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difficulty In efflclent cieslgn of practlca]iy
applicable ELD 10SSY networks and has Ilmlted
appllcahlllty to the modern broadband matchmg
probIems,

In this paper, a general 10ss]- t.ransformatlon
technique, WhlCh w1ll beslmply called LTT thereaf-
ter, 1s proposed, with which the MLU 10SSYnetwcmks
can he exactIy and efficiently synthesized. Since
arbitrary frequency-dependent losses can be ln-
Cluded In the models of the elements, of which the
MLD Iossy networks are composed, then thetheoretl-
cal performances of the ML.D 10SSY networks are
~onslderably close to measured ones. Finally, to
exhibit the outstanchng advantages of trle new tec-
linlques presented in this paper, a monolithic
microwave integrated iwoacihand FET ampllfler IS
deslgneci with MLI’J 10SSY clrcults as matclimg
networks, We v?lll see that the design procedure,

:zz;lq:~%l good
use of real frequency

.! 1s remarkably slmpllflecl and
very suitable fo; engineering applications. It can
be expe@.ed that the new technique introduced here
may have even wider applications m. the related
fleldx of modern clrcults and systems,

IL GENERALLOSSYTRANSFORMATIONTECHNIQUE

Before presenting two new theorems and a corolla-
ry, which v@l lndlcate what kind of networks can
be transformed to lts corresponding lumped lossless
reference network, a deflnltlon 1s given first for
convenient descriptions thereafter,

Deflnitlon: Any 10SSYor lossless z-port network,
If lt is passive, reciprocal and symmetric, will be
denoted as a hz?lldlng I>IocK(13B),

Theorem fi The transfer matrix of any BB can be
expressed as

where Al ,
i

(1,J=I,2) are the matrix eldrnents
and the fu c!tlons of complex frequency varlahle s;

ZI and Z2 are the short- and open-clrcult@
input impedances of the BB.(The proof 1s omitted)

It can be seen from the theorem t that a BB may
he totally det.ermlned BY its short- and/or open-
circuited input impedances, Moreover, tne lmpeaance
matrix, Z of the BB can be calculated from the
corresponding transfer matrix T of (1), vla
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“a:id’[:&3 “)
where AT M the cietei?mmant of the T, Since
z~ and Z2 can always he exppesswl as

z~=zo, tz~ [3a)

Z2=‘0, ~zz [,3b)

with Z1 and Z2 being the frequency -flepen-
cient parts of zi and z2, respectively, and
ZO t, the common real positive multlpllcatlve
cohstant of Z1 and Z

f’
then ye can easily

find In terms of the heorem[2 that all the
impedance matrix elements sat lsf y the c!onciltlori of
the theorem, which is re-written here for convenie-
nce of the followlng explanation:

“If each element of a basic unit or of its equiva-
lent circuit produces an individual impedance equal
to the product of Z2 and a rational function of
Z /Z , except for a possible branch point
ai %i/Z2zi, where Z~ and Zp are any

physically realizable impedances,,..”

Ac’wrcimg to (21 aIlci (~), It 1s fcluIlci that a BB

~an @ lf:l~)~e~ as a ~aslc ~~nlt. Tnl.i~, t~p Z of t n~
BE In tile s dornaln, if It exl.sts [1.:.. Z1 and
Z> are ]ielther cmnstart ~erc) nor In. fln.lte :ntlm -
@I), can he transformed to t?as mp~dance matrix,
Z (>f a c(jrrespcj]l[iln~ “ll~mped!~ loss]ess reference

(5)
being the function of Z1 and Z2 aria being
looKed as a new complex frequency variable, Here,
ZO t can be defined as the Characterlstlc impe-
dance of the reference LJE m tlie k dclmaln,

The theorem i implies that the condition of the
theorem[21 1.s always satisfied by a I?sxy or
iossiexs’ z-port network which IS ~asslve, Tw!lPro-
cal, and symmetric, and any E33can be transfcmmed
to a corresponding reference I.JE, and vice versa.
Hence, a very useful corollary can be given as
below:

Corollary T~g condition of the lossY t ransf orma-
tion theorem 1 is sa~isfied by all of the BBs
and the transformation will always exist between
the Bi3s and their corresponding “lumped” lossless
r~fepence JJE,

In terms of this corollary, an important t h Orem
fcan be achieved by extending the theorem 21 to

even general case;

Theorem 2: any netWOrK N, If compc]sed of the
basic units which are the BBs of the same type and
the BBs of this type short- and Open-clrcultecl at
output port, can be transformed tc] a corresponding
lumped Iossless reference network N in the A
domain with the basic units in N corresponcilng to
“lumped” Iossless reference UES, lossless reference
Inductors and capacitors, respectively.

