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Abstract

In this work, we describe a new topology for interdigital bandpass filters implemented

in waveguide technology. Compared to classical coaxial resonators, which are typically
based on cylindrical metallic posts, the resonators that we propose are based on rect-
angular boxed cavities loaded with flat metallic strips of a finite thickness. The main ad-
vantages of the proposed topology are low-cost practical realization and manufacture sim-
plicity. The design process, which is based on the classical circuit-based approach com-
bined with an efficient segmentation of the component, uses the well-known Aggressive
Space Mapping technique, with the aim of reducing the overall computation effort. In
order to validate the new topology and the design procedure, interdigital bandpass fil-
ters of orders 3 and 5 operating at the S-band have been designed. For validation pur-
poses, the results obtained are successfully compared to simulations provided by two dif-
ferent full-wave electromagnetic tools (i.e., Ansys HFSS and CST Studio Suite). Further-
more, a multipactor study has also been performed, with the aim of exploring the power
handling capability of the proposed filters in view of possible space applications. Finally,
the design of classical interdigital filters based on cylindrical posts is also discussed, with
the aim of comparing both topologies regarding compactness, as well as in terms of their
electrical and high-power performance.

1 Introduction

Bandpass filters based on coaxial resonators, such as filters in combline or inter-
digital configuration implemented in waveguide technology, are commonly used in mul-
tiple applications, including space and wireless communications systems (Wang & Yu,
2009), (Garcia et al., 2018), (Macchiarella et al., 2018), (Bastioli et al., 2018), (Vallerotonda
et al., 2019), (Tamiazzo, 2021), (Zeng et al., 2022), (Yan et al., 2024). Classically, res-
onators based on rectangular cavities loaded with metallic posts of cylindrical (J. Li et
al., 2018), (Boni et al., 2023) or rectangular/square geometry (Arndt & Brandt, 2002),
(Kong et al., 2023) have been used in this type of coaxial resonator filters. Other more
complex topologies have also been investigated in the past, as the interdigital bandpass
filter designed in (Venter et al., 2020), where resonator posts with a triangular cross-section
were proposed. Generally, coaxial resonators are coupled by using irises of rectangular
geometry, whose position in the structure determines the type of coupling (electric or
magnetic) (Jamshidi-Zarmehri et al., 2023), (Zeng et al., 2023). On the other hand, inter-
resonator coupling can also be controlled by designing the separation between the posts,
without the need to insert irises in the component (Z. Li et al., 2023), (Macchiarella et
al., 2023).

Regarding the state-of-the-art of interdigital bandpass filters based on cylindrical
posts, an in-line topology was presented in (Ikram & Rana, 2006), where a fifth-order
Chebyshev interdigital bandpass filter operating at C-band was designed. Moreover, a
manifold cavity diplexer operating at L-band was designed in (Packiaraj et al., 2005),
while a low-loss triplexer that used a combination of a microstrip star junction and three
interdigital bandpass filters was proposed in (Munina & Turalchuk, 2015). More recently,
a Ku-band 8th-order interdigital filter with an in-line configuration was presented in (J. Li
et al., 2018).

On the other hand, resonators based on rectangular or square posts have also been
widely used in interdigital waveguide filters. For instance, an interdigital cavity filter op-
erating at Ku-band is designed in (Wu et al., 2019), where two transmission zeros are
realized in the frequency response by considering additional resonators outside of the ports
of the filter. A further example of an interdigital filter using posts with a rectangular ge-
ometry can be found in (Jiang et al., 2019), where an eighth-order filter with an improved
stop-band suppression is designed. Moreover, a wideband waveguide diplexer based on
interdigital filters for mobile base stations is proposed in (Kobrin et al., 2019). Another
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interesting contribution was presented in (Anand, 2021), where a folded configuration
for interdigital filters was proposed in order to implement cross-couplings between the
resonators. Additive manufacturing techniques have also been used for designing inter-
digital filters for radar applications (Rodriguez-Morales et al., 2021), and satellite com-
munication systems (Venter et al., 2020). More recently, a miniaturized interdigital cav-
ity filter using loading capacitors is investigated in (Kong et al., 2023). In general, the
design process for the bandpass filters presented in the contributions discussed above,

is based on the classical approach proposed in (Cameron et al., 2018), so, regardless of
the filter order, all the relevant dimensions of the component are optimized at the same
time, thus requiring a great computational effort to complete the design process.

