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Abstract—In this paper, hybrid models for the design and opti-
mization of large-scale multiplexers are presented. First, analysis
based on the low-pass prototype filter circuit model proves that
the first cavity of a channel filter next to the manifold is critical
in the design of multiplexers. A hybrid model is proposed, com-
bining a circuit model and the electromagnetic (EM) analysis of
the coupling junction close to the manifold. The fact that only a
single junction requires EM simulation facilitates the introduction
of neural networks to multiplexer design for the first time. Another
format of the hybrid model is then built by replacing the EM sim-
ulation with a neural model for the output coupling to the first
resonator. The efficiency of the method is demonstrated using a
six-channel multiplexer and a 13-channel multiplexer. Responses
predicted by the hybridmodels agree well with full EM simulations
and measurement results. The proposed hybrid models are proven
to be able to provide a high degree of accuracy in both in-band
and out-of-band frequency ranges and fast, enabling iterative op-
timization involving all design parameters for large-scale multi-
plexers.

Index Terms—Microwave filters, multiplexer design, multi-
plexing networks, neural networks.

I. INTRODUCTION

A S AN essential part of satellite communication systems,
multiplexing networks are composed of multiple band-

pass channel filters to combine the power outputs from the am-
plifiers [1], [2]. The conventional design approach for a multi-
plexer includes representing the channel filters with analytical
models, e.g., coupling matrices [3]. The interconnecting wave-
guide junctions are modeled using scattering parameters, and
the waveguides between junctions and channel filters are repre-
sented using the transmission line circuit model. It is therefore
feasible to carry out global optimization. Filter dimensions can
be obtained by simulating sections of the filter structure with an
electromagnetic (EM) simulator and relating each section with
circuit parameters in the analytical model [4], [5]. When a spu-
rious mode is identified inside or close to a transmission band,
filter dimensions are modified to shift the spurious mode away.
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Any remaining effects not identified with the analytical proto-
type representation of channel filters are left to be dealt with
during the last manufacturing stage, the tuning stage. As the
number of channel filters, frequency band coverage, and com-
plexity of the filters increase, the damaging effect of spurious
mode interference can no longer be compensated this way, as
will be shown in a design example.
Nonideal out-of-band effects need to be taken into account

and compensated during the design stage,which usually requires
full EM analysis. However, there is limited number of reports on
full-wave optimization of an entire multiplexer due to the com-
putational intensiveness. Full-wave optimization has been per-
formedonmultiplexerswith channelfilters realizedusing rectan-
gular waveguides and without tuning elements [6], [7]. General-
izing tomore complicated channel filter configurations is largely
impractical. EM analysis is usually limited to individual chan-
nels. In [8], each channel filter is optimized and simulated using
an EM simulator. The EM -parameters sweep over the multi-
plexer frequency band for each channel is then combined with
the circuit model of the interconnecting transmission lines. Only
partialoptimization ispossible, i.e.,only themanifoldspacingbe-
tween channels and the lengths of thewaveguides connecting the
channel filters to the manifold are optimized. In [9], the channel
filter is first simulated using an EM simulator to identify the spu-
riousmode.An equivalent circuit of the spuriousmode is then in-
cluded in themultiplexermodel in order to compensate for the ef-
fectof thespuriousmode throughoptimization.Similar to [8],op-
timization parameters are limited tomanifoldwaveguide lengths
and channelfilters other than the one carrying the spuriousmode.
Later in [10], a dynamic inverter is developed by comparing the
-parameters of a circuit model and those of the EM model of a
short-circuited cavity with the output iris, and then connected to
the rest of the filter circuit model to model the filter broadband
behavior. The method is applied to a three-channel multiplexer
with a conventional dual-mode cavity filter with a TM110 spu-
rious mode. As the wideband behavior is modeled with a simple
circuit model, it may not be valid for a different structure, such
as the side-coupled cavity filters, with different types of spurious
modes. The model accuracy cannot be guaranteed generalizing
to cases other than the examples given. In addition, it can take
more than 10 min per channel to perform a broadband EM simu-
lation for a single cavity, as will be shown later. For a large-scale
multiplexer, it is clearly not suitable for iterative optimization. In
themethods that have been reported, the out-of-band behavior of
a channel is usually assumed unchanged during multiplexer op-
timization, which is generally not true.
As an alternative modeling technique, neural networks have

