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ABSTRACT: In this paper, a detailed analysis of
properties of mixed Ilumped and distri-
buted(MLD) lossless networK is first carried
out, from which the reason why the MLD network
can be used as an extreme impedance transformer
between source and load impedances without
using extreme impedance values in the network
1s found. Then, the lossy transformation tec~
hniquen], which can be employed for the
transformation between MLD lossy or lossless
network and Ilumped lossless onel@3], is
discussed and compared with the method deve-
loped by carlinl#l, Finally, as an example,
one quarter-wave and two MLD lossless broadband
impedance transformers are synthesized for
transforming extremely low input or cutput
impedance of a superconducting device- to
50Q microwave system and the lossy perfor-
mance of one of the MLD transformers is esti-
mated by means of the lossy transformation
technique,

I Introduction

With the rapid development of microwave integrated
circuits and wide applications of many new devices,
such as superconducting devicesti-4], in micro-
wave region, a new problem of large impedance mis-
match occurs, which restricts the use of these new
devices in 50Q microwave systems, for the input
and output impedance levels of many of these de-
vices fabricated with superconducting thin-film,
are usually very low. If the conventional methods,
such as Chebyshev approximation, are used, the
element values of the synthesized network may vary
wildly and are often difficult or even impossible
to be practically realized.

For purpose of illustration, the element values of
two four-step Chebyshev transformers having the
same impedance match ratio and fractional bandwidth
are shown in Table #{56) It may be found that
i) with the line length reducing from ip/4
to Aip/16 for shortening the +transformer,
the element values vary from a range of about
5581 to 10.54:4; 1i) in our particular case,
matching a superconducting thin-film device having
extremely low 1nput and output impedances, which
are typically 20, will result extremely low
element values in both transformers, i.e, the
lowest element values in both transformers will be
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2.6784 and 1.948Q, respectively, which are
unacceptable in a microstrip structure. A simple
way to solve this problem 1s to convert all the
lower impedance lines into capacitors(?] or
into open-circuited stubsl8l, Nevertheless,
these methods and others(910] are limited to
certain special cases and no general method has
been found which could explain why MLD network are
superior to lumped or distributed network in cer-
tain cases, such as in solving the problem of large
impedance mismatch in higher frequency region, and
could handle the synthesis and/or design of a gene-
ralized MLD network.

II The Properties of Mixed Lumped
and Distributed elements

Before detalled description of our method, a difi-
nition is presented first.

Definition: Any lossy or lossless 2-port network,
if it is passive, reciprocal and symmetric, will be
denoted as a building block(BB).

By carefully considering the theorem { in [{i] and
the discussions on symmetric 2-port network and
generalized unit elements(UEs) in [{2,43]}, it
can be found that a BB may be looKed as a length of
transmission line.

Theorem: Any BB, if its short- and open~circuited
impedances, z4y and zp, exist, will be equi-
valent to a UE with 1ts characteristic impedance
written as

Zo‘b(s):,/zi (s)zp(s) (1a)

and the propagation constant as

Yp(s)=tanh~t (A)/1p (1b)
where
A2y (s)/22(s) (2)

may be defined as a new frequency variable, and the
real positive constant, lp, as the equivalent
line length of the BB.
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In order to achieve the general properties of a BB,
the BB shown 1n Fig.l{a) is analyzed in detail
without loss of generality. It is evident in terms
of the theorem that the BB can be looKed as a UE

shown 1n Figi(b) and 1ts Zyp and A as
defined 1n (1) and (2) are given as
Zo, p*20 (S) {1+2Y(5)Zo(5) /u(s) + [Y(5) Zg (5) 18] ~1/2

(3a)
Az {1+ 2 (s) 1]/ [1+Y(5) Zo (S)u(s) 12} 1/2

(3b)
with
p-tanhfy(s)1] (4a)

and the characteristic impedance of the line in the
BB being

ZO:ZO, té(S) (4b)

as defined 1in {i4]), where the real positive multip-
Licative constant, Zo4, of the freguncy-depen-
dent part, 4, of the Z, 1s the static
characteristic impedance of the line, y and 1
are the propagation constant and the length of the
line, respectively.
Y(s):=CY¥c(s) (5)

1s the shunt admittance of a lossy or lossless
capacitor with C being the capacitance and Yg,

the frequency-dependent part of Y as described in
{15] at either end of the line.

If the BB is used as an element in a superconduc-
ting than-film transformer, it may be assumed to be
lossless approximately with 2Z, reducing to
Zo,¢0  Y(s) to s/Cyp and Yo to s,
respectively, where Cyp is the velocity of the
propagation on the line and s:-jw.

Then, some interesting properties of the BB may be
found. 1) Proper choice of the eg (equal to
Zo,tC) will result in Z,3 being a purely
real or i1maginary function of the real angular
frequency w. 1i1) If Zgyp is within real
positive region, its value, greater or less than
that of Z,t over the band of interest, will
depend on the value of eg chosen. 1ii1)
Similar to Zgp, A is also purely real or
imaginary function of w. The region of A
being purely real corresponds exactly to that of
Zy,p being purely imaginary. The reverse is
also true,

For commonly used eight BBs displayed in Fig.2,

several regions of €j (izL, C, sh, and op)
are classfied , Which correspond to
zo,b being i1maginary (or A being real),
Z25,p%Z2p,¢ and Zo0.p>Z0,¢ (or A

being real), respectively.

