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ABSTRACT

in this paper, a8 useful theorem which ex-
tends the technique introduced in [1) to even
wide fields is proposed for transformation
between distributed lossy and lumped lossless
networks., A computer-sided apptroach is deve-
loped to the synthesis of lossy commensurate
line 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 with the example in
[é}].

. INTRODUCTION

It is well-kKnown that MMIC’s are having wide
applications in radar, spaceflight, satellite and
military communications, etc. Matching network is
one of the mportant parts in MMIC's and is usually
constructed by lumped and distributed elements,
These matching elements, which are fabricated on
GaAs semi-insulating substracts, have losses much
more than those of matching elements developed in
conventional hybrid integrated circuits, so that
the presently efficient techniquesi2-91 for
synthesizing lumped and distributed lossiess mat-
ching networks are not suitable for the lossy mat-
ching networks., In accordance with this problem,
the authors in [1) introduced a theorem for tran-
sformation between lumped lossy or iossless network
and lossless one, and developed a new computer-
aided techmique 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 indistin-
ctive. In reverse, the distributed network appears
10 be superior 10 the lumped one i many aspertis.
For example, transmission lines have less paracitic
reactances and their characteristic impedances can
be realized easily and exactly.

The modern design of microwave TEM distributed

networks is based upon a complex plane transforma-
tion introduced by Richards in 19480101, e
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showed that by a suitable freguency 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 lossless networks(abbreviated as
LLLN). Laterly, lots of authors were stimulated by
his article and great achievements were obtained,
As for the synthesis of distributed lossy network,
to our Knowledge, few of published papers deait
with it. The reason why people didn’t concern with
the 1osses 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 in
transmission lines are not negligible; i) the
Richards' correspondence is limited to the lossless
case even though it is very useful for
the synthesis of lossless commensurate line net-
work, By now, people have not found a simple and
effective method to obtain the parameters of the
distributed lossy 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 lossy commensurate line
network(simplty 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 vyield 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
amplitier with LYCLNs as matching networks.

I. TRANSFORMATION OF THE LOSSY
COMMENSURATE LINE NETWORK

Richards ['0), in nis famous paper, first

used the following transformation

exply (s)T]-expl-y(s)7] 1)

Aztanhy(s)T)=
exply(s)T)+expl-y(s)T]
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10 synthesize a lossless commensurate hne network,
where vy(s)=s is the propagation constant and
T the delay(r=L/cvp, L is the fixed line
length, cyp=3/101" mm/sec the velocity of
propagation on the line) of all the transmission
line elements. By this correspondence, a complex
angular frequency in s plane can be mapped into
A plane and many theorems for LLLNsS can be
*"translated" into theorems about the lossless
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 lossless commensu-
rate Ine networks. However, a general method has
not vyet 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 lossy transmission line
are of frequency dependent function and can be
written as

y{s)z/(s+d ) (5+dz) {2a)
20 (8)=Z01J(8) (2b)

and

d(s) =/ (s+d )/ (s+dz) (3a)
Zoyz/1/¢ (3b)

where d;=r/t and dp=g/¢; r, I, g, and ¢ 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 divided into two parts, one is the frequency
dependent function J(s), and the other is the
real positive multiplicative constant Zoyg. 14
the lossy transmission line reduces to a correspon-
ding lossless one, J(s) will be equal to 1 and
Zo(s) to <Zog, which is usually called characte-
ristic impedance of the lossless transmission hne.

Now assume that all elements constructed by
lossy transmission hnes have the same y(s) and
4(s), then the mpedances of short and open
circuited lossy stubs will have expressions as

below:

Zghq(8) =Zogpd (s) tanh[y(s) T) (4a)
Zap(8) =Z0ogpd (s)/tanhly (8)T) (4b)
where Zogn and Zogp are simlar to  Zog,

and Zogpd(s) and Zogpd(s) are fre-
quency dependent characteristic impedances of the
short and open circuited lossy stubs.

