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Abstract—Circular waveguide dual-mode (CWDM) filters have
been widely employed in the manifold-coupled output multiplexer
(OMUX) for satellite payloads. In this paper, a deterministic
electromagnetic (EM) design technique for fast and accurately
computerized prototyping a general CWDM filter is presented. By
introducing a generalized impedance inverter using the gener-
alized scattering matrix of the tuning screw section, the insertion
phase and the coupling of the two degenerate modes in a CWDM
cavity can be determined by a most effective way. To handle the
asynchronously tuned cases, the theoretical formula that relates
a self-coupling to its corresponding phase offset is derived. The
design technique is based on modal analysis at the center fre-
quency and is deterministic without using optimization or curve
fitting. The presented technique enables the full-wave EM design
of CWDM filters as easy and accurate as designing conventional
single mode waveguide filters. To validate the design technique,
practical design of eight-pole symmetric and asymmetric CWDM
filters have been studied theoretically and experimentally. An EM
design of a complete -band 15-channel contiguous OMUX is
also demonstrated.

Index Terms—Dual-mode waveguide filter.

I. INTRODUCTION

C IRCULAR waveguide dual-mode (CWDM) filters are
widely used as channel filters in output multiplexers

(OMUXs) of a communication satellite payload system due to
its compact size, high unloaded , and flexibility in realizing
various required cross couplings [1], [2]. Since its birth at
ComSat Laboratories 40 years ago in response to very strin-
gent performance requirements upon spacecraft microwave
equipment, the CWDM filter has been a vital workhorse for
the OMUXs in and frequency bands. Since there are
too many variables to tune in designing a complete OMUX as
one unit, an effective methodology for designing an OMUX
with a high number of channels consists of: 1) synthesizing the
OMUX circuit model (which include the coupling matrices of
channel filters, manifold, and stub lengths) that meets the re-
quired channel rejections and common port return loss (CPRL);
2) designing physical dimensions of each segregated channel
filter using an EM simulation tool according to the synthesized
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circuit model; and 3) assembling all the electromagnetic (EM)
models of designed channel filters to the waveguide manifold
for fine adjustments [3]–[5]. Due to the complex load effect
[6], each channel filter when detached from the manifold, is an
asynchronously tuned filter. In general, a Chebyshev filter with
asymmetric filtering characteristic is an asynchronously tuned
filter [7]. Therefore, it will be of great benefit to the microwave
industry to develop an efficient technique that automatically
designs an accurate physical model of a general CWDM filter.
A good design technique should be deterministic (without
optimization or curve-fitting), efficient, and versatile.
An accurately designed physical model of a CWDM filter

is highly desirable by the industry in three aspects, which are:
1) to provide precise physical dimensions of channel filters that
share the same circuit models as those used for computer-aided
tuning (CAT) [8]; 2) to accurately predict the spurious mode be-
havior for design assurance; and 3) to perform necessary auxil-
iary analysis, such as thermal analysis and multipaction analysis
[9], [10] for estimating high power-handling capability. Any of
these tasks would be impossible without an effective EM de-
sign technique in the first place. An efficient design technique
enables rapid EM prototyping of an OMUXwith a large number
of channel filters so that designers are capable of conducting de-
sign tradeoff in a short design cycle.
The most challenging issue in EM design of a CWDM filter

is design of tuning and coupling elements in a dual-mode cavity
for adjusting the resonance frequency offsets and the coupling
between the two orthogonal degenerate modes, namely,
and , which are denoted as and modes, respectively,
in this paper. In practice, the most commonly used tuning and
coupling structures are metal tuning screws. Although many al-
ternative dual-mode cavity structures are proposed in the past
decades for facilitating full-wave EM modeling [11]–[14], this
paper will focus on the traditional CWDM filter with a square
cross-section screw model representing the actual round tuning
screw. Nevertheless, the proposed theory is generic and appli-
cable to all the other narrowband (factional bandwidth 2%)
waveguide dual-mode cavity configurations.
By a traditional EM design technique, the coupling coeffi-

cient of two degenerate modes can be determined by the fre-
quency difference of two eigenmodes in a short-ended synchro-
nously tuned CWDM cavity [11]–[13], [15]–[18]. The param-
eter is obtained either by frequency sweeping of -parame-
ters or by solving an eigenvalue problem. A simple inverter
model that imitates the coupling of two degenerate modes in
a short-ended dual-mode cavity was proposed in [14], which
allows an approximate calculation of the coupling coefficient
using the generalized scattering matrix (GSM) of the tuning and
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coupling section when coupling is weak. Nevertheless, none of
the existing approaches has addressed the fundamental relation-
ship between the and modes, frequency offsets specified
by the corresponding self-couplings, and the length of related
CWDM cavity. These fundamental issues are critical especially
when the filter order is high and insertions of the tuning screws
are reasonably large in a CWDM cavity.
This paper will give effective answers to all these issues.