To cl~arly exhibit the Theorem 2, consider a
typical BB displayed in Flg.l(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
Tz[i-u(s)2J-l/2x

[

i+Y(S)~(S)LL(S) i!io(S)~l(S)

12Y(sj+i l+[Y(s)z~(s) ]2JLl[s)/zo!s) l+YIS)ZO(S)U(S)
[5)

W1th
L!.(s.)=tanh[y(s) l]. (7)
Since the line considered here has arbitrary fr’e-

quency-dependent losses, then its characteristic
impedance and propagation constant wi~~2pe frequen-
cy-dependent, and can be given ati
‘l-jzo, t$(s) (8a)

y= @ofs)
f

(et))
W1 b

J{,~+i/Qtl)/ (JL~+i/Qtc] (9a)

Yo(s)#(jf.h+i/Qtl) fJ[.%+VQtd (9b)

in w-hlch-- ZO~- is the ‘static characteristic
impedance of the line when the losses of the llne
decrease to o;

‘0’ ‘“m’ ~f~ ‘t:;e$;e~real positive multiplicative constant o
quency-clependent part, Yol Y:
Cvp, the veloclty of propagation oli ttie llne;
Q~l ail d Q+p, the quallty factors of the
conductor an”ci dielectric of the llne at measured
angular frequency [Om; and
‘k)/h}m~ tlie normallze”fl aiT~u.laT- TTe-g&_wrn~l

In general, Y(s), the shunt admittance at either
end c]f the Ilne, may be any physically realizable
posltlve real function. However, for the case now
concerned m MMIC’S, lt may be the admittance of
any lndLlctor or Capacitor witli arbitrary frequ?ncy-
dependent losses. For a ic]ssy M .uctor or capacl-’
tor, Y(s) may be written as ?fi
y(S) C(l/L)yL(s) (10a)
ol~
Y(s): mr(s) [fob)
with -
yL~ 1/ [S+ ({.it~) ‘/2/Ql]

&l/ [L/s+Qck#’%~+ i/ P+fll) ] (lib)
respec!tlvely, Where L and C are the Inductance anti
capacitance; Q1 and CIc are the conductor
losses of the Inductor and the Capacltc,r, and
Qd, the dlelect.rlc loss of the capacitor, res-
pectively, all at measured angular frequency
wm, One can easily verify In ~ccorclance
with the condltlon of the theorem[2 that the
BBcan3x transformed tc) Its cQrrespondlng referen-
ce ~JE as shown In Flg,i(a) with Zot being
the cfiaracterlstlc lmpeciance of the UE, It snould
be mdlcated that Zt and Z2, the short- and
open-circuited input impedances of the BB, as cie-
flned in the theorem i, can be represented as

z~(s)u,(s)
ZI z :Zo, tzf (i2a)

l+Y(s)zo(s)kfs)

~(s) [f+Y(s)ZQ(s)&(s)]
Z2, :Zotzp. (1233)

2Y(s)ZQ(s) +fi+[Y(s)74)(s) 121!_l(s)
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in which Z1 and Z2 are given as
d.1.

z~ , (13a)
i+~~Yi6M

l+eiYid!J
Z2= (13b)

2~iYi@+{i+[~1Yld121~ l:LorC
With
eL~zo, @ (14a)

e@fJ, tc ( i4b)

being the design parameters and ccmstramed to be
the same for all the BBs of the same type, and
YL or Ye being the frequency-dependent
parts of the Y(s), as given in (ha) and (lib),
respectively. Also, with the help of (i3), the new
frequency variable A defined in (5) can be
expressed in an explicitly form as

I/d[i+ (U2-1) / (l+e~Yid!J)2] . (i5)
It differs from the expression of u(s) In (7),
but w1ll reduce to this expression lf the BB is
composed of only a length of lCMSY transmission
line, I.e., the admittances shunted at both encis of
the llne In the BB are deleted, The att.entlon, to
which one should pay, is that when the BBs of the
same type are employed as the basic units of the
networK N, Z~t’s, which will be used as design
Parameters, may be different from each other for
different llnes in the BBs, But, in order to make

to satisfy the condition of the
~~:~~~~~kt~e z, in all the BBs should be
forced to be the same, so is the Z2, To do so,
fL’s

‘f’s ‘n ‘he ‘1 andZ2 shoufdrbe 1 entlcal. Thus, the network N
composed of all the BBs can be transformed a corre-
sponding lumped Iossless network N with each
basic unit in N as shown in Flg,i(q,) corresponding
to a reference UE shown in Figi(a); on the other
hand, t-he short- and open-clrculted Input impedan-
ces of the BBs can also be written m the similar
forms as (3a) and (3b), respectively,
Z~=Zo, shzf (16a)

