 1
i) ideal components —+—
ii) practical components ---X<---
iii) measured response -+
0 L N 1 L | . \
1 1.5 2 25 3 35 4 4.5 5

Frequency [GHz]

digital optical communications where flat group delay is de-
sired. Input and output matching may also be improved by uti-
lizing all-pass networks at the input and output, although 6-dB
loss will occur for each.

Fig. 11. Two-stage Butterworth amplifier using the NE71083 MESFET. This method has been proven correct through simulated and
Simulated responses using: i) ideal components and ii) practical componeamigasured results of a proof-of-concept Butterworth two-stage

versus iii) measured response.

VII. SIMULATION RESULTS

The simple unilateral ECM, shown in Fig. 10, was used as the
active device in anideal simulation along with lumped matching
components. This was then compared to the same design using
measured FET-parametersi; = 10 mA, Vg = 3 V) and 2]
nonideal matching components.

The measured FET exhibited series feedback inductancés]
(Ls = 0.3 nH) when compared to the manufacturef'spa-
rameter data, as a result of the fixture used in this particulary)
amplifier design. This explains the variation between the
simulated and measured data presented earlier [12]. 5]

The synthesis technique in the ideal case produces a fourth-
order Butterworth response with a gain of 26 dB, as predicted
and aBW3 4 of 4.27 GHz. The response is degraded from (6]
the ideal when measureg-parameters, nonideal circuit ele-
ments, and FET bias are included in the simulation (see Fig. 11).
This is to be expected as parasitic and feedback elements weré!
not accounted for in the synthesis procedure, and neither were
the practical realization of matching inductors and shunt resis-
tance. However, the response exhibits a gain af 1L8B over a
BW34p of 1-4.2 GHz.

(8]
(9]

VIIl. M EASUREMENT RESULTS (10]

The amplifier gain was measured as H15dB over a
BW3 4 oOf 1-4.1 GHz (see Fig. 11). Good correlation betweer{ll]
simulated and measured results is obtained. No tuning was
necessary to achieve this response. [12]

Gain >20 dB was measured at low frequencies; this is ex-
plained by dc blocking capacitors increasifg; by removing

amplifier.
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