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the principal value of the integral is calculated. The integral equation
(7) is a boundary impedance constraint on the trial magnetic field
in (5) and (6) which precisely represents the effect of the exterior
free-space region R,4.

In order to proceed with the method of moments [ (5) and (6)],
it is necessary to express 0Ho/0n in (7) in terms of H,p. This can
be achieved by a separate application of the method of moments to
(7), which leads to the matrix relation

o= 2 A, ks (8)
7 (over )
where dH c/dn and H,c are represented by the parameters ¢, and ¢;,
respectively. The boundary terms in (5) and (6) can therefore be
approximated by the linear combinations

oH,
f wolegs = 2 B, ©
¢ an i (over ©)

H.
f w, 6« Yds = 2 Coilka®) s (10)
[¢f on 1 (over €)

Hence the application of the method of moments to (1) yields the
matrix eigenvalue problem

z Dy (ka?) s = o? 2

7 (over B and C) 7 (over R and C)

By (11)

in which the value of k42 is specified.

ExAMPLE

The method was applied to the rectangular dielectric rod shown in
Fig. 1. This simple example may be analyzed by placing the auxiliary
boundary directly on the dielectric—air interface. The approximate
field distributions and dispersion characteristics of the first few
surface modes were obtained by solving (11) for a range of values
of k4% A coarse square mesh system on a 6 point X 5 point grid was
used which resulted in matrices of order 60. Bilinear expansion func-
tions and testing functions were used for (5) and (6) whereas point
matching was used to reduce (7) to a matrix constraint. Fig. 2
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Dispersion characteristic of the dominant oEH;1 surface mode
of the dielectric rod (b/a = 1.25, ¢/e0 = 2.5).

Fig. 2.

shows the dispersion characteristic of the dominant JEH,; surface
mode for the case b/a = 1.25 and relative permittivity 2.5. Good
agreement is obtained with the results of Schlosser and Unger [7].

This method is currently being evaluated for obtaining dispersion
characteristics of optical fibers and open-boundary structures which
can support a quasi-TEM mode.
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Correction for Adapters in Microwave Measurements

A. UHLIR, JR., FELLOW, IEEE

Abstract—A measurement 6n a standard termination provides
sufficient information for making corrected measurements through
an adapter, if the dissipative loss of the adapter can be neglected.
This dpproximation often gives more consistent results than calibra-
tion techniqueé that require highly reflecting standards,

INnTRODUCTION

Since it is impractical to develop measurement equipment for
each of the transmission-line and connector types in common use,
measurements are often carried out through passive reciprocal
adapters (also ealled “transitions’ or ‘“transducers’’).

Adapters are designed to have low loss and low reflection. How-
ever, it is often necessary to apply computed corrections to achieve
the desired accuracy. This paper presents a simple method for
determining the corrections, based on the assumption that the
adapter has negligible dissipative loss. The ‘‘primary’’ connector on
the measuring apparatus will usually permit repeatable low-loss
connections. The ‘“‘secondary’’ connector type on the device under
test inay or may not permit consistent low-loss connections. If not,
the simple method will give more valid results than the technique
now commonly used with computer-controlled network analyzers.

Two examples will illustrate the intended applications of the
method. In each case, supposE that a computer-controlled network
analyzer system is available with 7-mm precision connectors: the
“primary’’ connector system.

The first example is the measurement of devices with SMA con-
nectors. Adapters from 7 mm to the “secondary” SMA connector,
constructed with reasonable care, will have good conducting surfaces
and negligible dielectric losses. It is probably more accurate to con-
sider such an adapter to be dissipationless than it is to assume that
low-loss connection of reference standards can be achieved con-
sistently and repeatedly without excessive stress on the SMA
connector. .

The second example is the measurement of waveguide compo-
nents with the 7-mm connector as a “primary’” connector. This
practice is simply an expedient to avoid setting up measurement
apparatus in each of the numerous waveguide bands. The proposed
method requires only a precision or sliding load as a reference stand-
ard in each waveguide type.

