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Graphic Design of Matching and Interstage
Lossy Networks for Microwave Transistor
Amplifier

JUAN CARLOS VILLAR anp FELIX PEREZ

Abstract — A graphical design method for lossless and lossy gain-com-
pensating networks is presented, and the advantages of the use of this
technique in the construction of microwave transistor amplifiers are dis-
cussed. The method is based on the use of a set of constant |S;] circles
plotted on the Smith Chart, and is easily automated on a personal com-
puter. Two applications are presented: a two-stage amplifier with 20 dB in
the 100-1100-MHz band and an ultra-broad-band lossy matched amplifier
stage with 4 dB in the dc-16-GHz band.

I. INTRODUCTION

N ORDER TO DESIGN wide-band microwave ampli-
fiers, it is necessary to compensate for transistor gain
roll-off with frequency. Usually this compensation is
achieved by lossless coupling networks which reflect
unwanted available power for low frequencies. Several
analytical design techniques for lossless equalizers have
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been reported [1], [2], like the well-known constant gain
circles graphic method [3]. However, these techniques are
not satisfactory in many cases, and lossy equalizers must
be employed to obtain a flat gain response, especially in
the design of ultra-wide-band amplifiers.

Several design methods for lossy equalizers have been
reported. However, particular networks have been pro-
posed by these authors, yet their methods cannot be ap-
plied to all configurations [4], [5]. This paper presents a
new graphic design method with a wider field of applica-
tion, which allows us to calculate matching and interstage
lossless and lossy networks with any configuration, and is
an excellent first step in the design of wide-band amplifier
modules. The technique is similar to the constant gain
circles method, and is based on the use of a set of curves of
constant |.S;|, plotted on the Smith Chart, that leads in a
simple way to the structure of the networks in order to
obtain gain equalization and matching in the transistor
ports. Additional advantages of this procedure are the

0018-9480,85,/0300-0210$01.00 ©1985 IEEE
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characterization of the devices by their S parameters and
the easy way that can be automated on a personal com-
puter.

The basic theory and the construction rules of constant
|S;,| circles are discussed first. Then, we describe the appli-
cation of the method with two examples: a multistage
bipolar amplifier in the 100-1100-MHz frequency range
and an ultra-broad-band matched FET amplifier covering
the dc-16-GHz frequency range.

II. Basic THEORY: CONSTANT GAIN CIRCLES

Consider the circuits shown in Fig. 1. If the two-port
networks are characterized, in each case, by their Z or Y
parameters, the § parameters of the overall circuits are
given by the following expressions:

r A+EZ "
i~ C¥ DZ, '
A'+ B%Y,
r_—_—- " °F
Sji C’ + D/YE (2)

where 4, B, C, and D depend only on the [Z] and [Z']
parameters and on the [Y] and [Y’] parameters, respec-
tively.

Equation (1) represents a bilinear transformation be-
tween the complex planes ST and Z,. The constant |ij
circles are transformed into other circles on the Z, plane.
Moreover, if a new bilinear transformation is considered

._Z.LZO (3)

A
we may conclude that the constant |Sjﬂ circles are trans-
formed into other new circles on the Smith Chart.
For the circuit shown in Fig. 1(b), the constant |S7|
geometrical loci on the admittance Smith Chart will also be
circles.
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A. Interstage Networks Design

In the design of wide-band amplifier modules, configura-
tions like those shown in Fig. 1 are generally used. The
two-port networks represent the active devices and the
interstage networks equalize the gain roll-off = with
frequency. The constant |S7| circles on the Smith Chart are
a family of circles (see Appendix I) whose centers and radii
are

2(1+‘yc*) +1

age/fo = 4
0 r2— 1+ 'yc|2 ( )
2r
R=—7—7— 5
2=+ v, ®
where '
Y12¥21 Yi2Y2 ’
=Tt =y, Y 6
Ye= 1% o 1+vh 11~ Y22 (6)
2 Yau¥a
r=-—" (7)
ISH| (1+ 'Yu)(1 + Yz’z)
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Fig. 1. Basic structures for interstage networks desigﬁ.
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Fig. 2 Constant | S| circles on impedance Smith Chart (Z, = 50 Q).

and the circles are on the impedance or admittance Smith
Chart and v;; are the normalized Z or Y parameters,
depending on the configuration used (Fig. 1(a) or (b)).

In Fig. 2, we have represented the constant |S,| circles
for a particular case. If both transistors are connected
directly (Z;=0) the circuit gain is 15.6 dB, but if we
introduce an impedance Z, the gain is determined by the
circle that passes through that impedance. For a passive
impedance Zg, the graph indicates that the maximum gain
is obtained with an inductor L = 7.96 nH(Z, = + j1).

