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Fig. 1. Comb-line filter structure with modified

interstage coupling mechanism.
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Fig. 2. Measured filter response (insertion loss versus frequency).

sured coupling bandwidth was 280 MHz.
Upon further insertion of the coupling screw,
reducing the gap to 0.730 inch, the measured
coupling bandwidth was 353 MHz.

Both the coupling post and the coupling
screw (as used herein) increased the net mag-
netic coupling and provided closer coupling
between adjacent resonators. It is anticipated
that both the coupling post and the coupling
screw techniques can be used to obtain ap-
preciable magnetic coupling between quarter-
wave uniform comb-line resonators. Such uni-
form resonators are normally decoupled due
to cancellation of magnetic and electric
fields.2

The comb-line structure of Fig. 1, employ-
ing the 0.250 inch diameter coupling post, has

2 G. L. Matthaei, “Comb-line band-pass filters of
narrow or moderate bandwidth,” Microwave J., pp.
82-91, August 1963.

been converted into a two-resonator bandpass
filter by adding input/output couplings. Di-
rect taps were implemented by using number
12 wire between the inner conductors of type
UG-290A/U BNC fittings and tap points on
the 0.375 inch diameter slug supports. With
input/output tap points located 0.222 inch
from the plane of the short, the measured fil-
ter response curve of Fig. 2 was obtained,
Passband insertion loss comprised a 1.5 dB
ripple plus 0.3 dB dissipation loss. The mea-
sured ripple bandwidth was about 290 MHz.
The insertion loss on the high-frequency skirt
drops down to 32 dB at 3500 MHz and
11 dB at 4000 MHz. This is due to the 1.375
inch dimension of the filter enclosure, which
can propagate the TE,, rectangular wave-
guide mode at 4280 MHz.

Inductive posts have been used extensively
as interstage couplings in waveguide band-
pass filters. The brief experiments reported
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herein suggest the efficacy of using coupling
posts in TEM filters employing comb-line
resonators. Multiresonator bandpass filters
can be fabricated quite economically using
round-rod resonators parallel to the broad
walls of nonpropagating rectangular wave-
guide tubing. Fixed resonator spacings could
accommodate a range of filter bandwidths
and /or response shapes by the use of coupling
posts. .

R. M. Kurzrok?
Consulting Engineer
545 West End Ave.

New York, N. Y.

3 Formerly with RCA Advanced Communications
Lab., New York, N. Y,

High-Frequency Transistor
Evaluation by Three-Port
Scattering Parameters

INTRODUCTION

Semiconductor technology has developed
sufficiently for transistors to retain useful
properties up into the microwave region. One
GHz is the approximate lower-frequency limit
of this region, although a preferable concept
might be to consider a transistor in micro-
wave terms when the encapsulation design
and associated jig or holder impedances have
significant effect. One such effect is the reduc-
tion of measurement accuracy for admittance
parameters, due to the increasing difficulty of
specifying reference planes. Frequency char-
acteristics of the jig and its interaction with the
device must also be considered.

Transistors have so far been characterized
as two-port networks whose admittance pa-
rameters are measured in two-port configura-
tions. An alternative and more general
method of three-terminal device characteriza-
tion is by the three-port or three-terminal pair
scattering parameters. The theory and tech-
nique for using scattering parameters are well
known for multiport passive microwave junc-
tions. The purpose of this correspondence is
to apply the wave scattering concept to the
evaluation of transistors.

Ideally, the three-terminal device is in-
serted at the center of the junction of three
transmission lines. Reflection and transmis-
sion measurements made on each port then
specify the device completely. An active de-
vice, in these circumstances, might exhibit
circulation or gain, which could become ap-
propriate quantities for characterization in
the microwave region.

Because each port sees the characteristic
waveguide impedance, power gain, circula-
tion and dissipation in the matched arms of
the junction can take place. Thus, algebraic
expressions for the scattering parameters take
on a more complicated form than the admit-
tance parameters in terms of the transistor
equivalent circuit elements. However, the
practical consequences of measuring scatter-
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ing parameters are advantageous. Apart from
the improvements which can be made in
mounting the transistor and in specifying ref-
erence planes, the presence of matched ports
should improve device stability during mea-
surements. That is, oscillations and instabili-
ties experienced with some two-port measure-
ments may be eliminated, as the open- or
short-circuit conditions (for admittance pa-
rameters) are no longer required.

EVALUATION OF SCATTERING ELEMENTS
FOR A SIMPLE TRANSISTOR MODEL

The scattering matrix contains elements
denoting the amplitude and phases of waves
scattered by the junction. Whereas network
admittance parameters are defined at the ac-
cessible nodes, scattering parameters are de-
fined for a particular reference plane. Hence
the three-terminal network [Y], defined in
Fig. 1, is shown connected as a scattering net-
work in Fig. 2, and the well-known matrix
transformation from normalized admittance
parameters [ Y] to scattering parameters [S] is