The discussion will consider a single frequency. It will be assumed
that the network analyzer is linear or that stored calibrations to
correct for nonlinearities have already been applied.

PrESENT CALIBRATION TECHNIQUE

The present method is based upon carrying out, at the secondary
connector, the same sort of calibration procedure as ordinarily
used at the primary connector to determine corrections for residuals
in the measurement system. For this purpose, reflection standards
are required in the secondary connector system. Ordinarily, the
standards used are a short circuit, a matched termination (which
may be a sliding load), and an open circuit or an offset short circuit.
A set of such standards is required for each connector type for
which measurements are required.

The reflection coefficient -is a bilinear function of the network
analyzer output, so the computer program is the same for making
corrected measurements at the secondary connector as at the pri-
mary connector.

When most of the measurements are to be made on highly reflect-
ing devices, it is preferable to use three highly reflecting standards
[1]. The calibration program must be modified in this case.

SimprIFIED METHOD

In the simplified method, the network analyzer is calibrated for
reflection measurements at its primary connector, by reference to
reflection standards for the primary connector. Then the adapter is
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attached and terminated with a matehed load (which can be simu-
lated by a sliding load) in the secondary connector system. A meas-
urement of this terminated assembly is made and corrected with
respect to the primary port and stored as My. Reflection measure-
ments on unknown devices in the secondary connector system are
next made and initially corrected with respect to the primary
connector. Then these corrected measurements are further corrected
for the adapter by reference to Mz. The mathematical details will
be given below.

The reference plane for reflection phase is arbitrary when the
method is used in this fashion. However, phase information is fully
utilized in the corrections. Also, phase differences between different
unknowns are correctly determined.

A definite reflection phase reference plane can be established by a
measurement on another standard, such as a short circuit in the
secondary connector system. Losses are not critical when the short
circuit is used only for phase reference.

EquaTions ror CoRRECTING MEASUREMENTS

Let S be the scattering matrix of the adapter, with port 1 the
primary connector and port 2 the secondary connector. Then the
measurement M at port 1 is given by

M= LG 1
Su 4+ 1 — Sl (1

where T is the reflection coefficient of the device connected to port 2.
The adapter is reciprocal, so Si;» = Su has been assumed. Suppose

that the measurement My is obtained at port 1 when a perfect
termination (T = 0) is attached to port 2. Then, from (1),

ML = Sn. V (2)

From the conjugate matching theorem, maximum power transfer
will occur when T = S..*. For a lossless adapter, maximum power
transfer must correspond to zero reflection at the input port 1.
Therefore,

(S21)2'S22*
0=32_8 _ 3
n+1_~|s22|2 3)
Reciprocity and the conservation of power require
1=|8ulP+|Sul2=182P+]|8Sxl 4)
so that
Sa?
Sy = —8p*—— =M
11 22 |S21 ]2 L (5)
or
Szz == _ML*eﬂﬂ (6)
where 8 is the angle of Sa; t.e.,
. S21
et = —— | 7
Y @
Combining (1), (2), (4), and (6) gives
M — My .
re ———+ —729‘
1 — Mo’ ®)

The phase factor ¢ is not determined by the measurement of a
load at port 2, but may be set equal to unity if the position of the
reference plane in the secondary transmission line need not be
specified.

The phase factor can be determined if a measurement is made
with a short circuit (or other phase standard) connected to the
secondary port. Only the phase angle of these measurements is re-
quired and phase is very insensitive to moderate losses. Therefore,
the short-circuit losses and losses of the connection are not nearly
as much a matter of concern as when the short-circuit measurement
is involved in the determination of the magnitude of the reflection.