Zop’zo, 0$2 (Ibb)

;%z~~a~i%fi c%i;fa~;; ‘~~ ~al Z;ltY~
respectively, They w1ll also be useci as the design
Parameters as ZO,t, and may be different from

each ether for dlffereiit short-clrculted BBs or for
different open-circuited BBs. Of course, tfie BBs
mentioned here should be of the same tYPe. Thus,
the short- and open- ClrCUlteCi BBs can alSO be

the condltlon of the theorm~~c%t~~i~%%
employed as the basic units of

by the network N which are constructed by these
basic units, then the networK N can as well be
transformed to a cq,rrespcmding lumped lossless
reference network N in the A domain with the
short- and open-clrculted BBs shown in Fig.i(b) and
(c) correspondingto t.helrlossless reference lndu-
ctors~nd capacitors, respectively, as shown in
Fig,i(b) and (c), as long as the eL’s
or ee’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 topologies and

‘xpresslOns ‘or ‘{ and ‘f as ‘ef’ned ‘n ‘1)are omltteci due to he llml ed pages. It w1ll be
seen In next SectIon how the LTT described above 1s

applied to achlevlng the scattering matrix of the
10SSY network N from that oj a supposed lumped
lossless reference networK N.

IIL DESIGN EXAMPLE

in.jhl~..sectl~~an ex~rn~le.3s_pgeAeqie! LQ.-~w
the application of the LTT to the synthesis and/or
design of a single Stage monolithic ”mlcrowave lrite-
grated broadband FET ampllfler with I’fLD IOSSYclr-
cults as Input anti output mat.chlng networks. We
first suppiy an in’wactlve computep program which
M developed m terms of the teChnlCpJe descrlbeci
above with both generator and load data, (Le.,
ZG=ZLC50Q), and measured FET scat. terlng
parameters, which are identical to thOSe given in
[ill over an octave Passband4-8GHz. Then the BB
constructed by a llne shunted with the same capaci-
tors at both ends, and its ShOrt- anti open-clr-
culted structures, are employed as the basic units
of our MLD input and output. matching networks,
Since the losses of the llne and capacitors in the
BB are Conslciereci in the synthesis of the MLII lossY
matching networks, then Q I and G’t , which

hirepresent the conciuctor and lelectrlc osses of
the lines as given in (9) are specified to be 80
and 120, respectively, at measured frequency

:~::Hz’
Therefore, after the line length 1,

w lch 1s employed as a variable in our optlmiza-
initialized as km/16, where

Am Ii t~e wavelength at L$ times the hlgh-
frequency limit of the passband. the .3 and
u in (14) will be determined in terms of (7),
(8b), and (9), at certain real frequency M, As
for the conductor and dielectric losses of the
capacitors, which are expressed by tlie quallty
factors, Glc and Q , are specified to be 100
and50, respectlve~y. Hence, YCln(14) can
also be calculated by means of (Ilb) wlthln the
passband. In consideration of the k which
should be still valuable in Iossless case (Le.,
when Qtl and Qtc become infinite, the k
should be imaginary), the 6C of (i4b) em-
ployed also as a variable in the optlmlzatlon, 1s
chosen as I(2PF in our example, Since d,
@,
achi;?%d, ;~dan;%2 ;;ic;i;’ill !ii~v;oli~%
the functions of M and optlmlzlng variables 1
and CC, can then be computed. For the sake
Qf practical simpliclty::he scattering parameters,
el V(J. ) (V:1,2) supposeci lumped
los?hess reference netwoi-% are assumed to have the
followlng forms:
6.11,v~h(A)/g(~) (i7a)

:i2, v:;21, v=(+/-) hk(l-A2)@2/g(A) (17b)

%&r(-i)K+lh(-A) ’g(A)
(i7c)

h(~) =hl+h@+, . . +~+i~n
1s an arbitrary polynomial with real coefficients
hi(i=i,2,...,n+l) being optimizing variables
and lnltlallzed as hi=+/-l, and

g(~)zgl+g2A+,..+gn+iAn-
is a Hurwitz polynomial, If the numbers of hlgh-
pass elements, UES, and total matching elements,
WhlCh correspond to KQO), mQO), and n~k+m),
respectively, are speclfled, the g(N can then
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he Llnlquely cietermlned from the h(~) m terms
of the lossless property of the elJ,v. The
suDscrlpt v, whlc~l IS equal to 1 cm 2, stands for
the lnpl.lt or otltptlt. matcnlllg network, In accordance
with the LTT dem[onstr’ateci in Sec!tlon II, lt 1s
evident that the IOSSY transformation formula of
(Il)ln [1], which has been successfully applled to
obtaining scattering matru:es of 1~~,ed and distri-
buted 10SSY matching’ networks ! 1, ca]i also he
employed to achieve the scattering matrix of ML,D
lossy matching iletwork, Therefore, the scattering
matr~k, E(s) of the i3LD 10SSY matching lietwcw% can
reachieved from the Corresponcilllg sl:atterlng mat-
rix, E(A), of a supposed lum eci lossless