been applied to the design of microwave filters [11]–[15]. How-
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ever, direct applications of neural networks to microwave filters
and multiplexers, i.e., the training of neural models using full
EM simulation of filters or multiplexers, are impractical. The
model needs to be valid over a very wide frequency range, e.g.,
2 GHz at -band, in order to model wideband spurious mode
interference. Collection of training data to cover the interested
input parameter range for the large number of inputs and over
a wide frequency band can be an overwhelmingly time-con-
suming task, if at all possible. A different approach is to segment
the filter and model the generalized scattering matrix (GSM) of
each segment of the filter using neural networks [14], [15]. This
method is more suitable for simple filter structures with a min-
imum number of variables, such as the -plane filters [15]. For
complex structures, a large number of modes is required to en-
sure good accuracy. Using the conventional dual-mode filter as
an example, more than ten modes are typically needed for the
circular waveguide port, resulting in a very large GSM at each
frequency point over the entire multiplexer frequency range. To
model these EM data directly requires an enormous amount of
data, with a huge number of neural network outputs. It is not
only difficult to develop accurate models, such a tremendous
effort is also proven to be unnecessary, as will be shown.
In this paper, we present an efficient wideband channel filter

model allowing iterative design optimization involving all de-
sign parameters, which is also simple to develop. It has been ob-
served that the first cavity of a channel filter next to the manifold
is the most critical in the design of multiplexers [10], [16]. First,
analysis based on the low-pass prototype circuit model is pre-
sented to provide insights into this effect. A hybrid model is then
proposed, combining a circuit model and EM analysis of part of
the filter structure, namely, the coupling junction close to the
manifold, or the output coupling. As will be demonstrated, both
the in-band response and the out-of-band spurious mode be-
havior of the channel filter are captured in the hybridmodel. Fur-
thermore, the fact that only a single junction requires EM simu-
lation facilitates the introduction of neural networks to the mul-
tiplexer design for the first time. Neural networks are capable of
modeling multi-dimensional nonlinear relationships accurately
and fast. Only the -parameters of the output coupling junction
are modeled using neural networks. There is no need to model
the GSM directly. The numbers of both input and output vari-
ables are thus minimized, reducing the effort in the development
of neural models tremendously. The resulting hybrid model is
very fast and the accuracy is comparable to EM simulations
for both in-band and out-of-band responses. No prior knowl-
edge or assumption of the spurious modes is required. Simula-
tion and measurement results of a six-channel multiplexer and
a 13-channel multiplexer are used to demonstrate the efficiency
of the method. Responses predicted by the hybrid model agree
well with full EM simulations and measurement results.

II. HYBRID MODELS FOR MULTIPLEXING NETWORKS

A. Multiplexer Model

Fig. 1 shows the multiplexer model. Channel filters are con-
nected to the manifold through waveguide T-junctions, which
are characterized with pre-calculated -parameters using EM
simulation methods, such as the mode-matching method, over a

Fig. 1. -channel manifold-coupled multiplexer.

Fig. 2. Low-pass prototype ladder networks [17].

range of frequencies covering the bandwidths of all the channel
filters. The manifold waveguide is short-circuited in one end,
and the other end is the output common port. Each channel filter
is simulated using the hybrid models, replacing conventional
circuit models, such as the coupling matrix [2], or -parame-
ters obtained from EM simulation of the channel filters [8].