¥ a LYCLN only contains short and open cir-
cuited lossy stubs, then by substituting

Zy=3(s) tanh[y (s)T] (5a)

Zp=d(s) /tanh[y (s} 1) (5b)
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in (4), we have
Zgn (8) =Zogniy (63)

Zop(8) =Z00pZ2 (6b)

Thus, n terms of the transformation introduced it
[13, the LYCLN c¢an be transformed 10 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 lossy transmission
line, which is wusually incorperated as distri-
buted lossy unit element(DLYUE), will be practi-
cally useless. However, unhke 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 lossy stubs or not. In
order to solve thus 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 /umped lossless unit
element(LLLUE).

Theorem: I¥ each element of any basic unit (BU)
or of its equivalent circuit produces an individual
impedance equaling to the product of Zp and a
function of Zy/Zp, where Zy and Za
are any physically realzable impedances, then the
impedance matrix of any lossy 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)

200 =2//Z1Za=F 08) /1 (7a)
Z(s) :/Q_ZEﬁ:ZEF (ZQ/ZE) {7b)

where F(x) is a matrix function of ¥, ﬁ(A)
and Z(s) are impedance matrices of M and N wth
A and s being their complex angular frequencies
and being related by

Az/Z4(8)/Z2(S) (8)

It can be verified easily that (8) maps both
right-half of the s and A planes to each other.
Certainly, this mapping i5 not one-to-one, but the
multiple-valuedness of the inverse corresponds
merely to the periodicity of Z({s) by (7b).

It should be emphasize that although this
theorem is based upon the theorem in [1] and has
smilar form of transformation as that of the
corollary 1 in [1}, the conditions between them are
dif ferent. The former extends the original 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 Zpf(Z24/Zp), where f(x) is a
function of % Of course, this form can reduce to
Zy or Zg. Therefore, this theorem is espe-

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



example,

Example; A DLYUE with delay T (shown in
Fig.l) can be considered as a BU, then it 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.,

Zo¢d(s)
Zyzemmem——————=70¢Zp (93}
tanhiy(s)T]

Z013(s)

2ps———————=Z0¢2Zp/1- (Z1/Z3) - (9b)

sinh{y(s)T)

Here, Zo¢, d(s) and y(s) .are given as
(2) and (3). For convenience of the transformation,
the impedance matrix of the DLYUE,

Z4q Zqp| |Z9+2Zp Zp
Z= = (10)
Zpq Zpp| | Zp  Z4tZp

is used, Thus, with the help of the transformation
(7T}, the impedance matrix of & corresponding LLLUE

can be obtained,

Zyy 242 yA 1 Zoy  Zoy//t-)
for Yoo| JTiZE N 2ot /\0E Zoy
here x:,/ZV?E:tanh Iy(s)r).

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,

S§00=10+8) /) Za(1-8) 11 (148) /232 (1-8) 171 (12a)
s(s)={/Z1 2z (1+8)--8) 1/Z;Zz 1+8)+ 1-8) 171 (12w

where S(s) is the scattering matrix of any lossy or
lossless network N, S{A) is the sc¢cattering
matrix of a corresponding lossless network M, and |
is the identity matrix, the familiar scattering
matrix of the LLLUE can be achieved as

0 S1-38/1140)
BTSS! 0

Since a LYCLN is usually constructed by the
DLYUE, open and short circuited lossy stubs, accor-
ding to above description, we artive 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 J3(s), the LYCLN
can be transformed to a corresponding LLLN.

Z=

un

JVE (13)

W, APPLICATION OF THE TRANSFORMATION THEORY

in order to clearly demonstrate the synthesis
procedure of the LYCLN and its application in
MMIC’s, a8 detailed synthesis steps of a broad-band
monolithic microwave integrated FET amplifier s
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iltlustrated.

