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Abstract— A synthesis procedure for a new configuration of
four-pole dual-mode waveguide filters with distributed coupling
is presented. In this configuration the dual-mode coupling is
obtained by exploiting the well-known fact that the diagonal
polarizations are coupled in an almost square waveguide. The
obvious advantage of this type of structure is that the cross
sections of all the discontinuities are rectangular, hence the global
prediction of the filter is more accurate. The synthesis approach
is based on a scattering matrix formulation where the dual-
mode coupling is described in terms of a 2� 2 propagation
matrix. Universal design charts, which directly yield the scat-
tering parameters of the various junctions, have been obtained.
Comparisons with experimental results of a four-pole filter are
also presented.

Index Terms—Bandpass filters, cavity resonator filters, dis-
tributed parameter filters, equipipple filters, microwave filters,
rectangular waveguides, waveguide filters.

I. INTRODUCTION

A S IS well known, the use of dual-mode cavities allows
the realization of compact high-quality microwave filters

and multiplexers [1]. The dual-mode coupling is obtained
conventionally by means of tuning screws [2]–[4]. In order to
eliminate the need of experimental tuning, efforts have been
made to replace tuning screws with suitable discontinuities
[5], [6]–[7]. An alternative technique exploits the possibility
of coupling the modes for the whole cavity length by means of
corner cuts in square or rectangular waveguides [8], [9]. This
solution can provide advantages in terms of power handling
capability, production cost, and compactness (dielectric-filled
cavities can be considered). In this case, the resonators have
a uniform cross section quite close to that of the waveguide
without cuts since the coupling is distributed, but even if the
cross-section perturbation is small, the mode spectrum must
be computed numerically. Therefore, if a high precision is
required (as in the case of narrow-band filters) this step can
be cumbersome.

The configuration we have proposed in [10] definitely
overcomes this problem. In fact, the resonators consist of an
almost square waveguide and the dual-mode coupling occurs
between the diagonal modes of the square waveguide. In other
words, the usual and modes are viewed as sum
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and difference modes, in the context of the coupled mode
theory [11]. Of course, in this configuration the rectangular
thick slots that realize the input/output and intercavity coupling
are rotated by 45 with respect to the cavity cross section.
The obvious advantages of this type of filter, which allow an
easier prediction, are that the distributed coupling is evaluated
in closed form and that the cross section of all discontinuities
have a rectangular shape.

Dual-mode filters are generally designed on the basis of a
lumped circuit prototype. When the coupling is realized by
means of coupling screws, the final response of the filter is
then obtained by means of experimental tuning. In the case
of distributed coupling configurations, starting from the study
of the dual-mode coupling on the basis of which the initial
dimension of the filter are determined, the final configuration is
generally obtained by means of a computer-aided optimization
process.

In this paper we present a new synthesis procedure based
on a scattering matrix characterization of the various coupling
discontinuities. First, a distributed modal circuit of the filter is
introduced and discussed. Then, starting from this circuit, the
synthesis procedure which exploits the properties of the scat-
tering matrix of reciprocal and lossless devices is presented.
For clarity, in Section II a dual-mode cavity is investigated.
Then, on the basis of the concepts introduced in this simpler
case, Section III deals with a synthesis procedure of four-
pole dual-mode filters. The synthesis scheme was condensed in
three design charts that directly yield the scattering parameters
of the various coupling discontinuities in terms of the filter
response specifications. The synthesis directly gives the final
dimensions of the filter and no optimization is required. This
result is due to the fact that the design is directly based on this
distributed model and is, therefore, much closer to the physical
behavior of the filter. Comparisons among design curve, full-
wave analysis, and measurements on a breadboard confirm
the validity of the approach.

Dual-mode elliptic function filters can be obtained with this
configuration, as confirmed by the full-wave analysis.

