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Abstract—In this paper, we present a novel band-pass filter
based on dual-mode resonators. The dual-mode operation is
based on integrated coaxial and rectangular waveguide cavities.
Furthermore, we also discuss a systematic design procedure for
the selection of the dimensions of the various constituent elements
of the filter, that is based on the well-known aggressive space map-
ping technique. The design of a 5-pole band-pass filter operating
in the X-band is discussed in detail, including also measured data.
The comparison between simulations and measurement shows
very good agreement, thereby fully validating both the new filter
structure, and the design procedure.

Index Terms—Band-pass filter, coaxial filter design, comb-line
resonator, dual-mode resonators, transmission zeros.

I. INTRODUCTION

THE front end of modern communication satellite pay-
loads is commonly implemented in classical waveguide

technology. The evolution of the system architectures cons-
tantly requires the ever increasing integration of all wave-
guide components (such us filters, diplexers and multiplexers)
operating in the microwave and millimetre wave frequency
ranges. In this context, coaxial cavity filters, based on the
comb-line filters initially introduced by Matthaei in 1963
[1], have attracted much attention over the last decades, and
are currently widely used both in satellite and in wireless
communications systems [2]–[7].

Canonical coaxial filters are usually based on in-line or
folded arrangements of single-mode resonators composed of a
cylindrical metallic post inside a metallic (cubic) enclosure.
The inter-resonator coupling is usually implemented using
rectangular irises. Using rectangular irises, both electric and
magnetic couplings can be easily implemented by changing the
position and height of the iris, as shown in [8]–[11]. Another
inter-resonator coupling approach is using electric coupling
probes [12], [13]. Folded configurations are usually adopted
to enhance the filter selectivity, since they allow the simple
realization of cross-couplings between non-adjacent resonators
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[11], so that transmission zeros can be implemented. Transmis-
sion zeros can also be implemented in in-line configurations
by changing the orientation of some of the resonators [14].

Non-canonical coaxial configurations have also been inves-
tigated in several contributions. For instance, comb-line res-
onators with conical posts were described in [15], and comb-
line filters with a cellular arrangement were presented in [16],
with the aim of implementing diagonal cross-couplings. More
recently, in-line coaxial filters using a cylindrical housing were
investigated in [17], while novel comb-line resonators adding
spheres and half-spheres to the top of the classical cylindrical
post were proposed in [18], in order to achieve better power-
handling capability. Additionally, mechanically tuned comb-
line filters have also been discussed in [19], [20].

Furthermore, several methods have been recently proposed
for the efficient design of waveguide coaxial filters. Among
them, it is worth noting the investigation discussed in [11],
where practical design guidelines are given to compute the
initial dimensions of the various irises used in the design
of slot coupled comb-line resonators. Another widely used
technique for the synthesis of the desired electrical response
is based on the construction of the coupling matrix for the
whole filter, combined with a direct optimization of the
dimensions of the components [10], [11], [21]. More advanced
and computationally efficient methods based on space mapping
techniques have also been reported in [14], [22]. Furthermore,
other design strategies based on the use of equivalent circuits
have also been recently proposed [4], [20], [23], [24].

However, little work has been reported so far for the design
of comb-line filters based on dual-mode resonators. To the
best of the authors’ knowledge, the most relevant works in
this context are presented in [25], [26], where the canonical
comb-line resonator is modified by adding an additional con-
ductor (thus generating another TEM mode), with the aim of
implementing dual-mode designs.

In this context, therefore, the objective of this work (which
is an extension of our work reported in [27]) is to discuss a
novel class of dual-mode band-pass filters based on integrated
coaxial and rectangular waveguide resonators. The proposed
filter geometry is shown in Fig. 1, where two dual-mode
coaxial cavities are combined with an empty rectangular
waveguide resonator to obtain a compact design. In contrast to
classical coaxial filters, where the comb-line cavities operate
in their lowest resonance, the novel resonator uses a higher-
order mode resonance of the cylindrical post. The effect of
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Fig. 1. 5-pole band-pass filter based on dual-mode coaxial resonators
proposed in this work.

this choice is that the resonance of the post can be made to
coincide with the resonance of the metallic enclosure, thereby
generating two orthogonal resonances at the same frequency.

The dual-mode filter that we present is designed following
a strategy that combines the segmentation of the component,
to better handle the complexity of the structure, with the
use of equivalent circuits that provide the desired target
performance in each stage of the design process. Furthermore,
the well-known aggressive space mapping technique [28] is
also used in order to reduce the overall computational effort.
The approach that we propose has been validated with the
design and manufacture of a fifth-order Chebyshev band-pass
filter operating in the X-band (f0 =10 GHz). The filter has a
return loss of 30 dB, and a bandwidth of 300 MHz.

As we stated before, this work is an extended version of
the paper that the authors presented in [27]. More specifically,
the differences with respect to [27], and the additional topics
discussed in this extended version, are described next:

• The authors used in [27] a standard cylindrical post in
the dual-mode resonators. In this extended version, we
use, instead, a cylindrical re-entrant coaxial post in order
to improve the tunability of the filter.

• The two orthogonal modes of the dual-mode cavity
designed in [27] were coupled inductively, by means of an
auxiliary probe that connected the rectangular enclosure
with the cylindrical post. However, this solution does
not allow for post-manufacturing tuning of the coupling
between the modes of the dual-mode resonator. To im-
prove this aspect, in this extended paper, we propose
a new solution based on a capacitively inter-resonator
coupling. The new coupling mechanism is fully tunable,
thus substantially improving the manufacturability of the
structure.

