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Abstract —A transformation method is introduced for enabling filters of
the extracted-pole varlety to be match-nultiplexed onto a manifold using
standard wavegmde multiplexer computer programs. Thus the advantages
that -accrue from the extracted-pole realization for filters may now be
extended to multlplexers, which will be particularly useful in narrow-band
high-power low-loss multiplexing applications. The measured performance
of a 12-GHz contnguous-channel quadraplexer comprising TE,y; - cavity
extracted-pole elliptic filters is presented, demonstrating the very low
insertion losses attainable with this form of realization. Since the majority
of applications envisaged- for. this type of multiplexer is in high- power
output circuitry, a discussion on thermal aspects is mcluded

1. INTRODUCTION

N A PREVIOUS PAPER [1], .the synthesis procedure
A for extracted-pole filters' was introduced and the mea-
sured results of a laboratory model presented. This model
demonstrated the advantages of building bandpass filters
in this way, which stem ‘chieﬂy from the single-sign cou-
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pling elements throughout the filter that the extracted-pole
procedurc ensures. For when the coupling elements are
uniform- in sign, advanced self-equalized pseudo-elhptlc
charactensucs may be realized with a single-layer arrange-
ment of TE,,-mode resonance cylindrical cavities. This in
turn yields the advantages of a high unloaded Q for
optimally low in-band insertion losses, relatlvely large d1-
mensions for immunity from multipactor effect in space,
for high-power handling capability, and insensitivity to
manufacturing tolerances. Also, the device has a flat bot-
tom for easy transfer of dissipated heat to a flat cooling
plate, if necessary. One of the most important applications
foreseen for.this type of filter is in high-power low-loss
contlguous or near contiguous channel multiplexing. When
elliptic function characteristics can be used in such multi-
plexers, performance may be enhanced even further since
the design bandwidths may be made greater and sometimes
the degree of filter necessary may be reduced, both of
which tend to reduce loss and in-band signal distortion.
Particularly, application was envisaged for direct-broad-

“casting TV satellites using recently’ developed high-power

TWTA’s and Klystrons whose output powers may be as
high as 600 W. The aim -of this paper is to introduce a
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Fig. 1. Generalized cross-coupled double-array network—8th degree
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Fig. 2. Example of a pseudo-elliptic extracted-pole network.
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method for multiplexing extracted-pole filters which is an
adaptation of previously established manifold multiplexer
technology, and to present the measured performance re-
sults of a quadraplexer designed using the theory about to
be described. The configuration chosen for this quadra-
plexer is that for a direct-broadcast TV satellite working
for the Scandinavian countries which have been allocated
four “contiguous” TV broadcast channels, numbers 22, 24,
26, and 28 (1979 World Administrative Radio Conference).
These 27-MHz channels, center frequencies 38.4 MHz sep-
arated at about 12 GHz, are the closest that any TV
broadcast satellite will be required to transmit from one
antenna, and as such represents an appropriate challenge
for this new technology.

II. MULTIPLEXING PROCEDURE

When computer-aided methods for manifold multiplex-
ing of extracted-pole filters were being considered it was
decided early on not to develop a specialized extracted-pole
manifold multiplexer computer program. Apart from being
specialized, it would require an in-depth discussion of
manifold multiplexing methods which tend to be lengthy
and complicated. Since there are a variety of methods and
computer programs available for the manifold multiplexing
of waveguide filters of conventional configuration (Fig. 1),
it was thought that a simpler course to take would be to
transform the extracted-pole filter configuration (Fig. 2) to
resemble this conventional configuration, especially at the
end nearest the manifold. The idea behind this transfor-
mation method is to run any unmodified waveguide mani-
fold multiplexer program with the filter response embodied
in the conventional topology network, which the program
will deal with. It will then be noticed that due to the
influence of neighboring filters, the element values of the
network will have changed from those of the original
{double-ended) network, these changes being greatest in
the elements nearest the manifold, and will diminish rap-
idly in significance the farther they are from the manifold.
The next step is to take the same filtering characteristic but
now synthesize it in an extracted-pole configuration. Then
exact transformations (later referred to as “forward”
transformations) are applied to this network in order to
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shift all the “extracted-pole elements” to one side of the
network. Having done this, the configuration of the other
side of the network, which will eventually become the side
nearest to the manifold, will then be the same as the
“conventional configuration” referred to earlier. The per-
centage changes that were noted in the elements of the
conventional configuration network after multiplexing may
now be applied as far as is possible to the corresponding
elements of the transformed extracted-pole network. Fi-
nally, the extracted poles of this modified transformed
network may be restored to their original positions (“re-
verse” transformation). Thus, the original extracted-pole
configuration has been restored, with the elements mod-
ified by the necessary amounts for match-multiplexion of
the network onto a manifold.

