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1. INTRODUCTION

Recent developments in the theory and techniques
of monolithic microwave integrated circultsMMIC's)
activated research and development efforts in both
commercial and milvtary communication avstems and
renewed interests 1n matching problems. However,
conventional approaches 1o synthesizing and/or
designing logsless matching networks become
unsulted for MMIC'z, for the losses of the matching
eclemernits fabmcated on GaAs seml-insulating sub-
strates are too large to be neglected, To zolve
thig problem, a new technigue ({called lossy
tranasformation technigue) has been developed, which
can be employed to effectively and exactly synthe-
21ze and/or design 1umzpt=d and distributed losay
matching networkst! with the elementg, of
which they are compoged, naving arbitrary frequen-
cy-dependent lozzes. But, no general theory has
been found t11l now for handling a MLD lossy net-~
work, which hasz many outstanding merits in practi-
cal MMIC’s, such as occupation of less chip area,
convenlience for integration, and so on. Only cer-
tain analytical methods for synthesizing HLD
logsless geaworks were discussed by zeveral
authors! on the basis of multivariable
positive real function theory and classical appro-
ximation methods, Since their approaches were guite
complicated and only certaln aimple generator and
load terminations could be treated, 1t was almost

" impossible to meet the needs of the more demanding
and complicated matching problema. To author’s
knowledge, few papers dealt with the problem of
synthezis of MLD lossy broadband matching networks,
except for the paper written by Riederert®] in
which only fregquency-independent loszsy elements
were considered. Since the aynthegis procedure
rﬂ in ma napér was baged un the Known
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difficulty 1in efficient design of bvractically
applicable MLD lozsy networks and has limited
applicability o the modern broadband matching
problems,

In this paper, a general logsy transformation
technigque, which will be 2imply called LTT thereaf-
ter, 18 proposed, with which the MLD lossy networks
can be exactly and efficlently synthegized, Since
arbitrary frequency-dependent losges can be in-
cluded 1n the modelg of the elementsg, of which the
MLD lozsy networks are composed, then the theoreti-
¢al performances of the MLD logay networKs are
congsiderably cloze to measured ones. Finally, to
exhibit the outstanding advantages of the new tec-
hniques presented in this paper, a monolithic
microwave integrated broadband FET amplifier 18
designed with MLD lossgy circuitz as matching
networks, We will see that the design procedure,
which m e% good usze of real f{fredquency
technigque 9.1 3 18 remarkably simplified and
VEry suitable for engineering applications. It ¢an
be expected that the new technigque introduced here
may have even wider applicationg i1n the related
fields of modern circuits and systems,

I, GENERAL LOSSY TRANSFORMATION TECHNIGUE

Before presenting two new theorems and a corolla-
ry, which will indicate what Kind of networks can
be transformed to 1ts corresponding lumped lossless
reference network, a definition 18 given first for
convenient descriptions thereafter,

Definition: Any logsy or losgless 2-port network,
1f 1t i3 paszsive, reciprocal and symmetric, will be
denoted as a building hklecK(BB)

Theorem & The transfer matrix of any BB can be
expreased ag

T= =

Ayq(3) Agp(8) 1 [ 1zl ;:’
Aoy (51 App{e) | fi-zi 681 72 st [/7pts) L 4

where A;, (1,3:12) are the matrix elements
and the functions of complex frequency variable s
Z¢ and Zp are the short- and open-circulted
nput impedances of the BB(The proof 1s omitted)

It ¢an be geen from the theorem { that a BB may
he totally determined by i3 short- and/or open-
circuited input impedances, Moreover, the impedance
matrix, Z of the BB can be calculated from the
corresponding transfer matrix T of (1), via
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where Ap 1s the determinant of the T. Since
zy and Zp can always be expressed as

Z1=2p, +Z4 (3a)

Zp=7g, tZ2 (30)
with Zy and Zp being the fregquency-depen-
dent parts of zy and 2zp, respectively, and
Zgt, the commen real positive multiplicative
constant of 74y and Zp, then_vwe can easily
find 1n terms of the Fheorem(® that all ihe
impedance matrix elements satisfy the condition of
the theorem, which is re-written here for convenie-
nce of the following explanation:

"If each element of a basic unit or of its equiva-
lent circuit produces an individual impedance equal
to the product of Zp and a rational function of
Z4/Zo, except for a possible branch point
ait aZi/Zgii, where Zy and Zp are any

physically realizable impedances,.."