II. DUAL-MODE CAVITY

Before presenting the design procedure we have developed
for dual-mode two-cavity filters, it is beneficial to consider the
simpler case of a single dual-mode cavity. The cavity consists
of a length of an almost square waveguide and the input/output
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Fig. 1. Cutaway perspective of the proposed dual-mode cavity.

couplings are obtained by two thick rectangular slots rotated
by 45 with respect to the sides of the cavity cross section
(see Fig. 1). Clearly, the two slots are perpendicular to each
other in such a way that a dual-mode response is obtained. The
almost square waveguide, with sidesand , can be seen as a
perturbation of the square waveguide with side
(hereinafter called unperturbed guide). From this point of view,
we could say that each slot couples the mode of the
input/output waveguide with one of the two diagonal modes
of the unperturbed guide. These last two modes are the sum
and the difference of the degenerate and modes
of the unperturbed guide. Due to the perturbation introduced
(the cross section of the cavity is not exactly square), these two
diagonal modes are coupled to each other for the whole length
of the cavity. In other words, we realize a distributed coupling
between the diagonal modes of the unperturbed waveguide by
simply using a rectangular cross section.

Slightly perturbed guides are generally studied by means
of the coupled mode theory [11], according to which the
characteristics of the relevant modes can be obtained. For this
configuration, this study is not necessary at all, because we
already know the relevant modes of the coupled structure
(which are the well-known and modes of the
almost square waveguide). Thus, the dual-mode coupling is
known in closed form, and it can be controlled analytically by
varying the difference of the side lengths of the cavity cross
section. Notice that a slight difference (about 1%) is generally
required because the dual-mode coupling occurs for the whole
length of the cavity.

Some readers could find another interpretation more attrac-
tive, according to which the first slot excites equally the
and modes of the unperturbed waveguide, while the
second slot is decoupled because it excites them with opposite
sign. If we now introduce a slight difference between the side
lengths of the cavity cross section, the propagation constants
of these two modes change giving rise to a rotation of the field
polarization so that coupling occurs through the second slot.
Even if this interpretation could look more straightforward,
it is not convenient from a design point of view. In fact, it
requires the use of 3 3 scattering matrices to describe the
discontinuities, whereas, according to the first interpretation,
where the slots couple only one of the diagonal modes, only
2 2 scattering matrices are involved.

Following the description in terms of coupled diagonal
modes, the modal circuit of a single dual-mode cavity filter
is shown in Fig. 2. The two transmission lines of length

Fig. 2. Modal circuit of the dual-mode single cavity filter. The transmission
lines of lengthl refer to the diagonal modes of the unperturbed waveguide.
The modal coupling is symbolically indicated by a wavy line.

corresponds to the two diagonal modes of the unperturbed
waveguide (1, 2) and the distributed coupling is symbolically
sketched by a wavy line. The 2 2 scattering matrices
and refer to the discontinuities between the cavity and
the external waveguides at the input and output sections,
respectively. The two ports of these scattering matrices refer to
the mode of the input/output waveguide and to one of
the two diagonal modes of the cavity. At the same section,
the other diagonal mode is reactively loaded because it is
coupled through the slot with the mode of the external
waveguide which is evanescent. In Fig. 2 these reactive loads
are represented by the reflection coefficients and
corresponding to the diagonal modes 2 and 1, respectively.

Because of the distributed modal coupling, the propagation
operator , in the diagonal mode basis, is given by the matrix

(1)

where

(2)

is the electrical length difference between the two relevant
modes of the cavity (i.e., the usual and modes)
which, in the light of the coupled mode theory, is interpreted as
the coupling coefficient; is the cavity electrical length for the
modes in the unperturbed waveguide, and . Using
(1), the reflection coefficient of Fig. 2 can be expressed as
a function of in the following way:

(3)
where, for clarity, we have denoted the scattering parameter

with . It can be shown that for small values of
and of the phase difference ( ) between the reflection
coefficients and (which is actually the case occurring
in practice), the following symmetry condition holds:

(4)

where

(5)
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Fig. 3. Example of�D(�) curves for different values of the distributed
coupling parameter��=��c = [0:8; 1; 1:2; 1:4; 1:6].

