
1-19

COMPUTER-AIDED SYNTHESIS OF LOSSY COMMENSURATE
LINE NETWORK AND ITS APPLICATION

Lizhong Zhu and Chuyu sheng

Corrmunications Research Lab,, Department of Radio Engineering
Southeast University, Nanjing, Jiangsu 210018, The People’s Republic of China

ABSTRACl_

In this paper, a useful theorem which ex-
tends the technique introduced in [t] to even
wide fields is proposed for transformation
between distributed lossy and lumped Ioss!ess
networks. A computer-aided approach is deve-
loped to the synthesis of 10SSY commensurate
llne network with all lines being of frequency
dependent loss. As an application, one-stage
broad-band amplifier is designed for monolithic
microwave integrated circuits(MMIC’s) and its
performance is compared w!th the example in
[2].

1. INTRODUCTION

It is well-known that MMIC’S are having wide
applications in radar, spaceflight, satellite and
military communications, etc. Matching network is
one of the Important parts in MMIC’S and is usually
constructed by lumped and distributed elements.
These matching elements, which are fabricated on
GaAs semi-insulating subtracts, have losses much
more than those of matching elements developed in
conventional hybrid integrated circuits so that
the presently efficient techniques12-91 for
synthesizing lumped and distributed Iossless mat-
ching networks are not sukable for the 10SSY mat-
ching networks. In accordance with this Problem,
the authors m [1] introduced a theorem for tran-
sformation between lumped 10SSY or Iossless network
and Iossless one, and developed a new computer-
aided technique for treating the synthesis of lUM-
ped matching network with arbitrary nonuniform
losses, However, it is clear to see that only a
smaller part of the problem has been solved bY now.
As frequency increasing to millimeter wave range,
the advantages of employing the lumped network,
such as occupation of less GaAs wafer, broader
bandwidth capability, and so on, will be undistin-
ctive. In reverse, the distributed network appears
to be superior to the lumped one m many a.sperts.
For example, transmission lines have less paracitic
reactance and their characteristic impedances can
be realized easily and exactly,

The modern design of microwave TEN distributed
networks is based uPon a complex Plane transforma-
tion introduced by Richards in 1948[t01, He

showed that by a suitable frequency transformation,
distributed networks, which are composed of commen-
surate lengths of transmission line and lumped
resistors, could be treated in analysis or synthe-
sis as lumped Iossless networks(abbreviated as
LLLN). Laterly, lots of authors were stimulated by
hw article and great achievements were obtained.
As for the synthesis of distributed Iossy network,
to our knowledge, few of published papers dealt
with it. The reason why people didn’t concern with
the 10SSeS in the synthesis and/or design of the
distributed network, is that i) for a great number
of practical problems, these losses are too small
in comparison with the losses affected by others
such as discontinuity, But for MMIC’S, losses m
transmission lines are not negligible; ii) the
Richards’ correspondence is limited to the Iossless
case [101, even though it is very useful for
the synthesis of Iossless commensurate line net-
work. By now, people have not found a simple and
effective method to obtain the parameters of the
distributed 10SSY network,

In order to consider the losses of the transmi-
ssion lines in the synthesis of a distributed
networks, the authors introduce a new and useful
theorem which extends the technique described in
[1] to even wide fields and can obtain the parame-
ters of a corresponding Iossy commensurate line
network(simply called LYCLN) from those of a
supposed LLLN, It will be seen clearly in compari-
son with the result shown in [2] that the new
method is practically applicable, considerably
simplified, and can yield any complex models of the
commensurate lines with arbitrary frequency depen-
dent losses. Furthermore, a computer-aided method
is presented to show the detailed synthesis steps
of a broad-band monolithic microwave integrated FET
amplifier with LYCLNS as matching networks.