In this work, a new topology of waveguide bandpass filters based on coaxial res-
onators implemented in an interdigital configuration is presented. The main novelty of
the proposed in-line filter consists in the use of cavities loaded with planar metallic strips
of a finite thickness, as shown in Fig. 1, where a third-order interdigital bandpass filter
is depicted. A major advantage of this new topology lies in the fact that the filters could
be manufactured using low-cost and more simple realization techniques. For instance,
the whole structure can be implemented through the cascaded connection of simpler rect-
angular waveguide sections (including the flat strips), each one manufactured with a CNC
(computer numerical control) milling technique. The design procedure that we propose
combines the use of the classical circuit-based approach (Cameron et al., 2018) with a

strategy based on a segmentation of the structure (San-Blas et al., 2021), (Jamshidi-Zarmehri

et al., 2023).

In the suggested design procedure, input and output resonators are first designed
to achieve the desired external quality factor. After that, the coupling between adjacent
resonators is addressed, with the aim of achieving a set of initial values for the physi-
cal dimensions of the structure. To continue, and specially for high-order filters, a sys-
tematic design procedure based on the segmentation of the whole component is proposed.
In this procedure, the different resonators of the filter are added one after the other, thus
dividing the design process in more simple steps, while also reducing the number of vari-
ables to be optimized in each stage. Equivalent circuit models are also important in this
approach, since their electrical responses will be used as target curves in all optimiza-
tion stages of the design procedure. Furthermore, the Aggressive Space Mapping (ASM)
technique (Bandler et al., 1995) has also been used in this work, so that most of the op-
timizations performed during the design process are carried out very efficiently in a low-
precision simulation space (the coarse model).

In order to validate the new topology that we propose, two interdigital bandpass
filters operating at S-band have been designed. The correct electrical performance of the
filters is successfully validated using two different electromagnetic (EM) simulation tools
(Ansys HFSS, and CST Studio Suite). In addition, a multipactor study (Berenguer et
al., 2019) is also performed for both filters, in order to evaluate the high-power perfor-
mance of this new topology under high-vacuum conditions. Furthermore, the design of
classical interdigital filters based on cylindrical posts is also discussed, with the aim of
comparing both topologies in terms of compactness, electrical performance and power
handling capability.

2 Design of the coaxial resonator and related equivalent circuit

The basic coaxial resonator proposed in this work is shown in Fig. 2. It is based
on a rectangular cavity loaded with a thick metallic strip. The strip is connected to the
base of the resonator at one end. At the other end, there is an open circuit or gap, as
shown in Fig. 2. In addition, the metal strip is located in the center of the rectangular
enclosure. The relevant dimensions of the resonator are designed with the objective of
having a resonance at the center frequency fy of the filter. In this work, two bandpass
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Figure 1. Third-order symmetric interdigital bandpass filter with flat metallic strips.

filters of orders N =3 and N =5 will be designed. Since both of them share the same
center frequency (fo = 3 GHz), the resonator designed in this section will be used in
both bandpass filters.

In order to design the resonator, the full-wave EM simulator Ansys HFSS has been
used. First of all, an access port located at the y = 0 plane of the structure in Fig. 2,
has been opened. It is important to note that, with this access port, the resonator be-
comes a section of coaxial guide, with internal and external rectangular contours, loaded
by a length of short-circuited rectangular waveguide. To continue, the phase of the S1;
parameter at the input port is calculated, and the dimensions of the resonator are op-
timized until the phase of S1; is equal to 180° at a frequency equal to fy. The final di-
mensions (all expressed in mm) of the optimized resonator are as follows (see Fig. 2):
ar=b,.=26,1,=7, H=23.233, w=>5 and t =1. It is important to note that the di-
mensions a,, by, l, (dimensions of the rectangular enclosure), w and ¢ (width and thick-
ness of the strip) will remain fixed, and will not be optimized during the filter design pro-
cess.