• The design procedure of the band-pass filter is also
discussed in more detail in this work, and new mate-
rial regarding the synthesis procedure of the filter has
been included. Moreover, important information about
the unloaded Q-factor of the proposed resonator, and its
comparison with standard coaxial cavities, are also now
included.

• A number of issues of more practical nature, such as the

effect of manufacturing inaccuracies, the introduction of
tuning elements and the presence of rounded corners in
the resonators, have been discussed as well.

• Another important difference with respect to [27] is that,
in this extended work, we also discuss the measured per-
formance of a filter prototype that has been manufactured
with the aim of validating both the filter structure and the
design procedure.

• Finally, bearing in mind that the filter can be used
in future satellite systems, we have also included in
this extended version a rigorous multipactor breakdown
analysis.

This article is organized as follows. Section II discusses the
guidelines for the design of the dual-mode coaxial resonator,
while Section III deals with the ideal equivalent network of
the filter. Next, a systematic procedure for the efficient design
of the filter is discussed in detail in Section IV, where several
filter topologies are considered. A multipactor analysis of the
filter structure is then performed in Section V. Furthermore,
Section VI details the practical implementation of the dual-
mode filter. A rigorous tolerance analysis is also performed
in Section VII to explain the differences found between the
simulated and measured filter response. Next, we discuss in
Section VIII the use of the space mapping technique for
estimating the depths of the tuning elements used in the filter
that we have manufactured. Finally, Section IX summarizes
the main results obtained in this work.

II. DESIGN OF THE DUAL-MODE COAXIAL CAVITY

The dual-mode cavity that we propose is based on a
cylindrical re-entrant coaxial post in a metallic enclosure, as
shown in Fig. 2. It is well known that the use of the re-entrant
post increases the capacitance at the open end of the resonator,
thereby improving the tunability of the final filter [29]. The
design of the dual-mode cavity starts from the identification of
the two resonances of interest: one resonance is related to the
rectangular waveguide enclosure, while the other is related to
the re-entrant coaxial (post) resonator. The modes associated
with the two resonances will be coupled afterwards (by means
of an electric-type coupling) using an auxiliary cylindrical
metallic post.

Our first objective is to obtain the same resonant frequency
(f0 =10 GHz) for both modes. To this aim, the commer-
cial software FEST3D from AuroraSat (now with CST and
Dassault Systèmes) and Ansys HFSS are used in the design
process. The resonances are identified by finding the zero
crossings of the phase of the scattering parameter S11 of an
appropriate one-port component. In this context, the resonance
of the rectangular enclosure can be identified by using an
input access port (of rectangular geometry) at z = 0 in the
resonator shown in Fig. 2. The resonant frequency of the re-
entrant coaxial post, on the other hand, can be identified by
analyzing the one-port component obtained after considering a
coaxial waveguide input port (with a circular inner conductor
of diameter 2Rp1 and a rectangular outer conductor) at y = 0
(bottom) in the resonator shown in Fig. 2. For the sake of
clarity, the two one-port waveguide components are shown in
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Fig. 2. Re-entrant coaxial resonator in a metallic enclosure. Above:
lateral view. Below: top view.

Fig. 3. One-port structure used for computing the resonance of the
coaxial resonator.

Fig. 4. One-port structure used for computing the resonance of the
rectangular enclosure.

Fig. 3 and Fig. 4. In both figures, the corresponding input
access ports are shown in red.

It is also important to stress that the transversal dimensions
of the input access ports mentioned above are equal to the

Fig. 5. Design of the resonant frequencies of the dual-mode coaxial
cavity using the phase of S11.

corresponding transversal dimensions of the cavity used in
the filter, so we are not using any external coupling to the
resonators themselves. We can simply view them as lengths
of waveguides with the appropriate loadings. Therefore, this
approach provides us with an approximate (but very good)
initial point that can be refined afterwards with an optimization
process.

After performing some optimization steps, we obtain the
results shown in Fig. 5. It is important to note now that,
in order to obtain the same resonant frequency for both res-
onators, we have chosen to work with the first resonance of the
rectangular waveguide enclosure, and with the second resonant
mode of the re-entrant coaxial post. The two resonances are
orthogonal to each other if no additional coupling structures
are introduced in the cavity. It is worth mentioning that, if we
had used the first resonance of the coaxial resonator instead of
the second one, the post would have been significantly shorter
and, as a consequence, we would have needed a very long
tuning screw. The result would have been a very impractical
structure. Furthermore, if we had tried to reduce the dimension
of the rectangular enclosure to reduce the length of the tuning
screw, we would have obtained a much smaller rectangular
waveguide resonator with a much higher resonant frequency.
Dual-mode operation would have, therefore, not been possible.
In addition, the choice of working with the second resonance
of the post, provides us with a higher unloaded Q, as we will
show next.

Fig. 6 and Fig. 7 show the magnitude of the electric field
(calculated at 10 GHz) for both resonant modes. Regarding the
fields shown in Fig. 7, it is worth noting that they correspond
to the first resonance of the rectangular enclosure, perturbed
by the presence of the metallic post.

The final dimensions (all in mm) of the dual-mode cavity
in Fig. 2 are as follows: a=20, b=10, l=20.726, hs =1.848,
Rs = 0.9, hp1 = 18, Rp1 = 2, hp2 = 2, Rp2 = 1.5, and lp = 4
(note that hs, l and lp will later become optimization variables
in the design process).

Next, we have calculated the unloaded Q for the two
resonances of the dual-mode cavity, using an equivalent con-
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Fig. 6. Magnitude of the electric field (calculated at 10 GHz) for the
resonance of the coaxial re-entrant post.