Aczording to 2y and (3L 1t 12 found that a BE
can be looKed az a basic unit. Thus, the Z of the
EB 1n the & domain. 1f 1t exists (2. Z; and
Zp are neither constant zero nor infinite aum-
ber), can be transgformed to the 1mpedance matrix,
of a corresponding "lumped” loasless reference
unit eiement(UE), 1.8,

yA Zo,t | ¢ 2
1-22

[\

= = (4)
,./'Zizg A 1
with
A fZy /2o (&)
being the function of Zi and ZE and bbeing

looked as a new complex frequency variable, Here,
Zo 4 can be defined as the characteristic impe-
dahice of the reference UE 1n the % domain,

The theorem { implies that the condition of the
theoreml2] 1z always satisfied by a lossy or
iossiess Z-port network which 1g passive, Tecipro-
cal, and symmetric, and any BB can be transformed
to a corresponding reference UE, and vice versa.
Hence, a very useful corollary can be given as
below:

Corollary: Trts condition of the lossy transforma-
tion theoremld] is satisfied by all of the BBs
and the transformation will always exist between
the BBs and their corresponding "lumped" lozsless
reference UE.,

In terms of this corellary, an important theorem
can be achleved by extending the theorem 2l to
even general case!

Theorem 2. any network N, i1f composed of the
bagic units which are the BBs of the same type and
the BBe of this type short- and open-circulted at
output port, can be iransformed 1o a copresponding
lumped lossless reference network N in the )
domain with the basic units i1n N corresponding to
"umped" lossless reference UEs, lossless reference
inductors and capacitors, respectively.

1356

To clearly exhibit the Theorem 2, consider a
typical BB displayed in Figi{a), in which a length
of transmission line with line length 1 is shunted
by the same admittance Y(s) at both ends. The
transfer matrix of the BB can be written as

T= [1-u(s) 21 -1/2%
{?+Y(S)Zo(s)u(s) Zo(8)1L(8) ]

2T () +{1+[Y ()20 (8)1210(8) /Zg(8)  1+Y(8)Zg(s)u(s)
(6)

with

pie)-tarhly ()11, (7}

Since the line considered here has arbitrary fre-
Jquency-dependent losses, then its characteristic
impedance and propagation constant wiltl }:)e frequen-
cy-dependent, and can be given asl?

Zoy=Zg, 19 (8) (8a)
Y=8oYo(8) {8h)
with

8(8) 3/ 0w+t /Gy 1)/ D +1 /Gy ) (9a)
Yo (81 3/ (ont1/Q4 ) (Jun+1/Q ) (9b)

in which Zpy4 is the static characteristic
impedance of the line when the losses of the line
decrease to 0; 0@/ Cyps the
real positive multiplicative 'constant of the fre-
quency-dependent part, vys, of the v
Cyp, the velocity of propagation on the lins;
G+1 and Gte, the dguality factoras of the
conductor and dielectric of the line at measured
angular frequency Wy and Wp:
W/Wy, the normalized angular ITregquency.

In general, Y(3), the shunt admittance at either
end of the line, may be any physaically realizable
poaitive real function, However, for the case now
concerned in MMIC's, 11 may be the admittance of
any inductor or capacitor with arbitrary freguency-
dependent losses. For a lossy nﬁuctc:r- or capaci-
tor, Yi8) may be written asil

Yis)= 1/ Y, (8) {10a)
or

Y (8)=CYa(s) 110b)
with

YLEIU {5+ () UE/QIJ {iia)
arl

Yom 1/ [1/5+Qgin /2 /gt 1/ (Qg) ) (11b)

regpectively, Where L and © are the inductance and
cvapacitance; Qp and @y are the conducter
logges of the inductor and the capacitor, and
Qq, the dielectric loss of the capacitor, res-
pectively, all at measured angular frequency
Wy, One c¢an easlly verify 1n _gccordance
with the conditlon of the theoremlZ] that the
BB can be transformed to 1ts cgrresponding referen-
ce UE as shown 1in Figl(a) with Zp¢ being
the characteristic impedance of the UE, It should
be 1ndicated that zy and 2z, the short- and
open-circuited input impedances of the BB, as de-
fined in the theorem 1, can be represented as