SvipiNGg Loaps AND CHARACTERIZED TERMINATIONS

The quantity My is defined as the measurement in the primary
connector system when the secondary connector is terminated in
a perfect load.
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In current practice, the perfect load is commonly simulated by a
sliding load connected to the secondary connector. The reflection
coefficient at port 1 deseribes a circle as the load slides. The center
of the circle is usually taken as My, although this procedure is an
approximation: the true standing-wave ratio of the My is the geo-
metric mean of the maximum and minimum standing-wave ratio
encountered along the circle, subject to a convention that defines
the standing-wave ratio from 0 to « [27].

The sliding load is subject to error from reflection at the con-
nector. Another possible source of error in computer-controlied
network analyzer implementation is occasional failure of simple
algorithms to fit a satisfactory cirele to the sliding load data.

Because of these problems and because of the measurement time
required, the sliding load is likely eventually to be replaced by
characterized fixed loads. A phase reference such as a short circuit
is necessary for proper interpretation of a characterized load, but
the short circuit need not have low loss.

Let Mp be the measurement at the primary connector when the
secondary connector is terminated with a precision characterized
load having a known reflection coefficient I's. Also, let Mg be the
measurement on the short circuit with a nominal reflection coeffi-
cient of —1. From (8),

I'p = Mp — My o2
P MMy

-1 = Ms — My, 26
1 — M*Mg

Therefore,

(Mp — M) (1 — My*Mg)

Tp = .
P (M, = Mg) (1 = My*Mp)

9)
For typical data values, this equation can be quickly solved for M,
by iteration in accordance with

(Mg — Mp) (1 — M*Mp)Tp
1 — M*Mg

new My = Mp + (10)

with an initial value of 0 for M7y.

COMPUTATIONAL SIMPLIFICATION

The method has been presented, for the sake of clarity, as a
two-step procedure. First, correct measurements are made at the
primary connector, then (5) is applied to obtain reflection coeffi-
cients with reference to the secondary transmission line.

Both calculations are bilinear transformations and therefore can
be combined into a single bilinear transformation. Such combination
reduces the number of calculations and permits one to conserve
computer memory by replacing the primary connector correction
information with. the overall correction information. However, with
ample memory and a stable system, it is worthwhile to preserve the
primary connector calibration data so that tests can be made
quickly through a variety of adapters.

AppLicATION TO WAVEGUIDES

For reproducible low-reflection connections, waveguide flanges
excel. However, the number of waveguide types is painfully large
and, as a practical expedient, many waveguide components are
measured through adapters.

The conventional calibration requires two offset short circuits for
each waveguide size (a flat shorting plate is not a dependable low-
loss reflection standard). The alternative calibration that has been
described requires only a matched load. A flat shorting plate can
be used if a phase reference is desired, since loss is not critical.

Discussion

The advantages of the simplified procedure are particularly
significant in relation to current practice. A large and possibly
major fraction of automatic microwave measurements are now
being made on devices with SMA connectors, through adapters to
7-mm precision connectors. A single lossy SMA connection during
the present calibration procedure can contaminate all subsequent
measurements. The simplified procedure avoids this hazard, although
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measurements on each device of course still depend upon its own
connections.

Once the system with adapter has been calibrated to give cor-
rected measurements of reflection coefficient, it can be used in the
usual ways for corrected measurements of transmission coefficient.

Equation (5) has another use as an arbitrary way of dealing with
redundant calibration data. Suppose the network analyzer is cali~
brated at first with three short circuits, to improve the plausibility
of the results for highly reflecting devices [17]. If then the matched
load is connected, one can pretend that an adapter is involved and
apply (5). A new calibration results such that reflection magnitudes
are appropriately corrected at high and low values.
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Computer-Aided Design of Waveguide Multiplexers

A. E. ATIA

Abstract—A procedure based on an analysis algorithm and prac-
tical rules is described for the design of waveguide multiplexers.
Simple rules, which enable the designer to quickly find a near-
optimum solution in a small number of iteration steps, are given.
An example of a 6-channel communications multiplexer, which
utilizes narrow-bandpass elliptic function waveguide filters, is also
included.