Fig. 7. Magnitude of the electric field (calculated at 10 GHz) for the
resonance of the rectangular waveguide resonator.

ductivity value of 38 · 106 S/m (aluminum). To do that, we
have used the commercial software Ansys HFSS. The results
obtained are collected in Table I. Next, we perform another set
of calculations with the aim of comparing the values for the
unloaded Q in Table I with the quality factor of an equivalent
coaxial cavity that resonates at 10 GHz using the fundamental
mode. To achieve this, the height hp1 of the post (see Fig. 2)
has been reduced to 5.35 mm (i.e., λg/5.6 approximately),
while the dimensions of the rectangular enclosure have been
kept constant. The unloaded Q factor for the fundamental
mode of this coaxial resonator is equal to 2889, which is lower
than the Q of the second resonant mode of the coaxial cavity
(the one used in our filter).

Finally, in order to compare the performance of the
dual-mode cavity with an ordinary comb-line resonator, we

TABLE I
UNLOADED Q OF THE TWO RESONANCES OF THE DUAL-MODE CAVITY

Resonance of the coaxial cavity Q=3266

Resonance of the rectangular enclosure Q=4372

Fig. 8. Geometry of the designed comb-line resonator. Left: lateral
view. Right: top view.

have also designed a canonical single-mode comb-line cavity
(f0 =10 GHz), based on a cylindrical re-entrant coaxial post.
The geometry of this cavity is shown in Fig. 8. The values
(all in mm) of the different dimensions are: a=8.7, b= l=5,
hp1 = 6.59, hp2 = 1.5, Rp1 = 0.75, and Rp2 = 0.35. As
we expected, although this classical design results in a more
compact structure, it cannot be used for dual-mode purposes,
since, as already discussed, the resonance of the rectangular
enclosure occurs at a much higher frequency than the one
of the coaxial resonator we have designed. Furthermore, the
values of the unloaded Q factors of the dual-mode cavity (see
Table I) are higher than the value for the Q factor of the
fundamental mode resonator in Fig. 8, which equals to 1514.

III. EQUIVALENT CIRCUIT OF THE FILTER

We first discuss the equivalent circuit of the dual-mode
cavity. The dual-mode resonator is modeled using two coupled
resonators. The resonators are represented with a series combi-
nation of an inductance and a capacitance, as shown in Fig. 9.
The impedance inverter K12 represents the electric coupling
between the two resonant modes. The slope parameter X
related to each resonator at the resonance frequency f0 is
calculated as follows:

X =
w0

2

dXin(w)

dw

∣∣∣∣
w=w0

= Lw0 (1)

where w0 = 2πf0, and Xin represents the reactance of the
input impedance of the one-port components discussed in
the previous section. It is worth noting that, as we pointed
out in Section II, there is no need to account for any de-
embedding or correcting factor in eq. (1), since we are not
using any additional coupling structure at the input ports of
the resonators when analyzing the one-port components shown
in Fig. 3 and Fig. 4. On the other hand, the value of the
capacitance can be readily computed as C=1/(w2

0L). Using
eq. (1), we can easily obtain the following values for the
lumped elements related to the resonance of the re-entrant
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Fig. 9. Equivalent circuit of the dual-mode resonator.

Fig. 10. Reactance related to the rectangular waveguide resonator
(the enclosure). The reactance computed starting from electromag-
netic calculations is compared to the reactance computed with the
equivalent circuit.

Fig. 11. Reactance related to the coaxial resonator. The reactance
computed starting from electromagnetic calculations is compared to
the reactance computed with the equivalent circuit.

post: L1 = 14.6 nH, C1 = 0.017350 pF. The values of the
inductance and the capacitance for the lumped elements model
of the rectangular waveguide resonator are L2 =20.152 nH and
C2 =0.012570 pF, respectively.

In order to validate the approach that we propose, we
have compared (for each resonant mode) the reactance of the
L-C equivalent lumped elements resonator with the reactance
(calculated with Ansys HFSS) of the corresponding one-port
waveguide component. The results that we obtain are shown
in Fig. 10 and Fig. 11, where a very good agreement between
both type of results can be observed for each mode, especially
around the central frequency (10 GHz) of the filter pass-band.
We can, therefore, conclude that our simple equivalent circuits
do represent very accurately both resonators in the vicinity of
their resonant frequencies.

Fig. 12. Electrical response of the equivalent circuit of the filter.

The equivalent circuit of the complete filter is finally as-
sembled using a hybrid network that combines lumped and
distributed elements. In addition to the L-C series network
used for each dual-mode cavity, a transmission line of length
λg/2 = 22.642 mm is, in fact, used to represent the empty
rectangular waveguide resonator placed in the center of the
filter (see Fig. 1). The input and output couplings, as well as
the inter-resonator couplings, are modeled by ideal impedance
inverters. The values of the inverters are computed using the
slope parameters of the resonators [30]. In particular, we obtain
the following values (all in ohms, Ω) for the given specifica-
tions: K01 = 103.631, K12 = 35.509, and K23 = 35.606 (note
that K34 =K23, K45 =K12 and K56 =K01).

The electrical response of the equivalent circuit of the filter
is shown in Fig. 12 with a dotted line, where a slightly
non-equiripple pass-band response can be observed. This
problem is due to the waveguide dispersion effect. Although
a similar approach for obtaining the equivalent circuit of a
5-pole inductive filter (whose pass-band was also centered at
10 GHz) was used by the authors in [27], the width of the
central waveguide of the filter designed in [27] was greater
than the dimension used in this design, thus decreasing the
waveguide dispersion near the pass-band so that an equiripple
response was obtained directly without any further work.