B. Circuit Model Analysis of Single Filters

The common parameter used in multiplexer design and op-
timization is the common port return loss (CPRL), which de-
pends only on the output port return loss of the channel filters,
i.e., , as far as the filter parameters are concerned [2]. In the
following, we use the low-pass prototype to demonstrate that, in
the out-of-band frequency range, of channel filters is mainly
determined by the first resonator. In other words, interference
among channels can be accurately modeled with a good model
of the first resonator.
Fig. 2 shows a prototype low-pass filter with inverters ,

and , where , , and is the
filter order. The cutoff frequency . For one-pole filter,
the matrix can be calculated by casting the three com-
ponents as follows:

(1)

can be calculated using

(2)
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Since we are only concerned with the out-of-band interference,
i.e., , let for . Equation (2) can then
be simplified to be

(3)

For a two-pole filter,

(4)

Substituting the results in (1),

(5)

Similar to the approximation for the one-pole filter, let
and (5) can be simplified as

(6)

becomes

(7)

which is the same as (3) for a one-pole filter.
For an -pole filter,

(8)

It is can be shown that for ,

(9)
Calculation of is similar to (7) and

(10)

which shows that is only a function of , and the fre-
quency when .

Fig. 3. Coupling of a spurious mode.

Fig. 4. (a) Distributed circuit model for a four-pole filter with cross-coupling.
(b) Output impedance inverter is replaced with the -parameters of the coupling
structure. (c) Hybrid filter model.

Fig. 3 demonstrates the coupling of a spurious mode. The re-
flection coefficient is then changed to

(11)

where , represents the -parameter of the com-
ponents enclosed in the dashed-line box as a result of the spu-
rious mode.
Transformation to bandpass filters from the low-pass net-

work is straightforward. Equations (10) and (11) show that in
the out-of-band frequency range the reflection coefficient
(or with the spurious mode coupled to the first resonator)
largely depends on the behavior of the first resonator of the
filter. Although the conclusion is drawn using a circuit model
without cross-couplings, it is applicable to cross-coupled
narrow band filters, as will be demonstrated.

C. Channel Filter Model

Circuit models are fast and usually sufficient for the mod-
eling of the in-band performance of a channel filter, especially
for narrowband applications such as those in communications
satellites. In themeantime, an accurate model for the output cou-
pling and the first resonator is critical for simulating out-of-band
performance. Therefore, a hybrid model for channel filters com-
bining an EM simulated output coupling and a circuit model is
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Fig. 5. (a) Distributed circuit model for a classical four-pole dual mode filter
[18]. (b) Hybrid filter model based on the dual-mode distributed model.

Fig. 6. (a) Side-coupled four-pole dual-mode pseudo-elliptic filter [19], [20].
(b) Distributed circuit model for the side-coupled dual-mode filter.

presented for an accurate and efficient modeling of both out-of-
band interference and in-band behavior.
A general distributed model is adopted as the circuit model.

An example of a four-pole filter with cross-coupling is shown in
Fig. 4(a). Besides the fact that it can model the periodic behavior

Fig. 7. (a) Output cavity and iris of the side-coupled filter. (b) Port numbers
of all modes of the GSM of the three-port junction with the reference planes
defined along , , and in (a).

of transmission lines and the model dispersion of the funda-
mental mode, the EMmodel of the output coupling can be easily
incorporated. The output impedance inverter is on theman-
ifold side and impedance inverter is on the input side of the
channel filter. The distributed model is modified by replacing
the output impedance inverter with the -parameters of the cou-
pling structure, e.g., a coupling iris, as shown in Fig. 4(b). The
-parameters are generated using an EM simulator, as will be
explained below. is the phase length introduced by the iris,
which is to be subtracted from thewaveguide length between the
channel filter and the manifold. is the phase loading effect on
the cavity introduced by the iris, i.e., the electrical length of res-
onator 1 ( ) needs to be reduced to . The resulting hybrid
model combining EM and circuit models is shown in Fig. 4(c).
The hybrid filter model can be built using other circuit

models. For example, the distributed model for classical
dual-mode filters in [18] is shown in Fig. 5(a). For dual-mode
filters, resonators 1 and 2 reside in the same cavity. and

are the admittance inverters that couple the two modes in
the same cavity, which are typically realized using coupling
screws. and are the impedance inverters for sequential
and cross coupling, respectively. The hybrid model shown in
Fig. 5(b) is constructed by replacing the output impedance
inverter with the -parameters of the output coupling iris,
as shown in Fig. 4(b). Fig. 6(a) shows another example, a
side-coupled circular waveguide dual-mode filter [19], [20].
The input–output coupling and the coupling between resonators
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Fig. 8. (a) CPRL and (b) transmission coefficients between the input port of
each channel filter and the common port of all channels using coupling matrix
circuit models for channel filters.