The proposed technique will systematically determine all the
required physical parameters associated to the coupling matrix
of a CWDM filter, which possesses a general Chebyshev fil-
tering characteristic with appropriate coupling topology real-
izable for CWDM filters. Although some preliminary result of
this technique was briefly reported in [19], the detailed devel-
opment of the design theory for modeling the coupling between
the and modes in a deterministic manner, as well as the
frequency-offset of each degenerate mode will be given in this
paper. With the proposed theory, a complete CWDM filter can
be automatically designed deterministically by full-wave EM
modal analysis only at filter center frequency.
The versatility, efficiency, and accuracy of the proposed de-

sign technique are demonstrated by three full-wave EM design
examples, including an eight-pole CWDM filter with hardware
test prototype for experiment verification, a -band eight-pole
filter in asymmetric box configuration, and a complete -band
15-channel contiguous OMUX.

II. DESIGN THEORY

A waveguide dual-mode filter is usually realized in cascade-
quartet (CQ) or in-line coupling topology [20]. It works only
when two conditions are satisfied, which are: 1) all the cou-
pling elements, such as irises and tuning screws, provide the cor-
rect amount of couplings and 2) degenerate modes in a CWDM
cavity resonate at the correct frequencies, for which all the res-
onance phase contributions by irises and the tuning screws must
be taken into account. It will be shown that the two conditions
will be satisfied in the design process by employing the GSM at
the center frequency of the filter.

A. Self-Coupling Effect

The self-coupling coefficient, or the frequency-invariant re-
actance (FIR) in the filter low-pass circuit model, quantifies the
frequency offset of each electric resonator. It must be consid-
ered in designing an asynchronously tuned CWDM filter.
For an asynchronously tuned bandpass filter prototype net-

work [20], if the resonance frequency is shifted by in the
th resonator, the normalized impedance of the loop equations
obtained using KCL can be found to be

(1)

which can be well approximated when by

(2)

where is frequency, is the resonance frequency shift from
the center frequency of the filter, and is the filter band-

width. According to the loop equation formulated using the cou-
pling matrix, the first term in (2) is the frequency variable in
the low-pass filter prototype, while the second term contributes
to the th diagonal term of the coupling matrix, and is called
self-coupling

(3)

In a general waveguide, the phase constant for the operating
mode (such as for a cylindrical cavity) is given by

(4)

where is the free-space wavenumber and is the waveguide
cutoff wavenumber. At , the slope of with respect to can
be found by

(5)

where and are the phase constant, free-space wave-
length, and waveguide wavelength at , respectively.
In the vicinity of , the frequency change due to the self-

coupling in (3) can then be related to an incremental change in
phase constant through . If the cavity length is , whose
electrical length is ( is an integer), a small phase change

caused by can be found as

(6)

Substituting (3) into (6), the phase change contributed by a
self-coupling can be revealed by

(7)

B. Generalized Inverter for Screw Section Design

Considering a three tuning screw section placed in a max-
imum electric field location in longitudinal direction of a

-long dual-mode cavity, as illustrated in Fig. 1(a), in which
is assumed to be an odd number, and are pen-

etration depths for the screws inserted at 0 , 90 , and 225
(45 , , or 135 ), respectively. This section provides the
required coupling between the and modes and creates
insertion phases and for achieving necessary phase
balance in a CWDM cavity.
A multiport network based on the GSM of the three tuning

screws section at the center frequency is used to describe the in-
teraction of the relevant modes. To represent the coupling of the
and modes, all the modes considered in the GSM need to be
short circuited at both ends of the cavity with electric lengths of

and , except for the dom-
inant and modes. Having short circuited the higher order
modes in the multiport network, an ordinary two-port network
is created, which is illustrated in Fig. 1(b). By physical intu-
ition, it is known that the electrical lengths of the two short-cir-
cuited stubs correspond to the resonant lengths of the two de-
generate modes at center frequency. By specifying the mode
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Fig. 1. Tuning and coupling screws section in a CWDM cavity. (a) Physical
structure. (b) Generalized inverter model in terms of GSM. (c) Equivalent
circuit of the inverter model.