In a broad-band design, we can plot the circles of
desired value |S]]| for several frequencies in the band, and
then synthesize the interstage networks whose impedance
Z, or admittance Y falls on the respective circle at each
frequency.

B. Maiching and Equalization Networks Design

Consider now the circuit shown in Fig. 3. We can use the
constant |S,,| and constant |S;,| circles to control both gain
and matching.

The centers and radii of these circles are (see Appendix
)

age’t = 21+ ) (8)
R SRk
2r

()

R=—F—"—
r2 =1+ v,2
where, for constant |S|

(10)
(11)

YC:W_ i

r=2yul/1+ ijnszll‘
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Fig. 3 Basic structures for matching and equalization networks design.

5. 1598 1511! =-10dB

_5

NE-137
(1p=10mA)
(Vpse 3V)

f = 16GHz

T
i ISl 248

Fig. 4 Constant |S,,| and |S;, | circles on admittance Smith Chart (Z, =
50 Q).

and for constant |S;,|

2 Y12Ya1
= + —1-v, 12
l_lsiilz 1+ij i ( )
(13)

r=218,1/(1-15.1).

Y,; are the Z or Y parameters and the circles must be
plotted on impedance or admittance Smith Chart for series
or parallel configuration, respectively.

In Fig. 4, we present the circles at 16 GHz for a NE-137
(Nippon Electric Co.) transistor. If there is no admittance
(Yz=0)|S,|=42 dB and |S|;]=—12 dB, and perfect
matching can be achieved by a capacitor of C =0.1 pF in
parallel with the port of the transistor and the overall gain
increases to 5 dB.

In broad-band design, we synthesize the matching and
equalization network by plotting the |S,;| and |S,,| circles
for several frequencies in the band, and by determining the
admittance Y, or impedance Z; in order to obtain flat
gain and good matching in the full band.

In the next sections, we present two examples of the use
of these techniques. In both cases, transistors are char-
acterized by the S parameters supplied by the manufac-
turer.

Ye

III. EXAMPLES

A. Amplifier Stage in the 100~-1100- MHz Frequency Range

First we shall apply this technique to the design of an
amplifier stage with 20-dB gain from 0.1-1.1 GHz. Two
BFR91 (Siemens) bipolar transistors with f,.=4.5 GHz
were used. » :
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Fig. 6 Amplifier module and its characteristics.

The amplifier module consists of two stages coupled by a
lossy interstage network to equalize the gain of the devices.
The first stage is baised for low noise (I, =3 mA, ¥V, =8
V) and the second one for high gain (7,=30 mA, V_ ;=8
V).

In Fig. 2, we have plotted the constant |S,,| circles at
f=1 GHz on the impedance Smith Chart. A graphical
inspection shows that is impossible to obtain a 20-dB gain
using series impedances with positive real parts. If constant
|S5;] circles are plotted on the admittance Smith Chart,
with equalization accomplished with a parallel network, the
results are similar. Therefore, as the product of the maxi-
mum stable gain (MSG) of both devices at this frequency is
23 dB, it is clearly seen that a simple series impedance or
parallel admittance cannot match both transistors. In fact,
we have proven that with this configuration it is better to
design first a simple matching network at the highest
frequency of interest, and then “open” it at different
points, plotting the constant |S,| circles, until the most
adequate position to introduce the series or parallel equali-
zation network is found.

Again in the design, a possible matching network at
1 GHz consists of a section of line (Z,=50 {,60=105°
(1 GHz)) is series with a capacitor of 4 pF. In Fig. 5, the
circles for [S,,|=19 dB, with a parallel equalization net-
work connected at an inner point of the matching network
are represented. By trial and error on the Smith Chart, we
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1048
16GHz,.~

|Syl=-10dB circle at =0 doesn't cross the chart
I

©

finally choose a series resistance-shunt stub network (R =
30 Q,Z,=17 Q,0 =82°(1 GHz)) which equalizes the re-
sponse of the circuit. In the same figure, the resultant
circuit MAG and the product of the devices” MSG’s are
compared (we cannot define the MAG of the first tran-
sistor because it is conditionally stable at this frequency
range). It is evident that the interstage network prov1des
stability and equalization to the devices.

Finally, we proceed to the design of the input and
output matching networks. Some graphic work on the
Smith Chart, followed by computer optimization aiming a
flat ‘gain of 20 dB, leads to the amplifier stage whose
schematic is indicated in Fig. 6; together with its theoretical
response. The amplifier gain is 20+0.6 dB in the band,
though the input VSWR is high because it has not been
taken into account in the optimization procedure. This
power reflection may be compensated by means of bal-
anced configurations, isolators, etc., or, as the circuit has a
flat MAG, by designing more sophisticated matching net-
works that provide a good broad-band matching of the
amplifier module.