A simple optimization procedure of the values of the
impedance inverters and the resonant frequencies of the cavi-
ties can, however, easily recover the equiripple response. In the
optimization, we have assumed that, in the dual-mode cavity,
the slope parameters related to both modes remain unchanged,
so that only the values of the equivalent capacitance are
optimized. After performing the optimization, the following
values (all in ohms, Ω) are obtained for the ideal impedance
inverters: K01 = 103.761, K12 = 35.631, and K23 = 35.721.
The new optimized values for the capacitances of the L-C
series network (dual-mode cavity) are C1 = 0.017353 pF and
C2 = 0.012576 pF, while the new length of the transmission
line that represents the rectangular waveguide resonator is
22.662 mm. In Fig. 12, we have also included (using a solid
line) the electrical response of the equivalent circuit of the filter
after the optimization. As we can see, a perfectly equiripple
response has been finally obtained. There is, however, a very
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Fig. 13. Waveguide component used for designing the coaxial feeding
(top), and the relevant equivalent circuit (bottom).

slight frequency shift in the equiripple response due to the
optimization of the resonant frequencies of the resonators.

IV. DESIGN OF THE DUAL-MODE COAXIAL FILTER

In this section, we describe a systematic and efficient design
procedure for the dual-mode coaxial filter that we propose. The
design process is decomposed into a number of simple stages.
This is done in order to minimize the number of variables to
be optimized in each step [23], [27]. In addition, the electrical
response of an appropriate equivalent circuit will be used in
each stage as a target response. It is also important to mention
that the well-known aggressive space mapping technique [28]
will be used in order to reduce the computational effort, while
guaranteeing the accuracy of the final results. In this context,
therefore, the commercial software tool FEST3D will be used
as the coarse model, while the finite-element tool Ansys HFSS
will be used as the accurate model.

A. Design of the coaxial input and output ports

The input and output ports of the filter are implemented
using a 50 Ω commercial coaxial connector (rout =2.625 mm,
rin = 0.82 mm, εr = 2.1). The inner conductor of the coaxial
line is in contact with the re-entrant post. The first step of the
design process consists of obtaining the height lc of the input
coaxial connection. To this aim, a coaxial waveguide input port
is included in the dual-mode cavity designed in Section II, as
shown in Fig. 13. The equivalent circuit of this component is
also represented in Fig. 13.

Next, the electrical response of the input arrangement is
optimized considering the group delay of the S11 parameter
of the equivalent network as the target response (the variables
to be optimized are indicated in Fig. 13). The results of the
optimization are shown in Fig. 14, where we can see a very
good agreement between the various results. The optimized
values of the structure are (see Fig. 13): hs =2.739 mm,
l=20.595 mm and lc =5.283 mm.

Fig. 14. Results of the optimization process after designing the coaxial
feeding.

Fig. 15. Waveguide component used for analyzing the electromagnetic
coupling between the two resonances of the dual-mode cavity.

B. Design of the electric coupling between the modes of the
dual-mode resonator

The two resonances of the dual-mode cavity are capacitively
coupled by means of an auxiliary cylindrical post of height ha,
as shown in Fig. 15 (the radius of the post is 0.9 mm). It is
important to recall that, in contrast to the strategy used in our
previous work [27], where the two modes of the resonator were
coupled inductively, we now use an electric coupling in order
to be able to tune the coupling value after manufacturing.

In Fig. 16 and Fig. 17, we show the coupling between the
two modes of the dual-mode resonator, when a capacitive
coupling is used. In particular, Fig. 16 shows the coupling
calculated in terms of the height ha of the post (the offset of
the post has been set to la =8 mm). Considering the fact that
the electromagnetic coupling that is required between the two
resonances is k12 =K12/

√
X1X2 = 0.03306, a good starting

point is found to be ha = 1.565 mm. On the other hand,
Fig. 17 shows the coupling obtained in terms of the offset
la of the post (this time, the height of the post has been set
to ha =1.565 mm). As we can see, the coupling between the



7

Fig. 16. Coupling between the modes of the dual-mode cavity in
terms of the height of the post (fixing la=8 mm).

Fig. 17. Coupling between the modes of the dual-mode cavity in
terms of the offset of the post (fixing ha=1.565 mm).

two modes depends mostly on the height ha of the post, and
a wide range of coupling coefficients can be achieved. The
coupling also depends, to a lesser extent, on the offset la, as
shown in Fig. 17.

On the other hand, Fig. 18 shows the inter-resonator cou-
pling (in terms of the offset la) obtained with an inductive
coupling. In this case (as it was done in [27]), an auxiliary
cylindrical probe of radius 0.5 mm is used to connect the
rectangular enclosure with the re-entrant post. Although a
wide range of coupling values can also be achieved with this
approach, an important disadvantage of this solution (as we
have already mentioned before) is the impossibility to tune
manually the coupling value after the filter is manufactured.
For this reason, in the remainder of the paper we will use the
capacitive inter-resonator coupling.

Next, a new optimization is performed using the waveguide
component shown in Fig. 15. The initial dimensions of this
structure have been derived in the previous design stages. The
objective is to optimize the group delay of the S11 parameter

Fig. 18. Inter-resonator coupling using an inductive coupling (through
an auxiliary cylindrical connecting probe of radius 0.5 mm).

Fig. 19. Ideal network representing the waveguide component shown
in Fig. 15.