III. FORWARD AND REVERSE TRANSFORMATION OF
THE FXTRACTED-POLE CONFIGURED NETWORK

Referred from the original extracted-pole filter paper [1],
a 6th degree pseudoelliptic network in extracted-pole con-
figuration is shown in Fig. 2. This represents a typical
extracted-pole network with a cross-coupling (K,,) for
phase self-equalization. In general, this cross-coupling will
be light or nonexistant in output multiplexer applications,
but in any case is ignored initially.

Assuming that the left-hand port of the network is to be
nearest the manifold, a section may be identified contain-
ing a resonant-pole section separated by a unity impedance
ideal phase shifter prior to the cross-coupled array in the
center of the filter. This is illustrated in Fig. 3. Here, the
phase shifters are of unity impedance and phase length
=+, and the impedance inverter has a characteristic admit-
tance of K. (K; =1 in the example of Fig. 3.)

The first step is to transform this section into the config-
uration shown in Fig. 4 (network 2). After this first (for-
ward) transformation, the new section will have exactly the
same electrical characteristics as the original section, but
the shunt capacitor, frequency-invariant reactance, and
inverter have moved to the left (or manifold) side of the
network, and the pole-producing elements to the right.
With the pole-producing elements in their new position,
another section similar to network 1 may now be identified
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TABLEI
FORWARD AND REVERSE TRANSFORMATION FORMULAS.
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and the transformation applied again, moving the pole-
producing section farther to the right and the next shunt
capacitor, frequency-invariant reactance, and inverter
(G,, jB,, K,) towards the input. The transformation may
be repeated until all the shunt capacitors are on the left of
the network and all the pole-producing sections are on the
right. If there is more than one pole-producing element on
the left of the network, the transformation may be applied
to these others until they too appear on the right of the
network. For the case of the extracted-pole network in Fig.
2, the resultant network will be as shown in Fig. 5. It can
now be seen that the left hand (manifold) side of the
network has conventional configuration.

Now the element triplets C{, B, K, C;, B;, K5, -+ - may
be adjusted in value by the same proportion that the
corresponding elements in the double-folded array realiza-
tion of the same characteristic have been changed by, after
application of a standard manifold multiplexer program
[3]-[6]. Usually it is found that the first two or three
element triplets nearest to the manifold suffer the greatest
changes, after which the effect of the multiplexing process

on the element values diminishes progressively the farther

the element is from the manifold.
Having modified the values of Cj, Bj, K|, etc., the re-
verse transformations may now be applied to restore the

transformed pole-producing element to its original position
at the left of the network, at which stage the network will
have its original topology but with the element values
altered in such a way that the network may be match-mul-
tiplexed onto a manifold. These transformed element val-
ues will be referred to as ¥,,b,, C,,B;,Ky,, Gy, etc.
The formulas for the forward and reverse transformations
are given in Table I. At each stage the network is electri-
cally identical to the original. For some applications it may
be advantageous to leave the poles at the right of the
network, i.e., not to use the reverse transformation, since
this would result in a shorter length of waveguide between
the first iris and the manifold, a feature which tends to
improve the performance over wide bandwidths. However,
experience has shown that it tends to leave a very high
susceptance value for the iris nearest to the pole-producing
elements, which may be undesirable from a power handling
point of view.

Having obtained the modified element values, it remains
to adjust the cross-couplings. (K, in the example of Fig.
2.) During the multiplexing design process the cross-cou-
pling inverters are modified in a manner which tends to
retain the location of the transmission zeros. For the
extracted-pole case, the locations of the transmission zeros
on the jw-axis are automatically retained, while the re-



1044

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 7, yULY 1982

-Br +Br By () b
p-jwy
—
% P14 -1y K1t
-Br bat C4tByy
P-juwq

Fig. 6. Section of network before and after final reverse transformation
showing inclusion of the additional reactance.

Fig. 7. Disassambled extracted-pole filter.

mainder are contained in the central cross-coupled array
and are adjusted by the same proportion as the corre-
sponding cross-couplings of the multiplexed double array
[6].

During the reverse transformation process a small mod-
ification at the stage of the final transformation will greatly
aid the later construction and tuning stages. The modifica-
tion involves the inclusion of an additional shunt
frequency-independent reactance before the final reverse
transformation, after which the phase length ¢,, will be the
same as the original phase length ¢,. Physically, the multi-
plexed filter will then resemble the double-ended filter and
may be independently tuned up as such initially. Then,
when .the filter is to be tuned with the manifold, the
necessary changes in the iris susceptance values and cavity
center frequencies may be achieved by screw adjustments
and the additional reactance realized with a capacitive or
inductive screw.