B. Ultra-Broad - Band (DC-16-GHz) Transzstor Amplzfzer
Stage

Ultra-broad-band matched amplifiers with flat gain re-
sponses and low VSWR’s over a frequency range of several

|Sail= 4dB i
Isyl=- 1048 - :,»

-10dB-
16GHz™
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@
Fig. 7 Lossy match amplifier design.

octaves have extensive application areas, including optical
communication and data transmission -systems, military
electronics (ECM), and CATV applications. To achieve
these characteristics, three -different configurations have
been proposed: feedback, distributed, and lossy matched
amplifier [6]-[9].

We- shall now describe the apphcation of the proposed
method to the design of an ultra-broad-band lossy matched
amplifier stage with a 4-dB gain covering the dc-16-GHz
frequency range. We use a commerc1a11y available tran-
sistor NE 137. The low gain is due to the need for low

frequency matching and to the low transconductance of
' MESFET devices [10].

“In the design of the amplifier stage, we must first match
one of the ports, and then, with the help of the constant
|S;;| circles, determine the network 'that provides - good
matchmg in the other port and equahzes the response in
the whole band. ;

In this case, it is easy to find the output matching
network as shown in Fig. 7(a). In Fig. 7(b), we present the
constant |S21| and S| circles for three frequen01es in the
band.

"The set of curves points to the fact that in the low-
frequency range only a LR series network in shunt connec-
tion allows us to match the input port and to equalize the
stage gain, while for high frequencies, the adequate net-
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Fig. 8 DC-16-GHz amplifier stage.
work is a RC parallel network in series connection (Fig.
7(c)). In fact, the solution is to use both circuits, as shown
in Fig. 7(d).

Finally, the complete circuit has been optimized by
computer resulting in the final configuration and results
shown in Fig. 8. An additional network has been intro-
duced in the output port to get better matching in high
frequencies. As it can be seen, the amplifier gain is 4+0.3
dB and the VSWR’s are lower than 2 between dc and 16
GHz. (Obviously, the low cutoff frequency will be de-
termined by the coupling capacitors.)

IV. CONCLUSION

A graphical procedure for the design of lossy equalized
transistor amplifiers has been described. We have shown
how easy it is to find the appropriate equalization network
plotting the constant |S | circles on the Smith Chart.

The graphical method has then been applied to the
design of a 0.1-1.1-GHz two-stage amplifier with 20-dB
gain, using a BFR91 bipolar transistor with f,=4.5 GHz.
Coupling the active devices with a very simple lossy net-
work, a flat gain of more than one decade bandwidth, has
been obtained.

As a second application of this method, an ultra-wide-
band MESFET amplifier stage has been designed. Using a
NE137 MESFET chip and lossy matching networks, we
have designed an amplifier stage with 4-dB gain in the
dc-16-GHz frequency band and low reflection parameters
(|Sy1] < =11 dB, |S,,| < —10 dB in the full band).

Finally, we must remark that this procedure is easily
automated in personal computers, and is therefore an
important tool for the design of equalized microwave
amplifiers.

APPENDIX I

If the total .S parameters of any circuit can be expressed
as
AH+ B
CH+D
the |S| = M circles are transformed into other circles in the
H plane whose centers and radii can be easily calculated as
follows.

S= (A1)
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In polar coordinates, H = pe’® and substituting H we
may write

Ape’? *50 /0 *
IS|2 = §-5% = pe.0+B.Ape .+B - M2 (A2)
Cpe’® + D C*pe /® + D*

After doing some algebra, we can transform (A2) into
the following expression:
0*(14)> ~ M*|C|*) +p(A4B*e”
+ BA*e /% — M2CD*e/’ — M?C*De /%)

+|B|)>—-m?*D*=0 (A3)

which represents a family of circles whose centers and radii
are given by

|H—v/)*=r? (A4)
M32C*D — BA*
Y= P (A5)
B2 — M2D|? 172
r={ 2~ EL=2E (A6)

141> = M?|CP?

If we express the parameter H as a function of a
reflection coefficient

(A7)

the family of circles (A4) may be rewritten as

2

1
T s =T =TQ+7y)+1-v)%

2 -—

(A8)

After some algebra, we can transform (AS8) into a more
familiar expression

241-y2\* 21 ?
Re(1)— S22 ) [y 2EalYe)
rf=fi+ e
4r?