It 1s clear to see from the Table 2(a) that for a
fixed €;, each BB can be refered to as a
lossless UE 1n a certain frequency region. Thus,
Richards’ correspondence may be employed to treat
the synthesis of a MLD commensurate line network
consisting of these BBs as was done by
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carlinff3], on the other hand, the difficulty
1n realizing extremely low or high line impedances
in a distributed transformer as mentioned above may
be solved by two alternatives. One 18 to replace
the lines having extremely low 1mpedances by cer-
tain BBs shown in Fig.2 and by proper choice of
€;, for the characteristic 1mpedance,
Zop ©of @ BB may be made as low as the that of
original line, while the line impedance, Zo, 4
in the BB 1s still realizable, For instance, the
line having extremely low impedance, Zp given
1n Table 1, may be replaced approximately by the BB
shown 1n Fig.2(D) with Zgp being still equal
to Zp at certre frequency fp(fy=10GHZ),
while Zo+ may be made to be 10Q Dby letting
C:7.9a89pl5". The other is to convert the lines
having extremely high impedances into series-induc-
tors or series- and short-circuited stubs, and
extremely low 1mpedances into shunt-capacitors or
shunt- and open-circuited stubs. For instance, the
line Zp, may be converted into a shunt-capacitor
at the centre freguency with the capacitance be
equal to 12.83pF, approximately,

Of course, these two substitutions may result in
the insertion loss of the transformer deviating
from the original one a little bit at fm and a
great deal over a wider band. Though this problem
may be solved by an optimization routine, two
design steps will be required. Therefore, it 1is
desired that a general method can be found for
synthesizing a generalized MLD network.

It is Known from the above discussion that a MLD
commensurate line network N, i1f composed of
lossless BBs, may be synthesized by applying the
method 1ntroduced by Carlinli3l for design of
filters with lumped-distributed elements, 1n which
the scattering matrix elements, 51,y
(1,0=1,2) of the N normalized to the freguency-
dependent part of Zo,p» Which is defined by

Op(8)=Zg, n/Zg, bt

are employed. In (6), Zopt 1s the real posi-
tive multiplicative constant and Known as the
static characteristic impedance of a BB 1n the
A domain.

(6)

However, It should be noticed that when and only
when Z,yp 1s real, which corresponds to A
being imaginary, the transducer power gai1n(TPG) of
a 1mpedance transforming system as shown in Fig.3
will Keep unchanged before and after the normaliza-
tion of the scatering matrix of the network N, 1if
Zo,p 1s complex, which occurs when the BBs are
lossless but the A Is within the real region as
shown 1n Table 2(a), or the BBs have losses, then
1t can be verified easily that normalization to the
ép (simply called complex normalization)
will result in the TPG calculated from the norma-
lized scattering parameters being in the wrong. The
T'eason 1s due to the source and load impedances,
2 and Zp, which will change the ratios
between their real and imaginary parts after the
complex normalization.Therefore, the methodli3]
1s only suitable for synthesis of MLD lossless N in
a certain real frequency range, and will fail 1f
the N is complex normalized,



Nevertheless, 1t 1s easy to see that after the
complex normalization, the BBs and the short- and
open-circuited "stubs" in a MLD lossy or lossless N
will become their corresponding "lumped" lossless
UEs, lossless i1nductors and capacitors in the A
domain and 5,,;7 will have a general expres-
sions written as

N n(r)  hy+thohshghPs, . +hpAlang a0
S1100= : Tt Tt
g(A)  g1+BaA+E3NCH .. +gpAllegp, a0t
$12(M) =501 (M) = (+/-)E(A) /8 (M) = (+/-) NE(1-AB)IVB/g ())
w {(7D)
Sga(A)= (-0)K*In(-2) /g (0 (7c)
where h; and g;, (i:1,2,..,n+) are the
real coefficients of the numerator and denomina;cor
polynomials, h(ix) and eg(A), of 3544
f(A) is the numerator polynomial of syp

with the order K of the first term being the number
of highpass stubs and the order m of the second
term being the number of UEs.

By an appropriate renormalization of the scattering
matrix S§ to a real positive 1Q resistor
(simply called complex renormalization), the unit
normalized scattering matrix S of the network N can
then be found from 8, via

S: [, (I+8) ~ (1-8) ] [ (I+8) +(1-8) 17! (8)
where I 18 the 1dentity matrix., Thus, the TPG of
the i1mpedance transforming system can be computed
by S, the source and the load impedances in terms
of the expression defined by [15] and an optimal
performance can be approached by an optimization
routine with the hj as variables.