In addition, we are also interested in obtaining an equivalent circuit of the resonator
based on lumped elements. This equivalent circuit consists of a series combination of an
inductance L and a capacitor C. With the aim of obtaining the equivalent series net-
work, the slope parameter X of the optimized coaxial resonator is first calculated from
the simulated results (Matthaei et al., 1980):

wo dXin(w)

X —
2 dw

= 295.48 Q) (1)
w=wq
where wo =27 fy, and X;,, represents the reactance of the input impedance of the op-
timized resonator. Then, the value of the equivalent inductance of the resonator can be
calculated as: L = X/wg = 15.676 nH. The value of the equivalent capacitance can
now be computed using: C' = 1/(w3L) = 0.179 pF.

The unloaded @ factor of the designed resonator has been calculated using Ansys
HFSS. In this analysis, an equivalent conductivity value of 38 - 10¢ S/m (aluminium)
has been considered, thus obtaining @, =1462. Furthermore, we have computed both
the unloaded @ factor and the resonant frequency (fo) of the designed resonator in terms
of the height H of the strip, and also as a function of the length [,. of the rectangular en-
closure. The obtained results are shown in Fig. 3. As we expected, when the height of
the strip decreases (thus increasing the gap between the strip and the top wall of the en-
closure), both @Q,, and fj increase (see Fig. 3, left). As it is well known, the cited gap
represents a critical region in terms of high-power performance in classical coaxial res-
onator filters. Nevertheless, since the thickness of the strip used in our proposed resonator
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Figure 2. Coaxial resonator loaded with a flat metallic strip.
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Figure 3. Variation of the unloaded @ factor and the resonant frequency of the flat strip res-

onator in terms of H and [,.

is small (only 1 mm), the equivalent capacitance in this region is less significant than the
one found in classical resonators based on cylindrical posts. Therefore, an increased high-
power performance is expected compared to classical interdigital filters, as it is discussed
in Section 6.

On the other hand, as it can be observed in Fig. 3 (right), when the length of the
rectangular enclosure decreases (thus obtaining a more compact resonator), Q,, decreases
(thus increasing the losses, as well), while fy increases. Furthermore, for comparison pur-
poses, we have also analysed the unloaded @ factor of a classical resonator loaded with
a cylindrical post. In this design, the post diameter has been chosen to be equal to the
width w of the flat strip, while the dimensions of the rectangular enclosure are the same
that we have used in the flat strip resonator. The computed @ factor is Q, = 937, so
the novel resonator proposed in our work has a better performance in terms of losses than
the classical solution based on cylindrical posts.
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Figure 5. Frequency response of the equivalent circuit network shown in Fig. 4.

3 Equivalent circuit of the bandpass filters

The purpose of this section is to obtain an equivalent network to characterize the
designed bandpass filters. The electrical response of this equivalent circuit will be used
to generate target curves to obtain the in-band response of the designed filter using it-
erative optimizations. The equivalent circuit of the filters will be composed of the cas-
cade connection of ideal impedance inverters (which will characterize both the input/output
couplings and also the inter-resonator couplings) and series L-C networks (which will model
the resonators). It is also worth noting that, as it is well known, transmission zeros can-
not be realized using coaxial resonators in a standard in-line interdigital configuration.

The electrical specifications for the 3rd-order interdigital filter that will be designed
in Section 4 are: center frequency fy = 3 GHz, return loss of RL = 25 dB, and band-
width BW =200 MHz. Given these specifications, the values (in ) of the impedance
inverters, which have been calculated using the slope parameter X of the resonator, are
as follows: Ky = K34 = 86.394 and K12 = Koz = 24.027 (Matthaei et al., 1980). The
equivalent circuit of the 3rd-order filter is shown in Fig. 4, while its frequency response
is displayed in Fig. 5.

4 Design of a 3rd-order bandpass filter following a classical approach

In this section, the procedure used to design a third-order Chebyshev bandpass fil-
ter (electrical specifications: fo =3 GHz, RL = 25 dB, BW = 200 MHz) is described
in detail. As we have previously mentioned, in this case, where the order of the filter is
not high, the design process is based on the classical approach proposed in (Cameron
et al., 2018). First, input and output couplings are characterized and, after that, the inter-
resonator couplings are calculated. Finally, the complete filter is assembled and all di-
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mensions are optimized using as a target the response of the corresponding equivalent
circuit (see Fig. 5).