Equation (4) means that symmetric values ofwith respect to
correspond to points of the plane symmetric with respect

to the radial line through . Plots of
for different values of the parameter are shown in Fig. 3.
Two coupling states can be identified, according to whether

is larger or smaller than a critical value given by

(6)

If (over-coupling state) the curve of has a
double point at ; this means that
this last value is reached for such that

(7)

For (under-coupling state) the right-hand side
(RHS) of (7) is greater than one and the double point occurs
for imaginary values of . However, in both cases, for real
values, the curve has a minimum of for given by

(8)
This minimum value is less than in the over-coupling
state whereas the converse is true in the under-coupling state.

If we assume the input/output discontinuities to be re-
ciprocal and lossless, the magnitude of the input reflection
coefficient can be written as follows:

(9)

Hence, it is obvious that if the two discontinuities are identical,
and in particular and , the double point in
the curve gives rise to two reflection zeros at .
In this condition, a measure of the electrical bandwidth of the
filter can be obtained by (7). Furthermore, the input reflection
coefficient reaches its maximum value in the passband for

, given by

(10)

Fig. 4. Modal circuit of a dual-mode two-cavity filter. See the text for the
description of the devices.

In other words, the over-coupling state produces a Chebyshev-
type response, whereas a Butterworth-type response is ob-
tained when the critical condition holds. In the
under-coupling state no reflection zeros are obtained because
the curve does not pass through the point .

As far as the Chebyshev response is concerned, the previous
equations can be organized to define the design procedure for
a single dual-mode cavity filter. Starting from the electrical
bandwidth specified through the parameter
and of the ripple level , we
directly obtain the electrical parameters of the filter by the
following expressions:

(11)

Once the electrical parameters are determined, the geometry
of the cavity is defined by the following relations:

(12)
where is the free space wavelength at the central frequency
and is given by (5). Moreover, in the case of narrow-band
filters, the effective relative bandwidth is related to the
electrical fractional bandwidth according to the following
expression:

(13)

III. FOUR-POLE FILTER

On the basis of the analysis developed in the previous sec-
tion, the dual-mode two-cavity configuration can be analyzed
considering the modal circuit shown in Fig. 4. Similar to the
previous case, each cavity is represented by two transmission
lines of length corresponding to the two diagonal modes
(labeled 1, 2 for the first cavity and 3, 4 for the second one).
The coupling between the cavities occurs through a thick slot
which couples the diagonal modes 2 and 3 (the scattering
matrix describes this coupling) and loads the other two
modes (1 and 4) with a reactive impedance described by
the reflection coefficient . The input and output couplings
are obtained by two identical thick slots described by the
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Fig. 5. Example of the curve�D(�) and of the circumference related to the
central device in the case of four reflection zeros and�� > ��c.

scattering matrix and by the reactive load . Notice
that the possibility of controlling the phase of the reflection
coefficient by simply varying the aspect ratio of the slot
aperture allows for the tuning of the filter (phase-matching
condition) without any further effort.

Our goal is to now obtain the expression of the input
reflection coefficient of the filter . Recalling that the structure
is symmetric, reciprocal, and lossless, the magnitude of this
quantity can be simply expressed in terms of the reflection
coefficients and . In fact, the two-port network described
by the scattering matrix is loaded on both sides by the
same reflection coefficient and presents at its ports the
input reflection coefficient . Hence, the magnitude of the
input reflection coefficient of the filter can be written in the
form

(14)

Notice that the expression of is still given by (3) and
all the considerations previously done still hold. From (14)
we can see that the reflection zeros of the filter are related
to the condition . As is well known, if the central
device is symmetric and lossless, the points of theplane
transformed by the device in such a way that form
a circumference of centre and radius given by

(15)

By these considerations the filter design can be approached
geometrically by looking for the intersections of this circum-
ference with the curve . Fig. 5 shows an example of
these intersections for . This point of view is
very convenient for an efficient design procedure because
several conditions can be enforced by simple geometrical
considerations. In fact, in order to have a symmetric response
with respect to the normalized central frequency, the center
of the circumference must be on the symmetry axis of the
curve , as sketched in Fig. 5. From this symmetry
condition and (15), the following phase-matching condition

is obtained:

(16)

As far as the magnitude of is concerned, we can ob-
serve that in order to have four intersections, and hence four
reflection zeros in the filter response, the distance

(17)

of the circumference from the origin must be greater than the
minimum value of still given by (8). This yields the
condition