at one matched port and the mode at the other matched port,
a generalized inverter can be introduced, which represents
the interactions between all the modes in the cavity. Since the
phase contributions to the and modes by the irises at the
ends of the cavity and the required self-coupling of the and
mode are different, the electrical lengths of the two short-cir-

cuited stubs in the inverter are different. In other words, the
resultant two-port network is asymmetric in general. The equiv-
alent circuit of the inverter model shown in Fig. 1(c) serves as
the basic circuit model for determining the coupling of the two
degenerate modes, as well as the insertion phases introduced
by the tuning section. The parameters in the circuit model can
be found in terms of the -parameters of the inverter model
sketched in Fig. 1(b) as

(8)

from which the inverter , as well as the insertion phases
and can then be derived and are given by (9) and (10),
shown at the bottom of this page, where

The above equations are subject to the scattering parameters
that are normalized to the matched loads at the two ports. The
derivation and other applications of a generalized inverter
model can also be found in [21].
It can be shown that the coupling of the two degenerate

modes is scaled to the impedance inverter by [22]

(11)

where is free-space wavelength and is the waveguide
wavelength at .
It is worth mentioning that a simple circuit model based on

an impedance inverter was proposed in [14] for determining
and . However, the model is inadequate in three

aspects, which are: 1) only the fundamental mode is considered
in the two short-circuited stubs, meaning that the interactions
between the reflected higher order modes and the cavity end
walls are ignored; 2) only the special case where the inverter
circuit model is symmetric has been considered; and 3) the in-
sertion phase and are approximated by the phase of

of the three tuning screws section rather than rigorously de-
termined from the inverter circuit model. These limitations
have restricted the use of the circuit model proposed in [14] only
to the design of synchronously tuned CWDM filters with very
small fractional bandwidth in which screw penetration is small
and the approximated insertion phases is acceptable.
The screw penetration depths and that provide the

required and can then be found by following the
flowchart shown in Fig. 2, where the bisection method is used
to determine the dimension variables one at a time. Since the
coupling value and the insertion phases can be found by the
generalized impedance inverter with the GSM of the section
at , the design process can be remarkably fast.

C. Automatic Design Procedure

The input/output coupling and the inter-cavity coupling can
be calculated directly by the conventional impedance inverter
[12], [16] model with respect to the fundamental mode because

(9)

(10)
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Fig. 2. Design flowchart of the screw section where is the required de-
generate mode coupling and is the required phase difference between the
and modes.

Fig. 3. Typical fourth-order CWDM filter. (a) Physical structure. (b) Building
block diagram.

the calculation only involves the coupling of two single modes
in two separately matched waveguides [14], [15], [22]. Together
with the generalized impedance inverter for modeling the
tuning screw section, an automatic EM design procedure for a
CWDM cavity filter can then be established.
The procedure can guide the design of a CWDM filter of any

order. Consider a typical fourth-order -long CWDM filter as
an example: the physical structure of the filter, as depicted in
Fig. 3(a), is decomposed into five basic coupling blocks, which
are cascaded at their circular waveguide interfaces, as shown in
Fig. 3(b). The design procedure goes cavity by cavity and cou-
pling element by coupling element from left to right. Each de-
signed coupling element contributes to both the coupling value
and the insertion phase of the two degenerate modes.
In the design process, phase shifts due to the nonzero self-

coupling and are firstly determined by (7). The
and / coupling blocks in the first cavity are then de-
signed to realize the corresponding couplings, followed by the
design of the middle coupling block to realize the required
coupling between the two degenerate modes in the first CWDM

TABLE I
COUPLING MATRIX FOR THE EIGHT-POLE CWDM FILTER

cavity and to balance the phase loadings of the and modes
in the same cavity according to the phase balance condition in
a CWDM cavity

(12)

which is equal to , the total phase change from end
to end in the CWDM cavity. On the left-hand side of (12),

, and are the phase shifts caused by the cou-
pling elements for and , respectively,
all for the mode. Similar definitions for the mode apply
to the right-hand side of (12) with replaced by . The
cavity waveguide lengths on the both sides of the three tuning
screw section are then determined by .
Having had every coupling element in each cavity successively
designed, all the designed cavities will be cascaded to create
the final EM model of the CWDM filter.