To calculate the value of this reactance, consider the
state just before the final reverse transformation. From
Table I

1
= —tan~! . 1
Yu { {w1+B{+K{2tan¢{} W
If it is required that ¢;, = ¢, two shunt susceptances = B,
must be added to the left of the network just before the
final reverse transformation (Fig. 6). Then, if one of these
additional reactances is included with B]

¥, = —tan_‘{

1
Cjw,+(B|+ B,)+ K{*tan /! }

Fig. 8. General view of assembled quadraplexer.

or  —coty; =Cjw,+(Bj+ B,)+ K{?tan ;)

- B,= —(K{2tan g +coty; + B + Cjw;). (2)

The result is that the phase lengths after the final transfor-
mation are the same as those before the transformation
process started, and an additional reactance has appeared
on the manifold side of the filter at an electrical distance of
an odd number of quarter-wavelengths from the effective
reference plane of the impedance inverter produced by the
iris feeding the first main cavity. This reactance may be
positive or negative and is usually low in value. The best
realization is a screw in the broadwall of the rectangular
waveguide which may be withdrawn while the filter is
being tuned in isolation, and adjusted for best common-port
return loss during the final stages of multiplexer tuning;

1IV. BREADBOARD MODEL OF A HIGH-POWER
QUADRAPLEXER '

To demonstrate the feasibility of using TE,-mode el-
liptic function filters in high-power multiplexer applica-
tions, a quadraplexer was designed and built for four
semi-contiguous TV channels, WARC numbers 22, 24, 26,
and 28, whose center frequencies are spaced at 38.4 MHz.
The useable bandwidth specified for each channel is 27
MHz. o

To meet the rejection specifications, four 4th degree
TE,;-mode extracted-pole filters were designed, built, and
tuned to the center frequencies. The design equiripple
bandwidths were 33 MHz, in-band return loss levels 22 dB,
and the poles were at = j1.818. A photograph of the two
halves of one filter is shown in Fig. 7 and of the assembled
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quadraplexer in Fig. 8. After tuning the individual filters,
they were assembled onto the manifold and the suscep-
tance and tuning screws nearest the manifold readjusted
until the common-port return loss was restored to > 22 dB
over the channel bandwidths.

Some of the measured results appear in Fig. 9 (rejection),
Fig. 10 (common-port return loss), Fig. 11 (group delays),
and Fig. 12 (wideband sweep to check for out-of-band
spurious responses). The band-center insertion loss of each
channel was between 0.52 and 0.55 dB, composed of a

filter loss of about 0.42 dB (corresponding to a @, of about
16 000) and a manifold loss of between 0.1 and 0.13 dB.
The measured results corresponded closely to the pre-
dicted, demonstrating clearly the rejection enhancement
that occurs in the regions around the crossovers of two
adjacent filters. The group delay curves show the slight
asymmetric distortions that each channel suffers as a result
of this enhancement, especially the outer channels. It will
be possible to correct these distortions by appropriate
asymmetric placement of the poles and /or (exceptionally)
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the inclusion of complex-plane transmission zero pairs
asymmetrically arranged about the complex-plane real axis.
The exact procedures for the combination of such pre-
scribed asymmetric transmission zero patterns with a pre-
scribed in-band equiripple level have recently been solved,
and the generating and network synthesis programs writ-
ten. Using such programs, asymmetric group delay dis-
tortions may be made symmetric, or completely flattened.

V. THERMAL CONSIDERATIONS

Since this multiplexer is primarily intended for high-
power space applications, it is necessary now to pay some
attention to the thermal aspects. The points to be con-
sidered are listed below.

1) Any heat generated inside the cavities by RF losses
will have to be conducted down to a flat cooling plate.

2) The hotter an uncompensated device runs, the more it
will drift from its center frequency, which in this narrow-
band application could be serious.

3) If the device is constructed from thick-wall aluminum,
which has a fairly good thermal conductivity, gains are
made in terms of lightness and machinability and the
device will run relatively cool, minimizing frequency drift.

4) If thin-wall Invar is used the device will run hotter
because of the poor thermal conductivity of the metal, and
then the frequency drift and weight will probably be in the
same order as the thick-wall aluminum solution in spite of
the thermal stability of Invar.



CAMERON ¢t al.: POLE FILTER MANIFOLD MULTIPLEXING

~— NSEC

12245

-100

«— NSEC

~135

18

Fig. 11.

5) A thick-wall Invar solution will be too weighty.

To aid in the trade-offs, some curves were generated to
illustrate the normalized cumulative distribution of dis-
sipated RF energy within a cavity supporting the
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TE,,,-mode resonance, using the diameter /height ratio as
a parameter.