(18)

The specific value of can then be determined by
requiring the ripple to be a constant in the passband. According
to the geometrical interpretation of Fig. 5, the ripple level
is related to the distance between that part of the curve

corresponding to the passband of the filter and the
circumference of the central device. Hence, it is easy to
observe that low values of the ripple can be obtained if
has no double point, i.e., if (under-coupling state).
Furthermore, it can be recognized that:

• the value of the ripple in the passband is a function of
the normalized parameter only;

• the electrical bandwidth depends on two parameters:
the ratio and the external coupling value

;
• for a given pair of and the enforcement of

the equiripple condition allows to determine the central
coupling value .

With the help of these properties, the universal equiripple
design charts of Fig. 6 were obtained. Hence, the following
design scheme was established:

• for a given value of the ripple in the passband, the ratio
is determined [see Fig. 6(a)];

• the external coupling value is obtained by the contour
plot of Fig. 6(b) from the knowledge of the ratio
determined in the previous step and of the required
fractional bandwidth obtained by (13);

• the central coupling ( ) is obtained by the chart of
Fig. 6(c) from the values of and previously
determined;

• is evaluated by means of (6);
• the cavity dimensions are determined by means of (5)

and (12).

At this point the electrical design of the filter is completed
and the coupling discontinuities are defined by means of the
magnitude of their transmission coefficients at the central
frequency and the phase-matching condition (16). The final
step is the definition of the geometry of these discontinuities.

The electromagnetic characterization of this kind of dis-
continuities can be efficiently done by a full-wave technique
based on the well-known method of moments [12]. Similar
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Fig. 6. Equiripple design charts for the dual-mode two-cavity filter. See the
text for their use.

techniques such as the mode matching method can also be
applied [13]. The slot thickness can be used to obtain small
coupling values without reducing the slot aperture to too small
of a size [13]. A possible approach is to view the discontinuity
as a cascade of two steps, the generalized scattering matrices
of which are computed and combined. This technique is par-
ticularly efficient when only the first few modes of the below
cut-off waveguide play a role in the interaction between the
two opposite faces of the discontinuity. Conversely, for small
thicknesses, the cascade procedure becomes burdensome, and
it is more convenient to deal with the problem by considering
the electric field distributions at both sides of the discontinuity
as primary unknowns to be represented in the moment method
application [14]. A peculiarity of these discontinuities is the
45 rotation of the apertures with respect to the cavity walls.
As reported in [15], this rotation neither introduces significant

Fig. 7. Frequency response of the dual-mode two-cavity filter. (a) Transmis-
sion coefficient. (b) Reflection coefficient. Design (solid line), measured data
(dashed line), full-wave analysis (dash-dotted line).

difficulties nor reduces the reliability of the prediction with
respect to the case where the aperture is not inclined.

IV. DESIGN AND RESULTS

As an example, we designed and realized a four-pole
filter in a WR90 waveguide. The specifications were: central
frequency 11 GHz, bandwidth 72 MHz, return loss of 22
dB. The electrical design, carried out according to the pro-
cedure presented in Section III, directly gives the frequency
response of Fig. 7. Here the discontinuities are represented
by frequency-independent scattering matrices, whereas the
dual-mode coupling is described rigorously. The unperturbed
waveguide has a cross section of 1818 mm. The geometry
of the whole filter has been defined as follows. We realized
both coupling discontinuities by means of 1 mm thick slots
with rectangular apertures. In particular, the central disconti-
nuity has a narrow aperture with a height of 1 mm so that the
diagonal modes 1 and 4 are not coupled (see Fig. 4). Notice
that if two transmission zeros are required, the aperture height
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Fig. 8. Parts of the waveguide filter prototype.

Fig. 9. One-mm-thick central slot in18�18mm waveguide; aperture height
b0 = 1: mm.�C��

(b)
11 andjS(b)21 j against the aperture lengtha0 at 11 GHz.

must be increased and the second cavity must be rotated by 90
in order to obtain the desired sign for the coupling between
these two modes.