(r2=p+v.?)

which represents a family of circles on the Smith Chart
with centers and radii

o’? 2(1+Y€*)

(1] =_2_"—2’+1
rE =L+
R=_2'___.
72— 1+ v

(A10)
(A11)

If we analyze the circuits shown in Fig. 1 using the
equivalent circuits of the two-port networks, and we apply
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(A5) and (A6)
—parameter S,, —

A=0 B=2vy,v;/(1+ Y11)(1+ 72'2)

Cc=1 ‘ D=vi+vy ”/71’272'1/(1 + 72'2)_ YioYar /(1 +711)
Y12Yn1 Yi2Yn | ~
=T e s~ Al2
T+yy 1+ Y Y11~ Y22 ( )

[Sylfl+ Yn“l + 2|

—parameter Sp; —

A=1-vq B =y, — Yf2Y2'1/(1 - 711)(1 + Yz’z)
+(1—Y11)(Yf1+722) v
C=1+v, ‘D =~ Yi¥n — YiaYa /(1 + Yu)(l + 72/2)

+(+ 711)(')’1,1 + Yéz)'

. Parameter S,, has the same expressions changing v,, =
Y/;» and v/; = v;;* v;; are the normalized Z or Y parameters,
depending on the configuration used (Fig. 1(a) or (b)).

APPENDIX IT
Let us consider the circuits shown in Fig. 3. Knowing
that y7 =1y, + vz and applying (A5) and (A6)
—parameter S, — ‘
A4=0 B=-2v,/(1+v,)
C=1 D=1+ ‘Yii/_ Y12721/(1 + ij)

_ Tia¥a -1

- Y Al4
(4 1 + .YJJ ‘Yll ( )

2|yul

pe—al (A15)

1Sl + vl
—parameter S;;,—
=-1
Cc=1

B =1 - yii + Y12‘Y21/(1 + ij)
D=1+vy,— 712721/(1 + ij)

Y12¥21 2
== ] —y. +—— (Al6
Y= Tiy, Yt T s (A16)

(A17)

The centers and radii of the circles on the Smith Chart
will be calculated using expressions (A10) and (A11).

1]

B3]
(4]
(5]
(6]
7
8]

19

[10]

215

REFERENCES

H. Carlin and J. Komiak, “A new method of broad-band equaliza-
tion applied to microwave amplifier,” IEEE Trans. Microwave
Theory Tech., vol. MTT-27, pp. 93-98, Feb. 1979.

D. J. Mellor and J. G. Linvill, “Synthesis of interstage networks of
prescribed gain versus frequency slopes,” IEEE Trans.- Microwave
Theory Tech., vol. MTT-23, pp. 1013-1020, Dec. 1975.

R. W. Anderson, “S-parameter techniques for faster, more accurate
network design > Hewlett-Packard J., vol. 18, no. 6, pp. 13-24, Feb.
1967.

D. J. Mellor;, “On the design of matched equalizers of prescribed
gain versus frequency profiles,” in Int. Microwave Symp. Dig., (San
Diego), 1977, pp. 308-311.

A. N. Riddle and R. J. Trew, “A broad-band amplifier output
network design,” IEEE Trans. Microwave Theory Tech., vol. MTT-
30, pp. 192-196, Feb. 1982. :

K. Niclas, “GaAs MESFET feedback amplifiers: Design considera-
tions and characteristics,” Microwave J., pp. 39-48,- Mar. 1980.

F. Perez and V. Ortega, “A graphical method for the design of
feedback networks. for microwave transistor amplifiers: Theory and
applications,” JEEE Trans. Microwave Theory Tech., vol. MTT-29,
pp- 1019-1027, Oct. 1981.

Y. Ayasli, L. D. Reynolds, J. L. Vorhaus, and L. K. Hanes “2-20
GHz GaAs travelling wave amplifiers,” IEEE Trans. Microwave
Theory Tech., vol. MTT-32, pp. 71-78, Jan. 1984.

K. HonJu and Y. Takayama, “GaAs FET ultra-broad- band ampli-
fiers for Gbits/s data rate systems,” IEEE Trans Microwave Theory
Tech., vol. MTT-29, pp. 629-636, July 1981:

F. Pérez -and. J. Obregon, “Low-frequency limitations of  ultra-
broad-band matched microwave amplifiers,” Electron Lett., vol. 18,
pp. 31-36, Jan, 1982.

Juan Carlos Villar received the Ingeniero de Tele-
comunicacién degrée from' the Politechnic Uni-
versity of Madrid in 1983.

He has been working on wide-band amplifiers
and in 1983 he joined Electronica ENSA in
Madrid, where he is engaged in the development
of solid-state radar systems with the assistance of
the Microwave Department of “the ‘Politechnic
University.

+*

Félix Pérez was born in Castejon de Ebro, Spain,
in 1954. He received the diploma and doctoral
degrees from -the Politechnic. University of
Madrid in 1977 and 1982, respectively. His thesis
dealt with feedback microwave solid-state ampli-
fiers.

Since 1978, he has been with ‘the Microwave
Department of the Politechnic University of
Madrid, first as Assistant Lecturer and now .as
Associate Professor. He is currently working on
MESFET amplifiers, front-ends for direct broad-

cast satellite TV, and millimeter-wave circuits.