Fig. 20. Results of the optimization process for the coupling between
the two modes of the dual-mode resonator.

of the waveguide component, using as a target the response of
the ideal network in Fig. 19. The dimensions to be optimized in
this stage are defined in Fig. 15. The results of the optimization
are shown in Fig. 20. As we can see, a very good agreement
between the results has again been obtained. The values (all in
mm) of the optimized dimensions are (see Fig. 15): ha =1.6,
hs =2.461, l=20.005, la =8.399, lc =4.601 and lp =3.611.
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Fig. 21. Waveguide component (and its equivalent ideal network) used
for the design of the coupling between the dual-mode resonator and
the empty cavity.

C. Coupling the dual-mode cavity to the rectangular wave-
guide resonator

In the next stage of the design process, the rectangular
waveguide resonator is added to the structure. The additional
resonator is coupled to the dual-mode cavity with a rectangular
iris. Fig. 21 shows the waveguide component to be considered
in this step, and the corresponding ideal equivalent network.

The height of the iris is equal to b (that is, the same height
as the resonators), while its thickness t is set at 2.5 mm.
Furthermore, the length ler of the empty resonator is initially
set at 22.66 mm, in order to get a resonance at f0.

First of all, we are interested in obtaining an initial value
for the width ai of the iris. With this aim, the electromagnetic
coupling between the empty cavity and the dual-mode cavity
is computed in terms of the width of the iris. The waveguide
structure in Fig. 21 can be used for this purpose, after
removing the auxiliary post and considering directly, as input
and output ports, the rectangular waveguide to the left and
to the right of the iris, respectively. Given the fact that the
required coupling is k23 =K23/

√
X2Xer =0.02223 (where

X2 represents the slope parameter of the resonance related to
the rectangular waveguide of the dual-mode cavity, and Xer

denotes the slope parameter of the empty resonator), the value
that we obtain is ai =6.75 mm.

Next, the dimensions of the waveguide component shown
in Fig. 21 are optimized considering the electrical response
of its equivalent network as the target function. The result
obtained is shown in Fig. 22. The final values (all in mm)
for the optimized dimensions are: ai = 7.644, ha = 1.602,
hs = 2.556, l = 19.188, la = 9.799, lc = 4.793, ler = 21.509
and lp =3.476.

D. Design of the complete filter

At this stage, we have the starting dimensions for the
complete filter since the component is symmetrical. Fig. 23
shows the top view of the structure. The dimensions obtained
in the previous stages are now going to be used as an initial

Fig. 22. Results of the optimization process after designing the
coupling between the dual-mode resonator and the empty cavity.

Fig. 23. Top view of the complete dual-mode coaxial filter.

point for the final optimization of the complete filter. The ideal
network of the filter can be easily obtained starting from the
network shown in Fig. 21, after eliminating the short-circuit at
the end of the transmission line, and replicating symmetrically
the rest of the inverters and lumped elements resonators. The
magnitude of S11 and S21 obtained from this ideal network
(see Fig. 12), will be used as the target function for the
optimization.

Fig. 24 shows the results of the optimization process, where
an excellent agreement between both data set can be observed.
The dimensions (all in mm) of the filter are (the notation used
for the different variables can be found in Fig. 15 and Fig. 21):
ai = 7.663, ha = 1.6, hs = 2.547, l = 19.143, la = 9.75,
lc = 4.771, ler = 20.396 and lp = 3.501. It is also important
to note that the final dimensions of the component are very
close to those that we have derived in the previous stages of the
design process, thus fully validating our design methodology.

The out-of-band performance of the filter is shown in
Fig. 25. As we can see, there is a transmission zero in the
lower side of the pass-band. The transmission zero is located
to the left of the pass-band due to the capacitive coupling
implemented between the two modes of the dual-mode cav-
ity. Transmission zeros are normally used to improve the
selectivity of the designed filter. In this case, however, this
improvement is not very significant, if we compare the out-of-
band response of our filter with the performance of the corre-
sponding ideal response. Furthermore, the frequency location
of this transmission zero cannot be controlled independently
from the rest of the filter characteristics. It is, however, true
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Fig. 24. Electrical response of the dual-mode coaxial filter compared
to the response of the ideal network.

Fig. 25. Out-of-band performance of the dual-mode filter.

that the location of the zero is affected by the offset la of
the coupling post, but this effect is, indeed, very small. In
practice, therefore, the frequency location of the transmission
zero must be accepted as is. It is also worth noting that, if we
had used an inductive inter-resonator coupling (as the authors
did in [27]), the transmission zero would have been located in
the upper side of the pass-band.

Compared to classical inductive waveguide filters, this so-
lution provides us with a significantly more compact design,
since the coaxial excitation of the filter is integrated in the first
resonator and dual-mode cavities are used.

E. Consideration of mechanization effects

To manufacture the filter, we will use a standard, low-
cost milling technique. As a consequence, we now need to
account for the introduction of rounded corners in the cavities
of the device. Furthermore, since the manufacturing accuracy

Fig. 26. Dual-mode coaxial filter with tuning screws and rounded
corners in the cavities.

of standard milling is limited, we will also use cylindrical
tuning elements to compensate for the manufacturing errors.

In Fig. 26, we show the modified geometry of the filter
that includes the rounded corners in the cavities, and several
cylindrical tuning elements (S1, S2 and S3). The radius of the
rounded corners is set at 2 mm, while the radius and depth
of the tuning screws are set at 0.9 and 1.0 mm, respectively.
The tuning screws S1 control the resonance of the rectangular
waveguide cavity in the dual-mode resonator. The resonance
of the post in the dual-mode cavity is controlled by the tuner
at the top of the re-entrant post itself. The tuner S2 is placed
at the center of the iris to control the inter-resonator coupling,
while the tuning element S3 (placed at the center of the central
empty cavity) controls the resonance of the empty rectangular
waveguide resonator.