First, the design of the excitation of the input and output resonators is discussed.
These resonators are fed with SMA coaxial waveguides (e, =2.2), with external and in-
ternal radii of 2.05 and 0.65 mm, respectively. The metallic strips of the input/output
resonators are in contact with a metal feeding probe, located at a distance d from the
bottom of the cavity, as shown in Fig. 1. The distance d will be optimized in order to
obtain the required external quality factor Q..¢. This parameter can be obtained follow-
ing the method detailed in (Cameron et al., 2018), namely, by evaluating the group de-
lay of parameter S1; at frequency fy. Fig. 6 shows the dependence of the external qual-
ity factor in terms of the distance d. On the other hand, the required value for Q¢ can
be calculated as follows (Cameron et al., 2018):

fo

= —— _ —10. 2
Qext megl 0.055 ( )

where mo1 = 1/,/g0g1 (being go and g; the corresponding low-pass prototype elements).
Furthermore, Q.. is related to Ko; through Qe.: = (X Zo)/ K2, where Zog=1n/\/¢; =
253.9 (2 represents the modal impedance of the TEM mode of the coaxial waveguide port.
In view of the value obtained for the required external quality factor, an initial value d=
7.321 mm can be deduced from Fig. 6.

Once the couplings of the input/output resonators have been obtained, the cou-
plings between adjacent resonators are characterized as a function of the spacing s be-
tween the strips (see Fig. 1). For this purpose, a symmetrical two-port component is con-
sidered, consisting of two resonators weakly coupled to the input and output coaxial ports.
It is well known that the resonant frequencies of this component are related to the value
of the electromagnetic coupling k of the structure, which can be obtained as a function
of the separation s between strips, as shown in Fig. 7. Since the required value for the
electromagnetic coupling between resonators #1 and #2 can be computed as k12 =K1/ (woL)=
0.0813, an initial value of s=14.774 mm can be deduced from Fig. 7.

At this point, it would be interesting to determine the nature of the coupling (elec-
tric or magnetic) between two interdigital resonators based on flat metallic strips. First,
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let us consider two resonators coupled in a combline configuration, both weakly coupled
to the coaxial input/output ports (the dimensions of the strips and the dimensions of
the resonator have been deduced in Section 2). In this component, note that both res-
onator strips are connected to the bottom of the filter. In addition, a separation of s=
14 mm between the resonators has been used for this simulation. It is well-known that,
in this type of structure, the nature of the predominant coupling is magnetic (Thomas,
2003). Moreover, Fig. 8(a), which can be used to determine the magnitude of the elec-
tromagnetic coupling k (Cameron et al., 2018), shows the magnitude and the phase of
the Sa; parameter of the considered combline structure. On the other hand, Fig. 8(b)
shows this same information when the two resonators are in an interdigital configura-
tion. As we can observe, there is a phase shift of 180° between the S5 phase responses
of the two cases analyzed, thus confirming a change in the sign of the predominant cou-
pling. In this regard, it is important to note that the combline-type coupling (of mag-
netic nature) is approximately one order of magnitude lower than the interdigital one
for the same resonator separation, thus making the non-adjacent couplings negligible in
the interdigital case and, thereby, facilitating the proposed systematic in-line design.
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In the next step of the design process, the complete filter is assembled (consider-
ing symmetry in the component) and the filter dimensions Hy, Hs, s and d (see Fig. 1)
are optimized in a low-accuracy space, until recovering the target response. The values
obtained are (all in mm) H; = 23.380, Hy =20.144, s=18.606 and d=5.491. All sim-
ulations previously described have been performed using the full-wave EM tool FEST3D
(which is part of CST Studio Suite), with a set of parameters chosen to obtain very fast
low-accuracy results. For instance, only 10 accessible modes (Conciauro et al., 2000) were
considered in all simulations concerning the design process of this filter. Consequently,
the resulting low-accuracy frequency response is not sufficiently precise for fabrication
purposes. However, the well-known ASM technique presented in (Bandler et al., 1995)
allows us to refine these results by transforming the low-accuracy data (coarse model)
into a high-precision solution (fine model). In this design, FEST3D serves as the coarse
model, while the finite-element EM tool Ansys HFSS is used as the fine model. In most
cases, only a few iterations are required to obtain the target frequency response of the
filter in the fine space.