[s]= 1] - YDl + [¥D @

In order to examine the behavior of S-
parameters for transistors, the ideal model of
Fig. 3 is considered. g, is the conductance of
the forward biased emitter-base junction and
g»V is the current generator representing the
collector action. The corresponding admit-
tance matrix is, therefore,

ge _gc 0
YI=} gn—9. g.—gu O} @
~Gm G 0

Ths substitution for obtaining [S] requires
normalized values of [Y]. For convenience,
let [Y] be normalized to g, since the low-fre-
quency simplification for common base cur-
rent gain is

Gm
— =a. 3
Ge
Thus, in terms of «, the S-matrix is
1 —a 2 0"
1—-a 14« l
s] = 2( ) The ol
[S] - 3o } )
20 ~ Qe
3 —a 33—« 1_J

A physical interpretation of [S] in (3) is
obtained by putting « equal to unity, so that

0 1 0
[S1=10 1 ol (5)
1 —1 1_|

Thus, port 1 is matched, ports 2 and 3 are
totally reflecting. Zero transmission is pro-
duced from ports 1 to 2, 3 to 1, and 3 to 2.
Transmission is produced from ports 1 to 3,
2 to 1, and 2 to 3. The scattering elements
display an immediate correspondence to the
expected performance of the network as
drawn in Fig. 4, except Si» and Sy, However,
input to port 2 corresponds to an input into
the base of the transistor. Therefore it might
be expected that a small input (which becomes
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zero for a=1, corresponding to total reflec-
tion in the port) is associated with a large cur-
rent flow in the emitter and collector branches.
Thus a form of active circulation is produced
by insertion of the transistor equivalent net-
work into the three-port junction.

PROPERTY OF THE [§]-MATRIX DERIVED
FROM AN INDEFINITE [ Y]-MATRIX

Equations (4) and (5) are the results of the
transformation from normalized [Y] to [S]
parameters for the special case of the transis-
tor model in Fig. 1. It is readily seen that the
rows and columns of [S] add up to unity. The
result

3 2
Zsﬂc = Zsjk =1 (6)
F=1 k=1

is found to be a general property of the [S]-
matrix by summing appropriate elements
from (1) and using the relation

3 3
2 Yi=2Yi=0 @
=1 Pt

for the indefinite matrix [Y]. In other words,
the application of Kirchhoff’s laws to [ Y] pro-
duces this characteristic of [S]. To obtain (6)
it is not required that Y,;= Y and therefore
the result is applicable to active networks.

The practical consequences of this result
are valuable. Although measurements of the
nine scattering elements may be used to ob-
tain [ Y], in principle scattering measurements
made on two ports only are required, while
the third port is terminated by the character-
istic line admittance. Therefore only four ele~
ments of the S-matrix need to be measured,
and, for example, reflection elements involv-
ing slotted line measurements may be dis-
carded. Thus a measurement technique to
combine accuracy and/or simplicity can be
chosen with some flexibility.

CoMPARISON OF [S] anD [ Y]
MEASUREMENT TECHNIQUES

Valid comparison requires compatibility
of reference planes and access line imped-
ances, and it is observed experimentally that
apparently small changes in these conditions
can cause significant variations in the directly
measured Y-parameters of active networks.

In the two-port Y-parameter technique
access to and termination of the device termi-
nals is attempted as shown in Fig. 5(a). For
the conventional transistor encapsulations,
terminals 1, 2, and 3 refer to the lead at the
header exit point. One terminal, in this case
shown as terminal 3, is mechanically grounded
in the device jig. As the frequency is increased,
the electrical length x becomes an increasingly
significant fraction of a wavelength. Also, the
geometry of the mechanical ground is such
that Yo' is not specified.

In the S-method, the Y-parameters which
are reconstituted from S-measurements ob-
tained from the configuration of Fig. 5(b), are
automatically referred to the device terminals.
Changes in phase and amplitude of the trans-
mitted waves are measured between the con-
ditions when terminals 1, 2, and 3 are con-
nected with lines of impedance Y, and with
the transistor, 7. Reflection coefficients mea-
sured on each port are referred to the open
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Fig. 4. Ideal transistor model in microwave junction.
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circuits which exist when the jig is empty.
However, the property of the S-matrix shown
in (6) refers the S-elements to the center of a
three-port junction containing the negligibly
small lumped element network. Therefore if
scattering measurements are made on only
two ports and the three-port S-matrix con-
structed, errors due to the physical size of the
device in relation to the wavelength will be
introduced. For the active semiconductor
region itself, such error is negligible for fre-
quencies at which transistors are likely to
operate in the near future, but the encapsula-
tions are sufficiently large to produce errors.
However, if future encapsulations are de-
signed to provide access lines of characteristic
admittance up to the semiconductor chip it-
self, then this source of error will be insignifi-
cant.

APPENDIX!
Proof of Scattering Matrix Result

The foregoing correspondence states that
“it is readily seen that the rows and columns
of [S] (the scattering matrix in Anderson’s
notation) add to unity.” Since the general
proof of this does not appear in any of the
texts and works consulted either on circuit
theory or matrix algebra it is presented as fol-
lows.