III. DESIGN EXAMPLES

To demonstrate the accuracy and efficiency of the developed
theory, a fully automatic design tool has been developed, which
drives the full-wave commercial EM modal analysis software
Wave Wizard [23], for full-wave EM design of a general
CWDM filter. Two practical individual CWDM filters and one
OMUX are investigated in this paper, including experimental
verification by a -band eight-pole CWDM bandpass filter.
The designed EM responses are compared with those of the
counterpart coupled resonator circuit models, showing excel-
lent agreement.
Design Example 1: -Band Eight-Pole CWDM Filter: An

eight-pole -band synchronously tuned filter is firstly EM de-
signed using the proposed design technique. The filter to be de-
signed has GHz, MHz, and the re-
quired coupling matrix is given in Table I. The filter is realized
by four electrical-long CWDM cavities with mm
and WR75 rectangular waveguide at the input and output ports.
The thickness of each coupling iris is 0.5 mm and the square
tuning screw cross section is 3.0 3.0 mm . The whole auto-
matic design process takes 11 min with more than 900 modes
considered in the modal analysis of each discontinuity. A hard-
ware filter is built with the designed filter dimensions and is fine
tuned according to the required coupling matrix using a com-
puter-aided tuning technology [8].
The obtained in-band responses from the synthesized circuit

model, the full-wave EM model, and the measurement are su-
perimposed in Fig. 4(a). It can be seen the designed EM model
provides an accurate filter hardware design that matches the re-
quired circuit model. For reader’s information, in this example,
the cutoff frequencies of the highest mode for calculating each
junction and connecting the junctions are 130 and 15 GHz, re-
spectively. The 2-D FEM mesh size is 0.6142 mm for all irises
and screw sections. Furthermore, as shown in Fig. 4(b), in which



804 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 2, FEBRUARY 2013

Fig. 4. Physical model of the designed eight-pole CWDM filter. (a) In-band
and (b) broadband -parameter responses. (c) Photograph of the manufactured
filter hardware. (d) Filter geometry parameters illustration.

broadband responses from both the full-wave EM model and
the measurement are superimposed, the EM designed model
can well predict the spurious mode behavior. The manufactured
filter hardware is shown in Fig. 4(c), and the dimensions of the
designed EM model and those measured from the finally tuned
hardware filter are compared in Table II with the geometry pa-
rameters illustrated in Fig. 4(d). The noticeable deviations of the
hardware’s and from those of the EM model are caused
by a known large manufacturing error. Nevertheless, these de-
viations can be compensated by the tuning screws.

TABLE II
DIMENSION COMPARISON BETWEEN THE EM AND HARDWARE MODEL OF THE
EIGHT-POLE CWDM FILTER IN DESIGN EXAMPLE 1 (UNIT: MILLIMETERS)

TABLE III
SCREW PENETRATIONS IN EACH CAVITY OF THE EIGHT-POLE
CWDM FILTER IN DESIGN EXAMPLE 1 (UNIT: MILLIMETERS)

TABLE IV
PHASE CONTRIBUTION FROM EACH ELEMENT IN THE

CWDM CAVITIES OF DESIGN EXAMPLE 1 (UNIT: DEGREES)

The designed screw penetrations are listed in Table III, where
the screw types ( followed by a penetration angle indicates
the coupling screw, and indicate the and mode tuning
screws, respectively) are also marked. Generally speaking, only
two screws needs to be adjusted in each cavity to realize re-
quired coupling and phase balance; a third screw with a preset
penetration is for providing any possible two-direction tuning
to compensate any manufacture tolerance without changing the
cavity length. In Table III, is set to be 0.6 mm.
The and mode phase shifts contributed by the finally real-

ized irises and screws in each cavity are listed in Table IV, where
it can be seen they meet the phase balance condition (12).
Design Example 2: -band Eight-Pole Filter in Asym-

metric Box Coupling Configuration: In this example, an
eight-pole CWDM filter realizing box coupling topology [20],
as sketched in Fig. 5, is full-wave EM designed. The filter is
capable of providing two asymmetric transmission zeroes. The
filter with such rejection characteristic must be asynchronously
tuned.
The eight-pole filter has GHz, MHz,

and its coupling matrix is given in Table V, which will generate
two transmission zeroes on the upper rejection band. The filter
is realized by four electrical-long CWDM cavities with

mm and WR75 rectangular waveguide at the input and
output ports. The physical model of the filter is illustrated in
Fig. 6. The first cruciform iris realizes and as electrical
resonators 1 and 3 are two modes, while resonators 2 and 4 are
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Fig. 5. Coupling schematic of the eight-pole box coupling configuration to be
realized by a CWDM filter, each dashed box represents a CWDM cavity.

TABLE V
COUPLING MATRIX FOR THE EIGHT-POLE CWDM FILTER IN BOX TOPOLOGY

Fig. 6. Physical structure of the eight-pole CWDM filter in a box coupling
topology.

Fig. 7. -parameters of the full-wave EM model and the circuit model of the
eight-pole CWDM filter in a box coupling topology.