The final dimensions obtained with the ASM procedure (in mm) are as follows: H; =
23.683, Hy = 20.320, s = 17.721 and d = 6.076. In order to further validate both the
topology of the new filter and the design procedure we have followed, the filter has been
analyzed using an additional EM simulator, namely, CST Studio Suite. The results ob-
tained are shown in Fig. 9, where an excellent agreement between the results provided
by HFSS and CST can, indeed, be observed. We have also included in the same figure
the S-parameters of the filter designed in the low-precision space to show that a very good
agreement between the results obtained in both simulation spaces (low and high-precision
models) has been achieved. Furthermore, the response in the fine space with the opti-
mum dimensions found in the coarse space has also been included in Fig. 9 for compar-
ison purposes (see label “Initial point”).

At this point, it is important to discuss the design of classical interdigital filters based
on cylindrical posts, with the aim of comparing this classical topology to the novel pro-
posed flat strip configuration, both in terms of compactness and electrical performance.

In this context, we have first designed a resonator (fy = 3 GHz) loaded with a cylin-
drical post whose diameter is equal to the width w of the flat strip that we have used
in our previous design (the dimensions of the rectangular enclosure used in this resonator
can be found in Section 2). Afterwards, the inter-resonator couplings have been com-
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Figure 10. Electrical responses of the designed 3rd-order interdigital bandpass filters based

on cylindrical posts and flat strips.

puted to determine the initial values for the different separations between resonators.

Our results show that such initial values are very similar to the ones obtained when res-
onators based on flat strips are considered. We can, therefore, estimate that the final fil-
ter lengths for both considered topologies are comparable, so the compactness of our novel
filter topology based on flat strips resonators is very similar to the one obtained with clas-
sical resonators loaded with cylindrical posts.

To validate this statement, a 3rd-order interdigital bandpass filter including res-
onators based on cylindrical posts has been designed following the approach previously
detailed. The only difference is that, in this case, after computing the initial values for
all relevant filter dimensions, a brute-force optimization algorithm has been used (instead
of the ASM technique) in order to obtain the filter dimensions in a high-precision space.
In this design, we have used the same coaxial excitation and the same electrical spec-
ifications that we employed for the 3rd-order filter based on flat strips. The dimensions
of this filter (all in mm) are: Hy = 22.70, Hy = 19.56, s = 18.54 and d = 5.40, where s
represents the separation between the centres of the cylindrical posts (see also Fig. 1 for
the definition of these variables by considering cylindrical posts). The total length of the
designed filter (high-precision space) is 44.1 mm, while the length of the 3rd-order fil-
ter based on flat strips previously designed is equal to 44.4 mm, thus confirming that both
topologies exhibit an almost identical performance in terms of compactness. The in-band
frequency responses (obtained using Ansys HFSS) of both 3rd-order filter topologies are
shown in Fig. 10.

Regarding the insertion loss, we have considered a finite conductivity of 38 - 10°
S/m (aluminium) in our analysis, and we have obtained that the insertion loss mean value
is equal to 0.1 dB in the nominal passband (2.9 — 3.1 GHz) for both topologies. It is im-
portant to note at this point that, although the two filters have been designed with the
same electrical specifications, the bandwidth of the filter based on cylindrical posts gets
slightly higher than the bandwidth of the filter based on flat strips (see also Fig. 10). This
fact explains why both filters present a very similar insertion loss, even though the res-
onator based on flat strips exhibits a higher unloaded @ factor.

We have also calculated the insertion loss of the 5th-order interdigital filter based
on flat strips presented in the next section. In this case, the mean value in the nominal
passband is of 0.24 dB. It is worth noting that the obtained values are consistent with

—10—
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the theoretical insertion loss computed using the analytical formulas found in the tech-
nical literature for the prescribed specifications.

On the other hand, and regarding the broadband performance, Fig. 11 shows the
out-of-band response of the designed 3rd-order interdigital filter based on cylindrical posts
(red lines) compared to the response of the filter based on flat strips (blue lines). It is
worth mentioning that the interdigital filter based on flat strips shows an out-of-band
rejection starting at higher frequencies, and a wider spurious-free range, when compared
to the classical filter based on cylindrical posts. Therefore, the novel topology proposed
in this work enhances the out-of-band performance of classical interdigital filters.