If two matrices [4] and [B] are such that
their rows and/or columns sum to a, b, respec-
tively, then it is evident that the rows and/or
columns of the matrix [4-4B] will sum to
a-+b and less obvious (but true) that their
product sums to the product ab. Let us check
the product property for, say, the row sum.
The row sum is as follows:

3. [ABls = ; ; AiBik

k

=2 Ay 2 By =2, Ayb =ab. (8)
7 k

The column sum property is proved in the
same manner.

Now the unit matrix [1] obviously sums
to one for both rows and columps. Using this
fact, the product property and argument simi-
lar to (8) one can prove a useful property
of the inverse matrix [47!], by consider-
ing [A][47t]=[1] for column sums and
[47][4]=[1] for row sums. The property is
this: the inverse of a matrix whose rows and/
or columns sum to a is a matrix whose rows
and/or columns sum to a1, Now the scatter-
ing matrix [S]is given by

(8] = 1] — [¥DL] + [YD @

and we are told that the normalized admit-

tance matrix [ Y] has, by Kirchhoff’s laws, rows

and columns which sum to zero. The row and

column sum of the scattering matrix [S] is
immediately [(1—0)(1-+4-0)"1=1] one.

A. P. ANDERSON
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1 The Appendix to this correspondence was written
by T. W. Johnston, RCA Victor Plasma and Space
Physics Research Laboratory, Montreal, Canada.

Transmission-Line Treatment
of Waveguides Filled with a
Moving Medium

To the author’s knowledge, a theoretical
study of guided waves in a moving isotropic
medium was first investigated by Collier and
Tai.! They derived the electromagnetic fields
within a source-free region of a circular or rec-
tangular waveguide by the method of vector
potentials.

This correspondence discusses the problem
of determining the vector fields produced by
arbitrary electric and magnetic impressed cur-
rents in a uniform waveguide of arbitrary
cross section filled with a dielectric medium,
which moves down the waveguide with a con-
stant velocity, by representing the fieids in
terms of a suitable set of vector mode func-
tions.

DISSIPATIVE
LINEAR

(a) ISOTROPIC

Fig. 1.
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Substituting (2) into (1), we obtain the follow-
ing equations for E, and Hy:

V X Ey = — jopHo — Jo*
(V - ,uo'V) X Ho = jw@Eo + Jo. (3)
Even if the medium involved is moving
with constant velocity along the perfectly con-
ducting guide walls, the electric and magnetic

fields should satisfy the same boundary con-
ditions as in the case of stationary media;3

nX E=0
n-H=0

nX E; =90
n-Ho=0 (@)

where n denotes a unit vector normal to the
guide walls. The electric and magnetic fields
E, and H, which satisfy the inhomogeneous
field equations (3) and subject to the boundary
conditions (4), are then expressed in the fol-

HOMOGENEOUS } MEDIUM

(b)

Uniform waveguide of arbitrary cross section filled with a moving medinm.

(a) Cross sectional view. (b) Longitudinal view.

Let us assume that a homogeneous, iso-
tropic, and lossy medium is moving with con-
stant velocity v =uvi,, past an observer at rest
with respect to the waveguide (see Fig. 1). As
long as the velocity of the medium is much
smaller than the velocity of light, the electro-
magnetic fields inside a waveguide, measured
in the rest frame of the observer, can be deter-
mined by the following Maxwell-Minkowski
equations:?

(V — juA) X E = — jopH — J*
(V — juA — uov) X H = jutE 4+ J (1)
where

A = (eu— equo)v = Adz, A=(ep— eopo)v
1=l —jo/we)
€, mo=permittivity and permeability of
free space
¢, u, o =permittivity, permeability, and
conductivity of the medium at rest
J, J*=impressed electric and magnetic
current densities

and the time variation of the fields has been
assumed to be etivt,

To obtain the solution of the foregoing in-~
homogeneous field equations, we first trans-
form these equations into more familiar
forms. This can be done by letting

E = Epeti*ds.  H = Hpetiods
J = Jeetiohe = Jretiods (D)

Manuscript received July 25, 1966; revised Novem-
ber 14, 1966.
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lowing forms in terms of the vector mode
functions:

Ew = % [Ve@Me +Vr@Mr]
Hy = 3 [~T#@Ne + L@ N

P

1

EOz

Il

[(k:)2V .o (2) M ;]
[

where Vi, Vim, V,; and ILe, I, L; are mode
voltages and currents, respectively. The super-
scripts ¢ and m denote the electric (or TM)
modes and the magnetic (or TE) modes, re-
spectively. Also, the subscripts 7 and z are em-
ployed to designate the transverse field com-
ponents and the longitudinal ones, respec-
tively.

The vector mode functions M¢, N;°, M.
and M;», Ny, N,; are characterized by the
following equations:

M = Vi@ ,
N = Vv,®¢ X i, N =vVP™
M. = &4, , N, = &™i, )

where the functions &;* and ®;= are derived
from the scalar eigenvalue problems

Ve + (6:)*®:° =0

Mm = v@™ X i,

v2em + (ko)em =0 Q@)
subject to
=0
adm/fon = 0 &

3R, C. Costen, and D. Adamson, “Three-dimen-
sional derivation of the electrodynamic jump conditions
and momentum-energy laws at a moving boundary,”
Proc. IEEE, vol. 53, pp. 1181-1187, September 1965.