In order to proceed with the design, we will now segment
the filter designed in the previous section into the following
two blocks that will be optimized separately:

1) A dual-mode cavity fed on one side by the coaxial input
port, and with the opposite side coupled by an inductive
iris to a rectangular waveguide (the output).

2) An empty resonator with rectangular waveguide input
and output ports (the central rectangular waveguide
cavity) with inductive input and output irises.

The first step is to compute the ideal response of the two
separate blocks in order to obtain the desired target functions.
Next, the rounded corners are introduced in the dual-mode
cavity described in 1). After that, all dimensions are re-
optimized to recover the corresponding target response. Next,
the different tuning elements are added progressively to the
structure, and an optimization is carried out for each step. An
identical design strategy is then followed with the component
described in 2). Finally, the whole filter is assembled and a
final optimization is performed.

The results obtained are shown in Fig. 27, where an ex-
cellent agreement is observed between the ideal and the real
result. The dimensions (all in mm) of the filter are (see Fig. 15
Fig. 21, and Fig. 26): ai = 8.148, ha = 1.704, hs = 2.591,
l= 19.001, la = 10.1, lc = 4.769, ler = 19.972, lp = 3.236 and
ls =4.143.
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Fig. 27. In-band electrical response of the dual-mode coaxial filter
after including rounded corners in the cavities and several tuning
screws.

F. Implementation of the space mapping technique

The design process discussed in the previous sections has
been carried out using FEST3D with a set of computational
parameters chosen to have an efficient simulation. With the set
of parameter chosen, however, the result produced by FEST3D
is not adequate for manufacturing (not accurate enough). In
this section, we therefore discuss the implementation of the
well-known aggressive space mapping (ASM) technique [28],
in order to obtain accurate dimensions that can be used to
manufacture the filter. As it is well-known, ASM employs
two different simulation spaces: a low accuracy space (or
coarse model) and a high accuracy space (or fine model).
ASM technique is efficient because most of the simulations
are performed in the coarse space, while the fine space is
used only for validation.

In Fig. 28, we show the results after implementing the ASM
technique. All the simulations performed in the high accuracy
space have been carried out using the commercial software
Ansys HFSS, while FEST3D has been used to generate the
results in the coarse space. With only 3 iterations, we have
been able to recover almost exactly the electrical response of
the filter designed in Section IV-E (coarse space response).
The final dimensions (all in mm) of the filter are: ai =8.092,
ha = 1.697, hs = 2.515, l = 18.821, la = 9.956, lc = 4.801,
ler =19.798, lp =3.236 and ls =3.975. Finally, Fig. 29 shows
the broadband response of the filter calculated with Ansys
HFSS.

G. Coaxial filter topology with mixed inter-resonator cou-
plings

In this section, we discuss the design of another 5-pole
Chebyshev band-pass filter (centred again at f0 = 10 GHz
and with 20 dB of return loss) with both inductive and
capacitive inter-resonator couplings. The topology of the filter
(see Fig. 30), is very similar to the filter structure discussed up

Fig. 28. Implementation of the aggressive space mapping technique
to recover the electrical response of the filter designed in the coarse
space.

Fig. 29. Out-of-band response of the filter shown in Fig. 26 calculated
with Ansys HFSS.

to now. The main difference is that, in the second dual-mode
resonator, the inter-resonator coupling is implemented with an
auxiliary probe that connects the side wall of the rectangular
waveguide enclosure to the cylindrical post, thus implementing
an inductive coupling between the two modes of the resonator
[27]. A further difference is that a standard cylindrical post
(instead of a re-entrant post) is used in both dual-mode cavities
of this filter example.

The dimensions of the filter have been synthesized using
the same design strategy discussed in the previous sections.
The broadband frequency response of this new filter is shown
in Fig. 31, where two transmission zeros are clearly visible at
8 and 12.9 GHz. The final dimensions of the filter are given
in Table II.

Finally, it is worth noting that, although this topology is able
to implement two transmission zeros, the authors have decided
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Fig. 30. Band-pass filter combining two dual-mode coaxial resonators
with electric and magnetic couplings.

Fig. 31. Out-of-band performance of the dual-mode band-pass filter
shown in Fig. 30.

to manufacture the filter designed in Section IV-F, since its
practical implementation is less complex. Furthermore, another
important disadvantage of this topology compared to the filter
that we have designed and manufactured, is that it is not
possible to perform a manual tuning of the inductive inter-
resonator coupling of the second dual-mode resonator.

V. MULTIPACTOR BREAKDOWN PREDICTION

Multipactor is an undesired phenomenon of RF breakdown
affecting satellite payloads [31]. The purpose of this section
is to present a rigorous study of the multipactor effect for the
filter designed in Section IV-F.