As we have mentioned before, a 3rd-order interdigital bandpass filter including res-
onators based on cylindrical posts has been designed using a brute-force algorithm to
obtain the filter dimensions in a high-precision space. In particular, after obtaining an
initial set of filter dimensions following the classical design approach, the whole compo-
nent is assembled. Next, by means of a full-wave simulator (Ansys HFSS), the dimen-
sions of the physical structure are iteratively optimized until the desired electrical re-
sponse is recovered. Proceeding in this way, the complete set of the filter dimensions (4
dimensions in this case) is optimized at the same time. Compared to the design strat-
egy based on the ASM technique, the design approach based on a brute-force design al-
gorithm spends, approximately, 19% more computational time. In addition, it is worth
noting that this conclusion stands for a third-order interdigital filter. Therefore, if a high-
order filter needs to be designed, the number of involved physical dimensions will be higher
and the cited increase in CPU time could be even more significant, since the brute-force
algorithm does not benefit from the segmentation technique proposed in this work.

5 Design of a 5th-order bandpass filter using a segmentation technique

In this section, the design of a fifth-order interdigital bandpass filter with a Cheby-
shev response is addressed. The technique proposed for the efficient design of this high-
order filter is based on a segmentation of the component, where the different resonators
of the filter are progressively added one after the other, with the aim of reducing the num-
ber of variables to be optimized in each step of the design process. The electrical response
(i.e., the group delay of the S1; parameter) of the equivalent circuit of the structure used
in each step, will be used as the target curve in the optimization process. After that, the
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Figure 12. Fifth-order interdigital bandpass filter with flat metallic strips.

ASM technique will be used again to obtain the final dimensions. Fig. 12 shows the topol-
ogy of the Sth-order filter under consideration.

The center frequency chosen for this bandpass filter is the same as the one we used

for the 3rd-order filter. Therefore, both the resonator dimensions and the values of the
equivalent L-C series network have been already calculated in Section 2. The equivalent
circuit of this filter, as explained in Section 3, consists of the cascade connection of L-
C series networks and ideal impedance inverters. Given the electrical specifications of
the 5th-order filter (fo = 3 GHz, RL = 25 dB, BW = 150 MHz), the following values
(in Q) of the impedance inverters can be readily deduced: Ky = K56 =68.658, K15 =
K45 = 14387, K23 :K34 = 10083

5.1 Design of the coaxial excitation

First, the design of the coaxial excitation of the input/output resonators of the band-
pass filter is addressed. The dimensions of the coaxial waveguide (¢, =2.2) are the same
ones used in the 3rd-order filter (external and internal radii of 2.05 and 0.65 mm, respec-
tively). In order to characterize the external quality factor Q..+, we follow the same method
explained for the 3rd-order filter. In this case, since the required quality factor is Q¢ =
15.921, an initial value of d=15.053 mm can be deduced from Fig. 6.

5.2 Inter-resonator coupling

The inter-resonator couplings depend on the separation s; ; between the resonator
strips (see Fig. 12). The required electromagnetic couplings between resonators can be
computed as:

Ko
k1o =—=> =0.0487 3
125 0T (3)
Ko 3
ko3 = ——= =0.0341 4
28 = 0oL (4)

Therefore, the following initial values for the separation between resonators can be de-
duced from Fig. 7: 512=19.236 mm and s 3=22.551 mm.
5.3 Systematic design using a step-by-step procedure

Once we have obtained a set of initial values for the relevant dimensions, we con-
tinue our filter design following a step-by-step strategy. The design process is based on
the segmentation of the filter, where the different resonators are added one after the other,
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Figure 13. Electrical response of the waveguide structure considered in the first stage com-

pared to the ideal response.

with the aim of reducing the number of variables to be optimized in each stage. The elec-
trical response of the lumped-element equivalent circuit of the structure used in each step
will be used as the target response. The optimized dimensions obtained in each step will
then be used as initial values in the next step of the design process. This design proce-
dure will be concluded with the ASM technique. All the simulations discussed in the next
sections have been performed in a low-precision space using the EM software FEST3D.