The cumulative power dissipation distribution contained
in a concentric circular area of fractional radius r on the
top or bottom surface of a TE,,,, cavity of diameter /height
ratio R, is

_ (7nRrY

F 4K

ce

(le(J’O")— Jo(yo")-lz()’o"))

and J,, J;, and J, are Bessel functions of the first kind of
order zero, 1, and 2, respectively.

For the walls, the cumulative power dissipated at a
fractional height z of the cylinder is given by

P

_ 2yt
v = "RE (z—sin(2wnz) /27n). 4
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The ratio of power dissipated in the circular end plates and

the cylindrical wall is simply given by

fﬁiz{ﬂ}zR3
Pcw 2y0

Fig. 13 illustrates the cumulative power distribution
curves for TE,, cavities ranging in D /H ratio from 0.8 to
1.4, and Fig. 14 is the curve of the ratio of power dissipated
in the two end walls to that dissipated in the side wall, as a
function of D /H ratio.

. (5)
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The conclusion to be drawn from these curves is that
when the D /H ratio is close to unity (best for maximum Q
in the TE,,, cavity) then only about 8 percent of the total
dissipated power is absorbed by the top end disc of the
cavity, i.e., that farthest from the cooling plate. The major-
ity of the heat is dissipated in a band round the center of
the cavity, and if a good conducting path could be pro-
vided between this band and the cooling plate, the temper-
ature difference between the filter and ambient will be
relatively small. (A similar exercise performed with TE, ;-
and TE, ;-mode cavities showed that a much greater pro-
portion of the total dissipated heat was lost in the end
discs.)

Apportioning the dissipated heat to areas inside the
cavity and estimating the distribution round two typical
irises in the cavity sidewall, a thermal analysis program was
run which showed that the excess temperature of an Invar
cavity could be six times that of an aluminum cavity, for a
given wall thickness. To increase the wall thickness of
Invar to bring the temperature down to that of the
aluminum cavity would render it exceedingly heavy, and
cavity interconnection considerations would probably pre-
vent it anyway. The conclusion that was drawn from this
exercise was that although the temperature stability if
Invar is 10X that of aluminum, the weight of an equally-
performing Invar cavity would be prohibitive. It seems to
be worthwhile to build the filter of silver-plated aluminum
and incorporate some simple device for partial or total
compensation for center-frequency drift with temperature
on each cavity. Some initial work has already been per-
formed in this area on a single cavity, and results are
encouraging,.

VI. CONCLUSIONS

A procedure has been introduced to match-multiplex
extracted-pole filters onto a common manifold using an
adaptation of a method which has already been proved
successful with cross-coupled double-array filters.

Some measured performance curves have been presented
of a semi-contiguous narrowband-channel breadboard
quadraplexer with TE,;-mode elliptic filters, intended for

high-power direct-broadcast TV-satellite applications. The
model represents a prototype for a new generation of
high-power microwave output multiplexing devices, dem-
onstrating the principal features which would be required
of such devices, namely lowest insertion loss through the
use of the high Q TE,,-mode resonance, realizability of
advanced special-purpose symmetric or asymmetric trans-
fer characteristics for low distortion and loss, and high-
power handling capability. Mechanically, advantages are
gained in lightness, relatively large dimensions for ease of
manufacture from about 10 to 40 GHz, insensitivity to
manufacturing tolerances, a flat-bottomed construction for
efficient transfer of internally dissipated RF energy to a
cooling plate of some kind, and ruggedness. Because the
TE,,-mode is a higher order mode in a cylindrical cavity,
care should be excercized in dimensioning the cavity to
avoid close-to-band spurious responses, and it may be
necessary in some applications to include a low-pass filter
in the output manifold. However, the cutoff region of this
low-pass filter may be over several gigahertz and so its
contribution to the overall loss will be small. For narrow-
band high-power applications where the multiplexer is
constructed from aluminum, some type of temperature
compensation will be needed and some promising methods
are currently being studied [7].
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Design of Nonlinear Networks and its
Application to Microwave Parametric

Frequency Dividers
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Abstract —A new cost-effective method allowing nonlinear microwave

circuits to be designed by computer is demonstrated by application to .

parametric frequency dividers. The method is based on frequency-domain
representations of both nonlinear circiiit components and network voltages
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and currents. A special optimization strategy determines the unknown
parameters of the linear part of the circuit while eliminating the need for a
complete analysis of the nonlinear network at each step of the iterative
process.

I. INTRODUCTION

N THIS PAPER we demonstrate a new, very effective
approach to the computer-aided design of nonlinear
networks by working out in detail a specific microwave
design problem and showing the éxperimental validity of

" the solutions obtained. The circuit to be dealt with—the
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