TABLE VI
EM DESIGNED IRISES AND CAVITY DIMENSIONS OF THE EIGHT-POLE CWDM

FILTER IN A BOX COUPLING TOPOLOGY (UNIT: MILLIMETERS)

two modes in the first two CWDM cavities. Similar geometric
arrangement applies to the other two cavities. The coupling
structure in between the second and third CWDM cavities now
must be a vertical slot so as to couple two modes.

TABLE VII
SCREW PENETRATIONS IN EACH CAVITY OF THE EIGHT-POLE CWDM

FILTER IN BOX COUPLING TOPOLOGY (UNIT: MILLIMETERS)

TABLE VIII
PHASE CONTRIBUTION FROM EACH ELEMENT IN THE CWDM

CAVITIES OF DESIGN EXAMPLE 2 (UNIT: DEGREES)

Fig. 8. -parameters of the full-wave EM model and the circuit model of the
15th channel CWDM filter of a -band 15-channel OMUX.

The presented design theory and procedure can be applied to
this design requirement in a straightforward manner. The total
EM design time is about 11 min with more than 900 modes con-
sidered for modal analysis of each coupling structure. The ob-
tained full-wave EM designed responses and those of the target
coupling matrix are given in Fig. 7, showing excellent agree-
ment.
The iris dimensions and cavity lengths of the designed EM

model are listed in Table VI, where the geometry parameters
illustration can be found in Fig. 4(d). The tuning screw penetra-
tion depths for each CWDM cavity are listed in Table VII. The
and mode phase shifts contributed by the designed irises and
screws are listed in Table VIII.
Design Example 3: -band 15-Channel Contiguous

OMUX: A -band 15-channel contiguous OMUX with
included bandwidth of 900 MHz is full-wave EM prototyped
in this example using the proposed design process. The center
frequencies of the 15 channels are from 11.725 to 12.565 GHz,
with 60-MHz bandwidth for each channel. The circuit model,
which gives 22-dB CPRL for the OMUX, is first synthesized
by the method introduced in [3]. The manifold is realized by
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TABLE IX
COUPLING MATRIX FOR 15-CHANNEL FOUR-POLE CWDM FILTER

Fig. 9. -band 15-channel contiguous OMUX. (a) Physical structure and
-parameter responses from: (b) the designed full-wave EM model and (c) the
full-wave EM model with minor tuning.

WR75 rectangular waveguides connected by -plane T-junc-
tions. Each channel filter will be realized by a four-pole CWDM
filter arranged in in-line coupling topology. The CWDM filter
radius is chosen to be mm and the operating mode
is .

Considering the highest channel, channel 15, as an example,
its coupling matrix is shown in Table IX, GHz,
and MHz. The full-wave EM design time for the
channel filter is less than 6 min with more than 900 modes con-
sidered in modal analysis. The responses from the resultant EM
model for the channel filter and those from the targeted coupling
matrix are compared in Fig. 8. It can be seen that the designed
circuit model can be fully replaced by the EM model.
The other 14 channel filters can be full-wave designed one by

one based on the design theory and procedure presented in this
paper. After removing the phase-loading for each channel filter
[8], all the 15-channel filters are assembled to the EM model
of the manifold, as shown in Fig. 9(a). The responses of the
whole OMUX is then quickly obtained by cascading the GSM
of each channel filter with that of the manifold, and are shown
in Fig. 9(b). It can be seen that without any optimization, the
CPRL of the designed EM model of the specified OMUX al-
ready reaches a 20-dB level for most of channels. With minor
tuning to the manifold stubs length alone, the OMUX in-band
CPRL is easily pushed down below 20 dB contiguously, as
shown in Fig. 9(c).

IV. CONCLUSION

An efficient and deterministic EM design technique of a gen-
eral waveguide dual-mode filter has been presented. The de-
sign theory is developed by introducing a generalized in-
verter model for describing the interaction of the two degen-
erate modes and other higher order modes in a CWDM cavity,
with which the design procedure only requires full-wave EM
modal analysis at the center frequency of the filter. The design
process is very straightforward and is general to any waveguide
dual-mode filter arranged in propagating coupling configura-
tion. An automatic design software interfaced to a commercial
EM modal analysis solver is developed for preparing the rep-
resentative, practical and industrially challenging design exam-
ples presented in this paper, which include doubly and singly
terminated, symmetric and asymmetric characteristics, and syn-
chronously and asynchronously tuned CWDM filters. A design
example of a complete -band 15-channel OMUX are also
presented to validate the proposed design technique. It can be
concluded that the proposed design technique can provide the
space microwave industry with an efficient design tool for ad-
vanced waveguide dual-mode filters.
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