An interesting thing can be easily found in compa-
rison with the lossy transformation formula (1ib)
in [15] that equation (8) can also be obtained by
replacing W Z1Zp in {11b) by Sp.
Hence, it can be said that the lossy transformation
can be considered not only as a Kind of mapping
between the unit normalized scattering matrices of
the N in the real frequency domain and a supposed
corresponding lumped lossless network N in the
A domain as described in [i5] and [{1], but
also as the complex normalization and renormaliza-
tion of the scattering matrix of the N from the
view point of normalization.

III. Design Examples

As a demostration of the new synthesis approach
mentioned above, several broadband impedance
transformers between an extremely low input or
output impedance of a superconducting device and a
50Q microwave system over the band of 6 to
156GHz 1s synthesized. Their topologies are
displayed in Fig.4(a), (b), and (¢} with the
element values being given in Table 2. It can be
found from the TPGs shown in Fi1g5 and obtained by
[9] for transforming the same impedance matching
ratio that even if the TPG of the Ap/io
transformer is smaller than that of the quarter-
wave transformer, it is better than -15dB achieved
by [9]. The main advantage of the Aip/16
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transformer 1is that i1ts lowest line impedance 1s
about three times as large as that of the guarter-
wave transformer, which will be more easy to be
practically realized. Besides, the former is much
shorter in length, so that the chip area will be
greatly saved for integration.

Since the size of the three-step Aip/i6
transformer is quite small in comparison with that
of the three-step quarter-wave transformer, a four-
step Ap/16  transformer displayed 1in
Fig.4({c) is then synthesized. It can be seen from
Fig6 that its lossless TPG is as small as that of
the three-step quarter-wave transformer, while its
lowest line impedance is about twice as that of the
later.

Finally, the lossy performance of the four-step
Ap/16 transformer 1s estimated under the
assumption that the elements in the transformer are
not the ideal superconducting ones with QL and QC
being the conductor and dielectric losses of the
transmission lines and Q¢ and Qd being the corres-
ponding losses of the capacitors as defined 1n
[11].

In conclusion, our method can handle the synthesis
of MLD lossy or lossless networks not only for
impedance transforming, but also for filtering,
double broadband matching, and so on.

Helpful discussions with Prof, Yuny:r Wang are
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}.,‘1 ____l Table 1 Element values of the tiransformers
providing an impedance match between resistances 1{

Tr:L l I and 10Q and fractional bandwidth Bg=t

Y Zor ¥ Iy — Zo, 1,
L\_—‘ - Transformer | Quarter-wave Short-stub
R )
o SR — Line Type
Fig { Circuit equivalence impedance 1z A4 1= Mg/ 16
—TC::FT~ 74 1. 33920 5. 24850
c Zo,tr T C
T — T Zp 2. 28400 0. 97400
(4 ® Z3 4, 37830 10, 26690
e B S e 2y 7. 46710 1. 90530
L Zo, t1 T L c Zo, b0 T [+
! Table 2 Tha element values of {he transformers in Fig. 4
—{ "} I
ans{ormer | Three-step | Thiree-step | Four-step
(] (D) type
Parameter Ao/ My/iS A/ 46
T | T— Zo, 14 Q) 3.770 11, 044 7. 47
lj L | Zo . 7 l-] Zo, t2 () 10,028 at. 368 16. 637
fl 1 Zo0p Ts Zo, t3 @) 26. 564 63. 080 39. 514
l {:E_ Zo, 44 () 7. 834
(E) (F) ¢ () 3. 6645 5. 4236
Cz {pF) 6. 1433 7. 9494
C3  (pF) 2. 1246 3, 5688
Zo, 0 T
' Cy (pF) 0. 6456 1. 6031
Zo,opr T3 Cs () 0.5396
I
T d
Q) (H) 1 B
Fig. 2 Commonly used BBs 54
HMLD network
Eg ZG 7,
N
-1.5¢ ——— distributed transformer
Fig. 3 Inpedance transforming system 21 - MLD transformer
—a.sf
52 Zou Zo 12 Zo,t3 7500 3 7.5 3 105 12 3.5 15

Frequency GHz
Fig. 5 The TPGs of the two three-step transformers

£ in Fig. 4(a) and (b)
(a) I g8
I - 2o,z Zo.43 z5500 .l Lossless case
- — — - Lossy case with Bc=400,
- [ b+p{ ] 04 Gd=500, Qt1=400, Q@tc=500
Bg () [] -54 TTTTT o T -

(b) Co-
-1.5¢ T
g2 Zo, 44 Zo, 12 Zo, 43 Zo, t4 71,2500 2 :
_III T . . . Lossy casse with @c=100, C.
T -2, Gd=125, @t1=~100, Qtc=125
S Py PRy Ry !
-3
J_-[ 6 7.5 5 0.5 12 55 15
© ] Frequency GHz
FLZ. 4 (a) Toree-step quarter-wave transformer; (b) Three-step hy/i6 Fig. 6 The lossless and lossy TPGs of the transfor-
transforuer; (c) Four-step hy/16 transformer mer in Fig. 4(c)
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