First of all, we need to determine the physical areas of the
filter where the multipactor effect may be expected. To do
this, we will first compute the electric field in the device
at the frequencies where the group delay of the filter is
maximum and, next, we will identify the zones of the filter
where the cited electric field is maximum. Fig. 32 shows the
group delay of the S21 parameter of the component, where

TABLE II
DIMENSIONS OF THE FILTER SHOWN IN FIG. 30

Dimensions Value (mm)

a, b 25.0, 10.0

l1, l2, ler 14.495, 15.957, 17.199

t1, t2 2.234, 2.043

a1, a2 7.255, 7.150

ha, Da1, la1 1.531, 2.246, 11.938

Da2, la2 1.0, 2.431

Dp, hp1, hp2 4.0, 21.616, 21.948

lc1, lp1 7.048, 4.669

lc2, lp2 5.158, 4.170

Fig. 32. Group delay of the designed dual-mode band-pass filter.

we observe that the problematic frequencies are located at
9.797 and 10.223 GHz. However, if we recall the electrical
response of the filter (see Fig. 28), we can observe that the
reflected power at these frequencies is so high that the results
of the multipactor discharge could not be observed. Therefore,
a more practical criterion would be to perform the analysis
at a pair of frequencies where S11 is below −15 dB, thus
ensuring a proper measurement of the multipactor effect. As
a consequence, the new pair of critical frequencies are chosen
to be 9.827 and 10.186 GHz (see Fig. 28).

The electric field is then computed in the device at the
critical frequencies. By inspecting Fig. 33, which displays the
electric field calculated at 9.827 GHz, we conclude that the
field is maximum in two areas: a zone surrounding the top of
the re-entrant posts, and an area near the auxiliary post used
to couple the two modes of the dual-mode cavities.

Next, the commercial software SPARK3D (from AuroraSat,
now with CST and Dassault Systèmes) is used to estimate
the multipactor power thresholds in the designed filter. In the
simulations, the initial number of electrons is set at 20000,
while the multipactor criterion growth factor is chosen to be
equal to 10. Two different analysis have been carried out in
order to check the convergence of the power thresholds that we
obtained. In the first one, SPARK3D distributes the initial elec-
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Fig. 33. Computation of the electric field in the designed filter at
9.827 GHz.

Fig. 34. Simulation of the multipactor discharge: evolution of the
number of electrons in the filter calculated at f=10.186 GHz.

TABLE III
POWER THRESHOLD OF THE MULTIPACTOR EFFECT

Frequency (GHz) Power threshold (W)

9.827 135.93

10.186 189.06

trons automatically in the whole filter geometry, while in the
second analysis the electrons are confined only in the critical
areas of the dual-mode cavities previously described. The re-
sults obtained are essentially identical in both simulations, thus
confirming the validity of the procedure. In particular, Fig. 34
shows the evolution of the number of electrons in the filter for
different RF power levels calculated at f = 10.186 GHz. As
we can see, the number of electrons grows exponentially when
the corresponding multipactor power threshold is reached.
Furthermore, the estimated multipactor power thresholds for
each critical frequency are given in Table III. Given the values
obtained, the filter we propose can indeed be used in space
applications, such as the RF satellite payloads of satellite
navigation and mobile communications systems, or in any
other space application operating in the same frequency range.

Finally, a last simulation has been performed using a low
number of electrons (i.e. 1000) in order to track their trajectory
and better identify the zones where the discharge takes place
at each critical frequency. The results that we have obtained
confirm, as we expected, that the discharge occurs at the top of
the re-entrant post for f =9.827 GHz, and near the auxiliary
post used to couple the two modes of the dual-mode cavities
for f=10.186 GHz.

Fig. 35. Photograph of the breadboard: assembled device (up), and
body without cover (down).

Fig. 36. Measurement of the in-band performance of the manufactured
filter breadboard.

VI. PRACTICAL IMPLEMENTATION OF THE DUAL-MODE
COAXIAL FILTER

In order to validate both the filter structure and the design
procedure, we have fabricated and measured a filter proto-
type. The breadboard has been fabricated in aluminum using
standard low-cost milling. Fig. 35 shows a photograph of the
filter prototype, while Fig. 36 shows both the measured and
simulated in-band response for the dual-mode filter designed in
Section IV-F. Although an equiripple response has been indeed
obtained after performing a manual tuning, we can observe
that a frequency shift is still present in the measured in-band
response (it is centered at 9.95 GHz). The level of return loss
is also lower than expected.

To better understand the results obtained, we have measured
several dimensions of the manufactured breadboard using
an optical measuring machine (OGP Flash CNC 200 Multi-
Sensor Coordinate Measurement System). The precision of the
measuring system is within the range 3-5 µm. The results
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TABLE IV
MEASUREMENT OF THE DIMENSIONS OF THE FABRICATED FILTER

Dimension Design (mm) Measurement (mm) Error (µm)

a (cavity 1) 20.0 20.056 56

a (cavity 2) 20.0 20.048 48

a (cavity 3) 20.0 20.018 18

b (cavity 1) 10.0 9.989 11

b (cavity 2) 10.0 10.006 6

b (cavity 3) 10.0 9.987 13

l (cavity 1) 18.821 18.874 53

ler 19.798 19.805 7

l (cavity 3) 18.821 18.862 41

hp1 (cavity 1) 18.0 17.963 37

hp1 (cavity 3) 18.0 17.931 69

Rp1 (cavity 1) 2.0 1.951 49

Rp1 (cavity 3) 2.0 1.964 36

lp (cavity 1) 3.236 3.471 235

lp (cavity 3) 3.236 3.283 47

lc (cavity 1) 4.801 4.880 79

lc (cavity 3) 4.801 4.852 51

t (iris 1) 2.5 2.476 24

t (iris 2) 2.5 2.485 15

ai (iris 1) 8.092 8.164 72

ai (iris 2) 8.092 8.151 59

of the measurement are given in Table IV (the notation
used for the different variables can be found in Fig. 2 and
Fig. 21). As we expected, we can see that there are important
manufacturing errors. We believe that these errors are the
reason for the degradation of the in-band response. To further
validate this conclusion, we discuss in the next section the
results of a tolerance analysis.