Recalling that the discontinuities must satisfy the phase-
matching condition (16), it is convenient at first to define
the geometry of the central slot by choosing the aperture
length which gives the desired value for the parameter

. Fig. 8 shows the influence of the aperture length on
this transmission coefficient at 11 GHz. The phase difference

of the scattering parameters corresponding
to the diagonal mode 1 and 2, respectively, must also be
determined (see Fig. 8 for its typical behavior). Remember that
this phase difference must be maintained by the input/output
discontinuity. Now, the aperture dimensions of this last discon-
tinuity are obtained by the intersection of two curves selected
from the two contour plots of Fig. 9. These contour plots give
the magnitude of the transmission coefficient and the
difference between the phases of the two reflection coefficients

as a function of the aperture dimensions.
The frequency response of the filter obtained by a full-wave

analysis is also reported in Fig. 7 (dashed–dotted line). The

Fig. 10. One-mm-thick input/output slot connecting WR90 and 18� 18
mm waveguide. Contour plots ofjS(a)21 j (solid line, nat*1000) and�B � �A
(dotted line, degree) as functions of the aperture dimensions at 11 GHz

Fig. 11. Frequency response of the dual-mode two-cavity filter with two
transmission zeros. Design (solid line), full-wave analysis (dash-dotted line).

width, height and length of the cavities are 18.11117.899
19.814 mm. All the aperture dimensions of the slots were

chosen to realize the scattering parameters directly obtained by
the design procedure and no optimization scheme was applied.
The input/output apertures dimensions are 8.7258.060 mm,
while the central aperture is 7.443 1 mm.

The slight difference between the electrical design and the
full-wave analysis is related to the frequency dependence
of the coupling discontinuities and to the spurious coupling
caused by the slots. In fact, since the cross section of the
cavity is not rigorously square, weak spurious couplings
are generated at the discontinuity sections. However, if the
equiripple condition must be satisfied exactly, a design which
presents a slope in the ripple envelope can be produced
exploiting the geometrical interpretation given in Fig. 5. A
prototype, whose parts are shown in Fig. 10, was manufactured
and measured, and its frequency response is also reported in
Fig. 7. We can observe a rather significant insertion loss in
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the passband and a slight lowering of the central frequency.
Notice, however, that the prototype is not silver-plated and
the tolerances of the sample are larger than those required for
filters with very narrow passband like this one. Hence, a better
accuracy in the realization of the filter will undoubtedly yield
an excellent agreement between the measured and predicted
results.

Fig. 11 shows the capability to obtain frequency responses
of elliptic function filters with this configuration. Obviously,
in this case the diagonal modes 1 and 4 are coupled to each
other and the second cavity is rotated by 90with respect
to the first one, so that two transmission zeros appear. The
solid line refers to the result obtained directly with the design
where the discontinuities are described in terms of frequency
independent scattering matrices whereas the dotted line is the
result of the full-wave analysis. The synthesis procedure still
holds also in this case; obviously, we have to deal with a
further input parameter which can be identified as the ratio
between the separation of the two transmission zeros and the
central frequency.

V. CONCLUSION

The results presented in this paper show the possibility
to realize a dual-mode rectangular waveguide filter with a
distributed modal coupling obtained without any discontinu-
ities inside the resonators. This has been possible by exciting
the diagonal polarizations of an almost square waveguide.
Moreover, all the discontinuities have been realized by thick
rectangular slots. A new design scheme based on modal
circuits has also been presented and discussed. The use of
a distributed model in the synthesis procedure allows for
obtaining results closer to the analysis; hence, optimization
schemes can be avoided. Comparisons with experimental
results have confirmed the validity of this new filter concept.
Finally, the point of view used in this paper allows for a
deeper insight into the role played by the various parameters
involved in the design. In fact, thanks to the geometrical
interpretation of the synthesis procedure given in Fig. 5, not
only narrow-band filters can be designed. The dispersion of
the parameters occurring in the case of broad-band filters
generally destroys the equiripple condition and produces a
frequency shift. According to this geometrical interpretation,
these degradations can be seen as a shift of the intersections
between the curve and the circumference corresponding
to the central device. Hence, they can be compensated by
moving the circumference or the curve that is changing
the values of the scattering parameters of the discontinuities.
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