are realized at the sides of the circular cavities. The distributed
model is shown in Fig. 6(b). The hybrid model can be built
similarly. However, our results show that the differences in
using the distributed model in Fig. 6(b) and the general model
in Fig. 4 are minimal for the narrowband cases studied, which
does not justify the use of the complicated model in Fig. 6(b).
Therefore, the general model in Fig. 4 is used in the following.

D. Modeling the Output Resonator

In this section, the output coupling is isolated, and the GSM
of the coupling junction is generated using an EM simulator.
The -parameters of the two-port network representing only the
fundamental modes are then calculated by short circuiting all
other modes. Without losing generality, we use an example for
the demonstration of the modeling approach.
The side-coupled circular waveguide dual-mode filter, as

shown in Fig. 6(a), is used as the example. This type of filter
offers significant performance improvement and finds its
applications in the satellite communications with extremely
stringent mass, size, and thermal requirements. However, the
design is more challenging compared to conventional longitu-
dinal end-coupled filters due to its structural complexity.
The output iris together with the cavity is redrawn in Fig. 7(a).

The only section of the filter that is EM simulated is the three-
port junction with the reference planes defined along ,

Fig. 9. (a) CPRL and (b) transmission coefficients of all channels with mea-
sured channel filter responses.

Fig. 10. Measured phase of channel 6, which diverges significantly from
the coupling matrix circuit model response.

and . The structure is composed of a rectangular-to-rect-
angular waveguide junction and a circular-to-rectangular side-
coupled waveguide T-junction. The rigorous mode-matching
technique for simulating circular to multiple off-center rectan-
gular side-coupled waveguide T-junctions in [20] is used for an-
alyzing this structure. The numbers of modes along , ,
and are assumed to be 1, , and , respectively, as an ex-
ample. The resulting GSM is an matrix, where

. Port numbers of all modes of the GSM are shown
in Fig. 7(b). Except for the two fundamental modes marked as
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Fig. 11. Comparison of phase of channel filters obtained from the hybrid model, full EM simulation, measurement, and coupling matrix circuit model for:
(a)–(f) channel 1 to channel 6, respectively.

Port 1 and Port 2, all other modes are short circuited by the top
and bottom of the cavity. can therefore be transformed into
the -parameters for a two-port network. The reference planes
for all modes to be short circuited are first shifted by an appro-
priate length: modes along are shifted by , the distance
between reference plane and the bottom of the cavity, and
modes along are shifted by , the distance between
and the top of the cavity, except for the fundamental mode. The
resulting matrix is obtained by

(12)

with (13), shown at the bottom of the following page.
are wavenumbers for the corresponding

mode. Finally, the -parameters for the two-port network
are calculated by short-circuiting port 3 to port [17].
It can then be plugged into the hybrid channel filter model in
Fig. 4.

E. Neural-Network Model of the Output Coupling

Modeling of the output coupling structure can be readily done
using neural networks. The structure requiring EM simulation,
i.e., the output coupling, is extremely simple. Using the example
shown in Fig. 7, the inputs of the neural model are given by
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, where is the frequency and
is the length of the output coupling iris. As described in

Section II-D, there is no need to model the complete GSM di-
rectly. The outputs of the neural network model are the -pa-
rameters of the two-port network, with one fundamental mode
on each port. Since , there are only six unknowns.
During data collection, the only variables that require EM sim-
ulations are the frequency and the iris length . The iris
width is kept unchanged here. It can be added as another input
variable if necessary. Alternatively, different sets of data can
be generated, each with different iris width, since typically the
width is not varied continuously as the iris length [13]. Once
GSM data are available, the matrix reduction is performed by
simple analytical calculation, i.e., the variations of and
do not require additional EM simulations.
In summary, the simple structure, minimum number of vari-

ables, and the straightforward calculation have significantly re-
duced the effort required for data generation and model devel-
opment, which is key to the application of neural networks to
a design problem on such a large scale. In the following, Neu-
roModeler [21] is used for neural-network model training and
testing.