INTRODUCTION

In a multicarrier communications satellite repeater, an output
multiplexer is normally needed to combine the power outputs from
the traveling-wave tube amplifiers. Such a multiplexer must have
th= smallest possible amount of loss cousistent with the required
flatness in the passbands of each channel and with the selectivity
required for the rejection of adjacent channels. The most suitable
configuration for this application is a waveguide-manifold-type
multiplexer such as that shown in Fig. 1.

Various relatively simple decoupling techniques have been previ-
ously described for the design of such multiplexers [1]. However,
these techniques were found to be unsuitable for the present applica-
tion, partly because extra decoupling resonators may be needed,
thus increasing the size, weight, and loss of the multiplexer, and
partly because the guard bands are not wide enough, although the
filters have narrow bandwidths.

This paper describes a method for computer-aided design of the
multiplexer. When separately and individually connected to a
matched load and driven by a matched source, all filters used have
the same low-pass normalized prototype characteristics. Hence,
each filter may be separately tuned prior to multiplexer assembly,
thus considerably reducing the effort involved in practical align-
ment of the multiplexer. Harmful interaction between the filters is
eliminated by properly spacing them along the waveguide manifold.
This approach closely simulates the process which would be followed
in practical experimental design of the multiplexer.
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Fig. 1.

MurripLEXER CONFIGURATION AND ANALYSIS

The multiplexer to be designed consists of N filters mounted on
the wide side of a rectangular waveguide manifold, as shown in
Fig. 1. The waveguide is short circuited at one end, while the other
end, or output port, is terminated in a matched load. All of the
filters are derived from the same normalized prototype equivalent,
although they have different center frequencies and bandwidths.
The filters are numbered 1,2,- - -, N, with filter number 1 nearest to
the short circuit and filter N farthest from it. The distance of the
centers of the coupling slots of filter number % from the short-
cireuit end of the waveguide manifold is Ix; its center frequency is
for and its bandwidth is Ay, k = 1,2,---,N.

The equivalent circuit of the configuration shown in Fig. 1 can
be derived from an equivalent circuit of the filters, such as that
shown in Fig. 2 [2], and the equivalent circuit of a 7' junction of
the broad wall of a waveguide. Each of the T junctions may be
represented by an E-plane connection [37]. The equivalent circuit
parameters B, and B, are the same as in [3, p. 3657]. Thus the com-
plete equivalent circuit of the multiplexer is as shown in Fig. 3, in
which the filters are represented by their lumped element equiva-~
lent circuit, the waveguide is represented by dispersive lengths of
transmission line, and the junction effects by the susceptances
B, and B,.

For convenience in the analysis, a set of total voltages and cur-
rents and an equivalent set of incident and reflected waves at the
junctions of the filter’s terminal planes and the waveguide are used
in Fig. 3. Furthermore, the analysis is performed for a channel
separating multiplexer rather than a summing multiplexer. All
impedance levels are normalized to the waveguide characteristic
impedance, which is assumed to be unity, and all filters are termi-
nated in equal output loads Ry. Any individual filter can be analyzed
to yield its ¥ parameters when it is considered to be a 2-port net-
work. Only four normalized polynomials, the filter bandwidth, and
the center frequency are needed to obtain the Y parameters of any
filter [2]. Thus if the kth filter has terminal voltages and currents
[Vi®,V,® 7 and [1,®,1,®7], respectively, then the Y matrix of the
filter imposes the following constraints:

11 &) Yll @ le(k) Vl &)
[ 12(k)] B [le(k) ym(k)] [Vz(m]

and, at the output terminals,

Va® = —[,®R,. @)
Equations (1) and (2) can be solved to yield
IL® = UV ® 3)
where
Uy, = Yu® — ﬂ"_. (4)

1 + Y22<k)RO