U.TRANSFORMATIONOF THE LOSSY
COMMENSURATELINE NETWORK

Richards [1OI, in his famous paper,
used the following transformation

exP[y(s)T1-exP[-Y (s)TI
k,tanh[~(S)T]=

e!XP[Y(S)T]+eXP[-Y(5)T]

first

(1)
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to synthesize a lossless commensurate hne network,
where Y(S)=S is the propagation constant and
T the delay (T. L/cvP, L is the f~xed line
length, cvp=3/toff mm/see the velocity of
propagation on the line) of all the transmission
line elements. BY this correspondence, a complex
angular frequency m s plane can be mapped into
A plane and many theorems for LLLNs can be
“translated” into theorems about the Iossless
commensurate line networks. Thereafter, Richards’
transformation became a theoretical basis for
almost all of the published papers about the
distributed network synthesis, and the relevant
theorems were used to treat the Iossless commensu-
rate Ime netwot%s. However, a general method has
not yet been found by now for the synthesis of
LYCLN with all lines having frequency dependent
propagation constants and characteristic impedan-
ces.

In general, the propagation constant and chara-
cteristic impedance of a Iossy transmmsion line
are of frequency dependent funct{on and can be
written as

y (S) =/( S+dL) (s+dc) (2a)

Zo (s) .zo@ (s) (2b)

and

d (S) =/( S+dL) / (s+dc) (3a)

zot.#7z- (3b)

where dL=r/1 and dC=g/c; r, 1, g, and c are
the series resistance, series inductance, shunt
conductance, and shunt capacitance, all Per unit
length, for a given line. From (2b] and (3), it can
be found that the characteristic impedance Zo(s)
may be dwided Into two parts, one is ‘the frequency
dependent function d(s), and the other is the
real positive multiplicative constant Zotfi If
the lossy transmission line reduces to a correspon-
ding lossless one, d(s) will be ,equal to 1 and
Zo(s) to Zot, wh{ch is usually called characte-
ristic impedance of the !ossless transmission hne.

in (4), we have

z~h(s)=zo#t (6a)

Zop(s) ❑ZOOPZ2 (6b)

Thus, m terms of the transformation introduced m
[1], the LYCLN can be transformed to a correspon-
ding LLLN, or Richards’ transformation can be used
to correspond the short and open circuited stubs to
inductors and capacitors respectively if the stubs
are lossless,

But a LYCLN without a finite 10SSY transmission
line, which is usually incorporated as distri-
buted IC?SSY unft element(DLYUE), will be practi-
cally useless. However, unlike a finite lossless
transmission line, the DLYUE can’t be transformed
by Richards’ correspondence. Furthermore, it is
uncertain whether the DLYUE can be transformed as
the open and short circuited Iossy stubs or not, In
ordw to XIlue thts problem, the transformation in
[1] is revised and a new theorem given below is
proposed, which can be employed to transform the
DLYUE to a corresponding lumped Iosstess unit
element(LLLUE).

Theorem: If each element of any basic unit (BU)
or of its equivalent clrcult produces an individual
impedance equaling to the product of Z2 and a
function of zj/z2, where Zf and Z2
are any physically realizable Impedances, then the
impedance matrix of any Iossy or lossless network N

constructed by these BUS, if it exists, can be
transformed to the impedance matrix of a correspon-
ding lossless network M, (The proof is omitted)

2(k)=~j=F0%/A

z(s)=~22=Z2F (Z@2)

(7a)

(?b)

Where F(x) is a matrix function of x, ~(k)
and Z(s) are impedance matrices of M and N with
,4 and s being their complex angular frequencies
and being related by

A=fit (s)22(s} (8)

Now assume that all elements constructed by It can be Verlfled easily that (8) maPs both
Iossy transmission hnes have the same y(s) and right-half of the s and i planes to each other,
d(s), then the Impedances of short and open Certainly, this mapping is not one-to-one, but the
circuited 10S.SY stubs will have expressions as
below:

multiple-valuedness of the inverse corresponds
merely to the periodlcity of Z(s) by (7b).

zsh (S) =Zoahd (S) tanh [y (s) T] (4a)

ZOp(s) =ZOOpd(s)/t anh [Y (s) T] (4b)

where zo3~ and Zoop are sim{lar to zo~,
and zo~~d(s) and Zoopd(s) are fre-
quency dependent characteristic impedances of the
short and open circuited 10SSY stubs.