rrefermce matclimg networIi, vla~ 1
E= mI+fi)-(1-fi)] m(I+fi)+(I-fi)I-i (18)

where I 1s the idenilty qatrlX; ZI and Z2
-pt”w specified by (14) and E composed of the

(1, J21,2) of (17). SO far, the TPG of
%??’%sxy matched FET ampllfler czii~ be computed by
mea~ls of the clefmliion and expressions given in
[!] which are apphcahle to the synthesis anti/or
design of both IOSSY and Iossless matched FET am-
pllfler’s, and the goal flat gain level To,
which 1s Speclfled to he 7dF+ by calculating the
siat]le conjugate gam of the FET wlthln the
passfiand, Will be .aPproached by an optlmizatlcm
routllie. After optlmlzationt the tq=wlogles of tile
SUppOSHI ltlmpefi 10SSleSSllipUt anti output reference
matchlns networks can be obtained bY smatheslz,lng
the
and

[I]

[2]

[3]
[4]
[5]

[6]

~m~t normalized reflection-f~ctors ~11-
ell,2, fBecallse the basic units of the ML ~

wf.mfx. .

matchmg networks m the s domam should be able to
correspond to their respective reference LJEs, uldu-
ctorx, and capacitors In the k domain, as des-
cmbed In Section II, the MLD 10SSY matching net-
worlis shown in Fig,2 can be achieved through sLll2-
stltlltlng the EiBs and short- and opeln-cu’cultecl E33s
for tlie reference UES, inductors, and capacitors,
respectively, Thus, the design of a monolithic
microwave integrated broadband FET ampllfler with
prac!tlcally realizable MLD Iossy matchmg networks
lS finally accornpllshed, Frc]m tt~e Table, whlCli
llst$ the values Cf all the elements m Flg.Z, an
advantage of the MLD netWO1’k can be found that the
llne Iengtlis of the dlStl-’lbUted elements are m ch

Yshorter than those as usually defined bylll,
and this advantage has Deen verlfled by deslgnmg
lots of slmllar MLD networks. Therefore, the CTilP
area cm which tlie arnpllfler w1lI be developed can

those we have assumed and can not be omitted In the
synthe~uii and/cu’ cieslgn.cif .mcinc]~tlwc !rncrwwave
integrated circuits, are dmectly cxmmdered UI our
network design, then the design procedure IS sim-
plified and the performance of tlie ampllfl?r shown
m Flg.3 -will be considerably close to rneasurecl one
of tlie practically reallzed ampllfler. If Wltimut
considering the losses in the elements, the
lossless gaxi performance IS also remarkably better
t~lan tlie lnltlal gain response given HI [11] due to
Outstandlrig merit of the reai frequency teclinlqlue
we,,., have utlllzed[gl 10],
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Flg.l(a)ancl (;) A BB contructefl by a length of llneshuntecl by the same
admltta~ceat imtnenasarxl ltscorreswnclmg’lumpw d’’losslessreference UE
fb)anct fb)The BBof thesame type simrt-rlrcult@ at output port and Its
Correspendlng lwlessrtierence Uxiuctov (c) and (c)The BB of the same type
opmcm-tutedat output pmt and ltscxrrespxxlmg lo.xle~: refereme cauacltor

I
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Fig? Single stage broadband FET amphfler
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Flg.3 The frequency reswnseof theampllfler

Table Amplifier parameters

F* 6(.) % 6(b) Fix, 6(a) Pm 6 [8>
L

P,r.mA., v.,.. Pa,ar”e,e, V*,W Faram.,q, “,,”. M,,mew “8,.=

c! O 856,,. c, 0 1769PF *, ,, ,06 *, ,.,06

2.., 61 7s10 %,, 124. *05fi c, 0 050@F c, 0 0S04DP
——

c, 0. 3513,F c, 0, 3513PF &,, 75 7*8” 7.,,, ,5 7**”

7.,,, 82 6280 2?,<, 126.133$2 c, 0 D50,PF c, 0 0.504,F

c’ o. 35*3,P c, 0, 1744,$ ,, 1 Owx”m 1, 1 065nm

1, 1. 762mm ,, 1, 762”m ., 0 192 ., 0 ,92
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