III. EXPERIMENTAL RESULTS

The proposed method is applied to the analysis of a
six-channel multiplexer from 10.9 to 11.8 GHz. Each channel
filter is a four-pole side-coupled circular waveguide dual-mode
filter with 72-MHz bandwidth. The -parameters predicted
using coupling matrix circuit models are shown in Fig. 8, with
Fig. 8(a) showing CPRL and Fig. 8(b) showing transmission
coefficients between the input port of each channel filter and
the common port. However, the plots in Fig. 9 with mea-
sured channel filter responses show significant deviation from
those predicted by the circuit model. The CPRL and channel
transmission coefficient, especially the highest frequency
channel (channel 1), are severely deteriorated, as shown in
Fig. 9(a) and (b). It has been proven in the laboratory that
the multiplexer is not tunable, which shows the deficiency of
the conventional design approach. It has been further proven
that, with each channel filter simulated using an EM simulator
and optimizing only the manifold waveguide spacings [8], the
multiplexer is also not tunable.

Fig. 12. Comparison of CPRL with channel filter responses obtained from the
hybrid model, full EM simulation, and measurement.

Fig. 13. Transmission coefficients of all channels with channel filter responses
obtained from the hybrid model.

A close look at the lowest frequency channel (channel 6)
shows that a spurious mode far from the filter center frequency
causes the measured phase of to diverge significantly from
the circuit model response, as can be seen in Fig. 10. A sim-
ilar problem exists in channels 4 and 5 as well. These spu-
rious modes of low-frequency channels severely damage the re-
sponses of high-frequency channels.
Using the method described, hybrid models of all channels

have been developed combining EM simulation of the output
coupling structure with the rest of the filter represented by a
circuit model. phase responses of channel filters obtained

. . .
...
...

...

. . .

(13)
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Fig. 14. Comparison of phase of channel filters obtained from the two
types of hybrid models with the output coupling EM simulated and modeled
with neural networks for selected channels. (a) Channel 1. (b) Channel 6.

Fig. 15. Comparison of CPRL with channel filter responses obtained from the
two hybrid models: with the output coupling EM simulated and modeled with
neural networks.

TABLE I
COMPARISON OF CPU TIME FOR CHANNEL FILTER MODELS

Fig. 16. CPRL optimized using the hybrid model.

TABLE II
COMPARISON OF MANIFOLD DIMENSIONS OBTAINED USING THE CIRCUIT
MODEL AND THE HYBRID MODEL FOR THE SIX-CHANNEL MULTIPLEXER

Fig. 17. Isometric view (ProE) of the fabricated multiplexer.

from the hybrid model are compared with measurement results
in Fig. 11 for all six channels. Comparison is also made with
full EM simulation of the entire filter for each channel. Good
agreement is observed among the hybrid model, measurement,
and full EM results. As shown in Fig. 11, the coupling matrix
circuit model shows sufficient accuracy for the three high-fre-
quency channels. However, the accuracy deteriorates signifi-
cantly for the low-frequency channels. Fig. 12 shows the mul-
tiplexer CPRL, with the channel filter responses from the hy-
brid model, the full EM simulation, and the measurement re-
sults, showing good agreements. Transmission coefficients of
all channels with channel filters responses obtained from the hy-
brid model are shown in Fig. 13.
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TABLE III
SIMULATION AND MEASUREMENT RESULTS OF THE MANIFOLD

DIMENSIONS FOR THE 13-CHANNEL MULTIPLEXER

Fig. 18. (a) CPRL and (b) transmission coefficients of all channels with
channel filter responses obtained from the hybrid model.