Finally, Fig. 37 shows the out-of-band performance of
the filter breadboard. The result obtained is in very good
agreement with our simulations, even though the transmission
zero is not visible in the experimental results due to the noise
floor of the network analyzer.

VII. TOLERANCE ANALYSIS

As we mentioned already, we now discuss the results of
a tolerance analysis for the filter designed in Section IV-F.
For this purpose, the commercial tool FEST3D has been used
adding to all dimensions a random error with a Gaussian
distribution. Several simulations have been performed and
the manufacturing yield has been calculated with different
values for the standard deviation (±5, ±7.5, ±10 and ±12.5
µm). The threshold for the yield evaluation has been set
to a value of 25 dB for the in-band return loss level. The
results obtained are shown in Table V. As we can see, this
structure is indeed very sensitive to manufacturing errors. The
use of tuning elements is therefore mandatory in order to
obtain an acceptable in-band response. It is important to note,
however, that even with the help of the tuning screws, a small
(acceptable) residual difference between the measurements and
the ideal filter performance is still present. This is probably

Fig. 37. Measurement of the out-of-band performance of the filter
breadboard.

TABLE V
EVALUATION OF THE YIELD FOR THE FILTER BREADBOARD

Tolerance 5 µm 7.5 µm 10 µm 12.5 µm

Yield 36% 10% 3% 2%

Fig. 38. Tolerance analysis of the dual-mode coaxial filter.

due to the fact that the breadboard does not allow for the
tuning of the input and output couplings. Furthermore, Fig. 38
shows a number of simulations including a random error in
the dimensions of the filter. In view of all these results, we can
conclude that it is very difficult to obtain satisfactory in-band
responses when the manufacturing errors are above 7.5 µm.
This fact, together with the manufacturing errors reported in
Table IV, explains very clearly why we have not been able to
recover the ideal response with the prototype that we have
fabricated, even though we have used a number of tuning
elements.
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TABLE VI
ESTIMATION OF THE DEPTH OF THE TUNING ELEMENTS IN THE

MANUFACTURED PROTOTYPE

Tuning element Depth (mm)

Top screw of first dual-mode cavity (hs) 2.624

Coupling post of first dual-mode cavity (ha) 1.719

Screw S1 of first dual-mode cavity 1.144

Screw S2 of first iris 1.219

Screw S3 of empty cavity 1.279

Screw S2 of second iris 1.234

Top screw of second dual-mode cavity (hs) 2.649

Coupling post of second dual-mode cavity (ha) 1.754

Screw S1 of second dual-mode cavity 1.519

VIII. ESTIMATION OF THE DEPTHS OF THE TUNING
ELEMENTS IN THE FILTER BREADBOARD

To further understand the behavior of the filter structure we
propose in this paper, we now discuss a systematic procedure,
based on space mapping techniques, for estimating the depth
at which the different tuning elements of the breadboard must
be set in order to obtain the experimental result presented in
Fig. 36. First of all, a high-accuracy electrical response of the
real device (i.e., a filter with the physical dimensions presented
in Table IV) is obtained using Ansys HFSS. In this simulation,
the depth of all the tuning elements is set at the proper design
value (see Section IV). For the sake of clarity, let f denote
the real device, and let R(f) represent the electrical response
of the real device.

Next, a new filter (called fcoarse) with a response equal
to R(f) needs to be synthesized in the coarse space. To do
that, we compute the difference between the real dimensions
of the device and the dimensions of the filter designed in the
high-accuracy space (see Section IV-F). The differences are
then applied to the dimensions of the filter designed in the
coarse space (see Section IV-E) to synthesize (after a slight
optimization) the dimensions of the new fcoarse filter.

After that, we start with the iterative application of the ASM
technique. In all the iterations performed, the only variables
that have been optimized are the depths of the tuning elements.
In the first step, the electrical response of the filter fcoarse is
optimized considering the measured (tuned) response of the
filter manufactured as the target function. After each iteration,
the depths of the tuning elements of filter f are properly mod-
ified. At the end of this procedure, we obtain a filter in the fine
space (with dimensions equal to the measured values shown
in Table IV) with the appropriate tuning elements depths to
produce an electrical response similar (ideally identical) to the
one of the filter that we have manufactured. Fig. 39 shows a
comparison between the measured performance of the filter
and the simulated response in the fine space, after 10 ASM
iterations. As we can see, an acceptable agreement has indeed
been obtained. The estimated values for the depth of the tuning
screws are given in Table VI (the notation used to identify the
tuning elements can be found in Fig. 15 and Fig. 26).

Finally, it is interesting to note that the procedure just
described can also be effectively used to support the manual

Fig. 39. Simulated response obtained for estimating the depths of the
tuning elements.

tuning of the filter, as discussed in [32].

IX. CONCLUSION

In this contribution, we have presented a band-pass filter
structure based on a novel dual-mode resonator. The novel
dual-mode resonator is obtained integrating a coaxial resonator
in a rectangular waveguide cavity (the housing). The filter has
been designed following a systematic step-by-step procedure
based on the use of equivalent circuits. Mechanization effects
have also been taken into account during the design process.
The design strategy has been validated through the fabrication
and measurement of a filter prototype. The measured filter
performance is found to be in reasonable agreement with the
ideal response, even though some discrepancies have been
identified. However, the discrepancies have been fully justified
with a rigorous tolerance analysis, thereby fully validating both
the novel filter structure proposed and the complete design
process.
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