If a LYCLN only contains short and open cir-
cuited Iossy stubs, then by substituting

Zi =d(s) tanh[y (s)T] (5a)

Zp=d (s) /tanh [y (s) T] (5b)

It should be emphasize that although this
theorem is based upon the theorem in [1] and has
similar form of transformation as that of the
corollary i in [1], the condWons between them are
different, The former extends the orlgmal condi-
tion of the later to even wide case. That is to
say, it only needs each element in the impedance
matrix or in the equivalent circuit of a BU has the
form of z2f(z#z2h where f(x) is a
function of x, Of course, this form can reduce to
Zf or Z2. Therefore, this theorem is espe-

cially suitable to those elements which could not
simply be represented by the impedance which is
proportional to Zi or Z2. The advantage of
the theorem can be seen clearly by the following
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illustrated.

Example; A DLYUE with delay T (shown in
Fig.1) can be considered as a BU, then R can be
found by substituting (5) in the elements of the
equivalent circuit of the DLYUE that the condition
of the theorem is satisfied, i.e.,

Zotd (s)
z~= =Zotzz (9a.)

tanh [y (s) ‘r]

Zotd (s)
Z2= =zotz~mj.

sinh[y(s)T]
(9b)

Here, Zot, d(s) and y(s) ,are given as
(2) and (3). For convenience of the transformation,
the impedance matrix of the DL.YUE,

(lo)

is used. Thus, with the help of the transformation
(7), the impeaance matrix of a corresponding LLLUE
can be obtained,

-m---here k- 1 Z2-tanh[y(s)T] .

It is known that the scattering parameters is
very suitable for describing a transmission hne
and their concepts are very clear. Therefore, by
means of the following transformation,

where S(s) is the scatter~g matrix of any lossy or
lossless network N, S(A) is the scattering
matrix of a corresponding lossless network M, and I
is the identity matrix, the familiar scattering
matrix of the LLLUE can be achieved as

o m/( i+A)
?iO)=

m/(l+A) o
(13)

Since a LYCLN is usually constructed by the
DLYUE, open and short circuited Iossy stubs, accor-
ding to above desci’vption, we arrive at an impor-
tant conclusion that if all elements of the LYCLN
have common propagation constant y(s) and their
characteristic impedances proportional to the
frequency dependent function .3(s), the LYCLN
can be transformed to a correspondttg LLLN.

Ill. APPLICATION OF THE TRANSFORMATIONTHEORY

In order to clearly demonstrate the synthesis
procedure of the LYCLN and its application in
MMIC’S, a detailed synthesis steps of a broad-band
monolithic microwave integrated FET amplifier is

Step 1: The LLLNs, which can be realized by
ideal transformers, LLLUES, Iossless inductors and
capacitors, are used as matching networks and are
supposed to have the following forms of scattering
parameters

h(k) h1+h2A+h3A2+, , ,+h13+1An
&ff,v(A):—z (14a)

g(A) 9ftg2A+93A2+. ..+gn+lAn

(+/-) f(,4) (+/-)),k(l+).2)m/2
a12,v0)=&21,v(A)= =

g(A) 9(X)
(t4b)

;22,V(A)=(-1) ‘+lh(-A)/g(A). (t 4C)
(V=1,2, ..,,NM)

Here NM is the number of the matching network%
h(A) and g(A) ar~ numerator and denominator
polynomials of ef~,vo.) and have the same
$egree n; the numerator polynomial f(i) of
e12,v(~) has degree m+k<n, where m anti K
represent the numbers of LLLUES and hlghpass
elements respectively. Therefore, the number of
lowpass elements are determined by n-(m+k). It
should be pointed out that the delay T in our
technique is used as a var!able for obtaining even
better performances,

Step 2; dL and dc of the DLYUES and
10SSY stubs are assumed to be fo~~ ~/H and
~D8 $2-~/F respectively, ~y substituting
(2a) and (3a) in (5), Zt and Z2 in (i2) can
be calculated, Therefore, the Iossless scattering
parameters in (t4) can be transformed by (12) to
the corresponding lossy ones elJ, v(S)(i, j=l,2).