Furthermore, neural-network models are developed for the
output coupling iris and built into the hybrid model. The GSMs
are generated for the output iris shown in Fig. 7(a) with 12
modes on each of the circular waveguide port, and subsequently
reduced to the -parameters of the two-port network. Each
-parameter is modeled separately to improve model accuracy.
Total CPU time for training and testing data collection is less
than 30 min on an Intel Core 2 Duo 2.2-GHz computer with
3-GB RAM. The three-layer multilayer perceptron (MLP)

Fig. 19. Measurement results. (a) CPRL and (b) transmission coefficients of
all channels.

structure and quasi-Newton algorithm are used for the develop-
ment of neural models. 36 hidden neurons were used. It took,
on average, 50 min to develop each model, with training and
testing errors both below 1%. Fig. 14 compares the phase of

computed using the hybrid models for selected channels. A
very good match is shown between results with output coupling
modeled with the EM simulator and neural networks. Similar
accuracy has been achieved for other channels. The CPRL
responses also agree with each other for the two types of hybrid
models, as shown in Fig. 15.
Table I compares the CPU time required to simulate a channel

filter using an EM model and the hybrid model. Full EM simu-
lation using a mode-matching method for each channel takes
35 min to cover the 1-GHz frequency range. If a finite-ele-
ment-based EM simulator is used instead, the computation time
will be more than 1 h [12]. The hybrid model with EM simu-
lation for the output coupling reduces the CPU time to 12 min
per channel. However, it is still very difficult for iterative op-
timization. Using the hybrid model with the neural model, on
the other hand, takes less than 1 s with comparable accuracy to
cover the entire multiplexer frequency range. Optimization can
thus be done within a few seconds.
Fig. 16 shows that by using the hybrid models and involving

all variables in the iterative optimization, the severe spurious
interference can be compensated, and the multiplexer can be
tuned to meet specifications. Table II compares the manifold
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dimensions obtained using the conventional circuit model and
the hybrid model. Significant difference can be observed.
The method is further validated by a 13-channel multi-

plexer from 11.7 to 12.5 GHz, which has been successfully
built and tested. Fig. 17 shows the isometric view (ProE) of
the fabricated multiplexer. Each channel filter is a four-pole
side-coupled circular waveguide dual-mode filter. The two
highest frequency channel filters have 72-MHz bandwidth
each, and the three lowest frequency channels have 54-MHz
bandwidth each. All other channels have 33-MHz bandwidth.
Waveguide WR75 -plane T-junctions are used. All channels
are simulated using the hybrid models. Table III lists all mani-
fold dimensions. During tuning, the channel filter-to-manifold
distances have been adjusted slightly. The channel-to-channel
distances are kept unchanged, except for the distance between
the end channel and the short circuit. As shown in Table III,
the difference between simulation and measurement is small.
The CPRL and transmission coefficients of all channels with
channel filter responses obtained using the hybrid model are
shown in Fig. 18(a) and (b), respectively. As can be seen, the
simulation results agree very well with the measurement results
in Fig. 19.

IV. CONCLUSIONS

Hybrid models for the design and optimization of large-scale
multiplexers have been presented. Taking advantage of the fact
that the cavity of a channel filter next to themanifold is critical in
the design of multiplexers, hybrid models are built combining a
circuit model and the EM analysis or neural-network models of
the coupling junction close to the manifold. Since only a single
junction requires EM simulation, development of neural-net-
work models is straightforward. The models are simple and
highly efficient, with very good accuracy in both in-band and
out-of-band frequency ranges. The method is validated using
a six-channel multiplexer and a 13-channel multiplexer. Com-
parisons of the responses of the hybrid models with those by
full EM simulations and measurement show good agreement.
The method is applicable to other types of waveguide or trans-
mission-line filters. Extension of the approach to dielectric fil-
ters is possible in principle. However, due to the complexity of
field distribution, such an extension may not be straightforward,
which will be the subject of a future study.
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