Zo(S)(s) 7012 (12a)
AR = a
t 14Y(8) Zg (S)1L(3)  tH

Zo(8) [14Y($)Zg(8)1(8)]
Zp=

BY(8)Zg(8) +{1+[Y (5)Z(8) 123 (s

):zo, +Zo. (12D)



in vhich 7y and Zp are given as

3

y AR — (13a)
14,740

1+eYidn

Zp= (13b)
2€iY;6+{1+[€; 71618 1L or C

with

g, +/L {14a)

€c=1g, 1€ (14D)

being the design parameters and constrained to be
the same for all the BBg of the same type, and
¥y, or Yc being the frequency-dependent
parts of the Y{8), as given in (iia) and (iih),
respectively. Also, with the help of (13), the new
frequency variable s defined in (5) can be
expressed in an explicitly form as

Ao L1+ (UE-1) / (1+€, Y1800 E]. (15)

It differs from the expression of WwE) in (7),
but will reduce to this expression 1f the BB is
composed of only a length of lossy transmission
line, 1e, the admittances ghunted at both ends of
the line in the BB are deleted. The attentlon, to
which one should pay, is that when the BBs of the
same type are emploved ags the basic units of the
network N, Zg+’s, which will be used as design
parameters, may be different from each other for
different lines in the BBs. But, in order to make
the netvggf'x N to satisfy the condition of the
thecorem!c), the Zy in all the BBg should be
forced teo be the same, so 1s the Zp. To do so
€r,’s or €c’s in the Zyq and
Zp should be 1identical. Thus, the network N
compoged of all the BBs can be transformed a corre-
sponding lumped lossless network N with each
basic unit in ¥ as shown in Figl{g) corresponding
t0 a reference UE gshown in Figi{a), on the other
hand, the short- and open-circuited input impedan-
ces of the BBs can also be written 1n the similar
forms as (3a) and (3b), respectively,

Zgn*Zo, sn’y (16a)
ZopZ0, opl2 (16)
here, ZO a and ZO,O are the real positive

multiplifdtive conitants of 2y and Zp,
respectively. They will also be used as the design
parameters as Zgy and may be different from

each other for different shorit-circuited BBs or for
different open-circuited BBs. Of course, the BBs
mentioned here should be of the same type, Thus,
the short- and open- circulted BBs can also be
empioyed as the basic units of %e network N, Since
the condition of the theormic! can be satisfied
by the network N which are constructed by these
basic units, then the network N can as well be
transformed to a corresponding lumped logsless
reference network N in the A domain with the
short- and open-circuited BBs shown in Figi(b) and
(¢) corresponding to thelr lossless reference indu-
ctors and capacitors, respectively, as shown in
Fig.i{b) and (c), as long as the er’s
or €g’s in the short- and open-circuited
BBs are forced to be the same as those in the BBs.
For other commonly used BBs, their topologles and
expressions for zy and z, as defined 1in (1)
are omitted due to jthe limited pages. It will be
seen 1n next Section how the LTT described above 18

1357

applied to achleving the scattering matrix of the
lossy network N from that of a supposed lumped
lossless reference network N,

IIL, DESIGN EXAMFPLE

In_this section. an example is presented to show
the application of the LTT to the synthesis and/or
design of a single stage monolithic microwave 1nte-
grated broadband FET amplifier with MLD losay cir-
cults as input and output matching networks, Ve
firat supply an interactive computer program which
13 developed 1n terms of the technigque described
above with both generator and load data, (1.e,
Z@=71,250Q), and measured FET scattering
rarameters, which are identical to those given in
[11] over an octave passband 4-8GHZ, Then the BB
constructed by a line shunted with the same capaci-
tors at both ends, and its short- and open-cir-
culted structures, are employed as the basic units
of our MLD input and output matching networks,
Since the losses of the line and capaciters in the
BB are considered in the synthesis of the MLD losay
matching networkKs, then Q4 and Q. Which
represent the conductor and 31e1ectmc ?osses of
the lineg as given in (9) are specified to be 80
and {20, respectively, at measured frequency
frn=8GHZ, Therefore, after the line length 1,
w%ich iz employed as a variable in our optimiza-
tion, 18 initialized as Ap/16, where
Am 1s the wavelengih at 15 times the high-
frequency limit of the passhand. the & and
U in (i4) will be determined in terms of (7},
{8b), and (9), at certain real freguency . As
for the conductor and dielectric losses of the
capacitors, which are expresged by the quality
factors, Qp and Qg, are sgpecified to be 100
and 50, respectively. Hence, Yo 1n (14) can
also be calculated by means of (b} within the
passhand. In consideration of the X which
should be still valuable in lossless case (iLe,
when @4; and Qe become infinite, the &
should be imaginary), the GC of (14h) em-
ploved also ag a variable in the optimization, 18
chosen as 1QpF in our example, Since 4,
#, Yg, and ¢ in {13) have Dbeen
achieved, Zy and QZE which will be looked as
the functions of w and optimizing variables 1
and €¢, can then be computed. For the sake
of practical simplicity, the scattering parameters,
€y vir) (v=1,2) of supposed lumped
1os§1ess reference network are assumed to have the
following forma:

€14, v:R(N)/8(N) (17a)

810, v=ba1, v= (+/-) (=3B 2/g () (17h)

€op y= (-1)K*In(-N) /g (N) (17¢)
&he

D(A) shy+hph+, . . +hp, g A

18 an arbitrary polynomial with real coefficients
hj(i=1,2,.,n+1} Dbeing optimizing variables
and 1nitlalized as h,=+/-1, and

g(N) =8 +8aM . . +Bpeg A

is a Hurwitz polynomial. If the numbers of high-
pass elements, UEs, and total matching elements,
which correspond to K@30), m@0), and n@gk+m),
respectively, are specified, the g{}) can then



be uniquely determined from the h{}) in terms
of the lossless property of the e The
subscript v, which 15 equal to { or 2, $tands for
the mnput or output matching network. In accordance
with the LTT demonstrated in Section II, 1t 13
evident that the lossy transformation formula of
(1) 1n [1], which hag been successfully applied to
obtaining acattering matrices of I‘H“fed and distri-
buted logsy matching networksth ], ¢an also e
employed to achieve the scattering matrix of MLD
logsy matching network, Therefore, the scattering
matriz, Efg) of the MLD lossy matching network can
be achieved from the corresponding scattering mat-
rix, E{), of a supposed hlmFed loszless
reference matching network, v1§[]
E:= /242 (I4E) - (I-E) ] L/§123(1+E)+(I—E)]’1 (18)
where I 1s the ldentity matrix; Zy and Zp
gre specified by {14) and E composed of the
e,y {4342y of (17). So far, the TPG of
ﬂll%, lossy matched FET amplifier can be computed by
means of the definition and exprezzsions given in
[1] which are applicable to the synthesis and/op
des1gn of both lossy and loszsless marched FET am-
plifiers, and the goal flat gain level Tp,
which 18 specified to be 74B by calculating the
gtable conjugate gain of the FET within the
passhand, will be approached by an optimization
routine, Afiter ¢ptimization. the topologies of the
suppoged lumped losslezz input and output reference
matching networks can be obtained by synthesizing
the unit normalized reflection factors ey
and eq p Because the basic units of the MLﬂ
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Fig4 fa) and (3) A BB contructed by a length of line shunted by the same
admittance at both ends and 1ts corresponding "lumped” lossless reference UE;
(b) and (b) The BB of the same type short-circuited at output port and its
corresponding lossless reference inductor; (¢) and (¢} The BB of the same type
open-circuited at output port and 1ts corresponding lossless reference capacitor
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Zo,2d Zoo,opi FET Zod

ST

C Y. CY. CsY. CsY, CeYe

F1g2 Single stage broadband FET amplifier
T d8

10—

- - T=7.18+/-0.450B
8 Lossless case

e T=6.82+/-0.5708B
Lossy case with
Qc~100, Gd=50,
Bt1=B0 and Qtc=120

4 43 9 58 § 85 7 75 8
Freguency GHz

F1g.3 The frequency response of the amplifier

Table Amplifier parameters

Fig §(a) Fig. 6(v) Fig. 6(a) Fig. 6(b)

Parametor Value Parameter Value Parameter Value Parameter Vaiue
[eA 0 3561pF [+ 0 1769pF €y 1. 106 € 1.106
Zour 61 7810 | Zoy 1244050 | ¢ 0 0504pF | G 0 0504pF
[ 0.3513F | G 0.351%¢F | 2o 75 7880 | Zow 75 7880
Zow 62 6280 | Zo 126,133 |G 0 0504F |G 0 0504pF
Cs 0. 3513pF Cs 0. 1744pF I 1 068mm 1 1 065mm
[ 1.762mm | n 1.762mm ey 0 192 J “r 0 192