Step 3: The numerically specified scattering
Parameters of a HP lwm MESFET are used[21
across an octave band 7-14GHz. Zg and Z\,
the” source and load Impedances of the amplifier,
are specified. For this example, zg=zl=50
Cl The expression for the transducer power gain
(TPG) of a IOSSY match amplifler[tl IS etWPIOYed
m the opttmlzation. In consideration of the losses
resulted by the Iossy matching elements and the
minimum ilateral conjugate ga[n at 14GHZ,
To(w), the flat gain level, is specified to
be 7.5dB over the octave band.

step 4: After optimization, &ll,v, the
input reflection factor of the supposed LLLN, wh!ch
corresponds to a LYCLN, is obtained. The LLLN can be
achieved by r~ahzing them corresponding input impe-
dance (?+etlJv)/(l-eif,v). Afterwards,
the topology of the LYCLN can be eas!ly obtained by
substituting 10SSY commensurate transmission lines,
open and short circuited lossY stubs for the corre-
sponding LLLUES, 10S5Y capacitors and inductors
respectively. For this example, the supposed LLLNs
for input and output matches are comPutered as

-0,4712A-0.7i56A2+0, 7698h3
~ii,i(A)=

T+2.6978A+2.5281 A2+Cl,76!3gA3
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1.9853A+0.9648A2+0, 7026A3
&ll,~(A)=

i+3,1131A+l,875A2+0, 7026A3

where Tin and rout! the delays of
the lines in the input and output matching networks
are different and both networks have the same num-
bers of the matching elements and transmission
Imes, Their topologies can be synthesized as shown
in Fig.2.

Discussion: The method described in this paper
extends the real frequency technique in [5,6] to
the IOSSY case and is traightforward in comparison
with the technique presented in [2]. It can handle
Iossy commensurate lines and stubs with arbitrary
frequency dependent propagation constants and
characteristic Impedances and has all of the advan-
tages that the real frequency technique may have.
Moreoyer, from the gain performances shown in
Fig.3, it can be seen that i) the optimized lossY
gain IS about 0.5 dB on the average lower than the
gam calculated by taking the 10SSY elements out or
equivalently letmg dL and dc be equal to
zero. In practice, the IOSSY parameters, dL and
dc, may vary in a wide range, so that k is
worthy to take the losses of the elements into
consideration in network synthesm ii) the ripple
of toe lossless gain is only half of that of the
initial response in [2].
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n=zi!zZC@(s), Y(s)

Fi9. 1 The equivalent circuit of a DLYUE

zot,~a(s) Zot,sd(s) Zot,46(s) Zot,66(s)

Fig,2 7-14GHz range zxnplifier circuit Zot,1=44.374Q
Zoop,~=38.596 Q, Zot,3=66.956 Q, ‘zo~.,4=f70.236 ~1

~OoP,5=205.2 Q, Zot 6z84.686 Q, Tn=2.677_, Tout=
4.09f2 mn, ci(s)=r?s+fo%/’(s+fo*)l ‘/2, y(s)=[(s+
10%(s+10%11/2

6

t

. . . . . ..r-7.173 +/-0.916 dO ””’.
Losny C~SO with

4 all-i. E+iO and dc=i. E+e

N_ — +IT.E.6i+/-l..56 dB

z INITIAL REsPONSE In [2]

Fig.3 The frequency response of the amplifier
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