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

. n(A) hy+hoh+hza2e, ., +hp g Al
ey, yv(M)= = (14a)
G(A)  gq1tuph+g3AB+. .. tgnyq D

. . (+/-)F0) (/- (aE)m/E
812,y =8zy,y )= =
o) 9
~ (14b)
€2,y M=K n-2 7500, (14¢)
{(v=1,2,...,NM)

Here NM is the number of the matching networks;
h(x) and g(\) are numerator and denominator
polynomials  of eqy(A) and have the same
degree n; the numerator polynomial f() of
ez v(A) has degree mtk<n, where m and K
represent the numbers of LLLUEs and highpass
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 variable for obtaining even
better performances, ’

Step @ dp and dg of the DLYUEs and
lossy stubs are assumed to be 100 Q/H and
108 o 1/F  respectively. By substituting
(2a) and (3a3) in (5), Zy and Zp in (12) can
be calculated, Therefore, the lossless scattering
parameters in (14) can be transformaed by (12) to
the corresponding lossy ones e;J'V(s)(i,J:La).

Step 3: The numerically specified scattering
parameters of a HP iwm MESFET are usedlZ]
across an octave band T7-14GHz. Zg4 and Zy,
the " source and load impedances of the amplifier,
are specified, For this example, Zg=Z=50
Q. The expression for the transducer power gain
(TPG)} of a lossy match amplifierl’ 5 emploved
in the optimization. In consideration of the losses
resulted by the lossy matching elements and the
minimum  ilateral conjugate gamn at 14GHz,
Tolw), the flat gain level, is specified to
be 7.5dB over the octave band.

Step 4: After optimization, &yy, the
input reflection factor of the supposed LLLN, which
correponds to a LYCLN, is obtained. The LLLN can be
achieved by realzing the corresponding input impe-
dance (1+e4q, v}/ 01-244 ¢, Afterwards,
the topology of the LYCLN can be easily obtained by
substituting lossy commensurate transmssion lines,
open and short circuited lossy stubs for the corre-
sponding LLLUESs, lossy capacitors and inductors
respectively. For this example, the supposed LLLNs
for input and output matches are computered as

-0.4712A-0, T156A2+Q, 7698A3

41,1 N)=
142.69781+2. 52811840, 769813



1,9853040. 9648A2+0, TOPEA3

143, 1131241, 8750240, 70263

where Tin and  Tgyt, 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
wnes, Their topologies can be synthesized as shown
in Fig.2.

Discussion: The method described in this paper
extends the real frequency technique in [56] to
the lossy case and is traightforward in comparison
with the technique presented in [2). It can handle
lossy commensurate lnes 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.
Moreover, from the gain performances shown in
Fig.3, it can be seen that i) the optimized lossy
gan 15 about 0.5 dB on the average lower than the
gain calculated by taking the lossy elements out or
equivalently leting dp and dg be equal to
zero. In practice, the lossy parameters, d_ and
dg, may vary in a wide range, so that it is
worthy to take the losses of the elements into
consideration in network synthesis. i) the ripple
of the lossless gain is only half of that of the
nitial. response in [2).
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Fig. 1 The equivalent circuit of a8 DLYUE

Zoy, 18(s) Zoy,35(s) Zoy, 46(s) Zoy,pd(s)

Zg=500
[ Zoop’ 23(s) Zoop, 53 (S) L
[ ———— fe——
Eg Zy=50Q

Fig.2 7-14GHz range amplifier circuit Zog y=44.374Q
. Z0gp,2=38.596 Q, Zoy,3=66.956 Q, Zoy 4=170.236 Q,
ZOQP,5:EO5.8 Q, Zot’5=84.685 Q, Tén:E.6772ﬂm, Tout=
4.0912 mm,  &(s)=[{5+1019) /(s+108)11/8, vy (s)=[(s+
1010y (s5+108)11/2

T a8
12
— — T=7.6088 +/-0.775 uB
1w — -* Lossless case with
™ w. _ di=0 end de=0
PR it S el et
R R Tl
s+ 0 ... T=7.473 +/-0.946 B8 -
Lossy case with
a4 4 dl=4_E+10 and dc=4.E+8
¥~ ~ -4T=8.61+/-1,56 dB
e 4 INITIAL RESPONSE in {2}
o
7 8 ) 10 11 12 13 14

Frequency GHz

Fig.3 The freguency response of the amplifier