5.3.1 First stage

In the first step of the design process, the component under consideration consists
of the first two resonators of the interdigital filter (see Fig. 12) fed by a coaxial probe.
It is worth noting that there is only one access port in this structure. The equivalent cir-
cuit of this waveguide component consists of the cascade connection of the input trans-
mission line, inverter Ky 1, an L-C series network representing the first resonator, impedance
inverter K 2, and another L-C series network short-circuited at its end. In this first stage,
the dimensions to be optimized are the heights H; and Hs of the strips, the separation
s1,2 between resonators, and the height d of the feeding probe (see Fig. 12). In this first
stage, the set of dimensions obtained in the previous sections are used as a starting point
in the optimization process.

Next, the dimensions of the waveguide component are optimized using, as a tar-
get response, the group delay of the S;; parameter of the circuit model. The results of
the optimization are shown in Fig. 13, where a very good agreement can be observed be-
tween both set of data. The values obtained (in mm) for each dimension at the end of
the optimization process are: H; = 22.942, Hy = 22.205, 51,2 = 19.059 and d = 4.522.
On the other hand, the set of initial dimensions used as a starting point in this first stage
are: Hy = Hy = 23.233, s1,2 = 19.236 and d = 5.053 (the response of this initial point
has also been included in Fig 13). As we can see, the optimized final values are, indeed,
very close to the initial values.
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Figure 14. Electrical response of the waveguide structure considered in the second stage com-

pared to the ideal response.

5.3.2 Second stage

In the second stage of the design process, a new resonator is added to the struc-
ture, thus obtaining a waveguide structure composed of the first three resonators of the
filter (see Fig. 12). The circuit model of this structure can be readily obtained by adding
to the circuit network of the previous step, the inverter K53, and a new L-C series net-
work. Next, the dimensions of this waveguide structure must be optimized to obtain the
same electrical response of the ideal network. The parameters to be optimized in this
stage are the same as in the previous step (Hy, Hz, s12 and d), including also the height
Hs of the third resonator, and the separation sz 3 between the second and third resonators
(see also Fig. 12). The results of this optimization are shown in Fig. 14, where an ex-
cellent agreement is again observed between the response of the lumped-element model
and the full-wave simulation. The final values (in mm) for the optimized dimensions are:
Hy =22.955, Hy =20.108, Hs =21.994, 515 =22.226, 55,3 =25.176 and d=4.382. The
corresponding starting points are the final values obtained at the end of the previous stage.
We have also included in Fig. 14 the response of the initial point from where the match-
ing to the group delay reference curve is performed.

5.3.3 Third stage

At this point of the procedure, we have completed the design of one half of the band-
pass filter, since the component is symmetrical. Therefore, the optimization of the whole
filter can be performed next by taking into account that (see Fig. 12): Hy=Hs, Ho=
Hy, s12=s545 and sy 3=s34. In this final stage of the design process, the S-parameters
of the equivalent lumped-element network of the 5th-order filter are used as the target
response, and all the dimensions of the structure are optimized. The optimization re-
sults are shown in Fig. 15, where an excellent agreement is observed between the full-
wave EM-simulation, and the response of the ideal network, thereby validating the sys-
tematic design procedure proposed in this work. The final dimensions (in mm) of the
filter (obtained in a low-precision space) are: Hy = Hs = 22.960, Hy = Hy = 20.099,

H3 = 20069, §1,2=5845= 22.198, §2,3=5834= 28.463 and d=4.382.
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coarse model filter in the high-precision space (label: initial point).

5.4 Implementation of the ASM Technique

As already mentioned, all previous simulations have been performed in a low-accuracy
space (using FEST3D). To continue, therefore, the final dimensions obtained in the pre-
vious section need to be mapped to a high-precision space using the ASM method. In
this context, we have included in Fig. 15 the filter response in the high-precision space
using the optimum dimensions designed in the coarse space.

Fig. 16 shows the frequency response of the filter after implementing the ASM tech-
nique. Again, two different EM simulators (Ansys HFSS and CST Studio Suite) have
been used to validate the design process, obtaining an excellent agreement between both
set of simulated data. In addition, the electrical response of the filter designed in the low-
accuracy simulation space has also been included in Fig. 16. The values (in mm) of the
dimensions of the 5th-order interdigital filter (after implementing the ASM technique)
are: H1 = H5 = 231007 H2 = H4 = 20204, H3 = 20174, 51,2=54,5= 21839, §23=8534=
28.059 and d=4.421.

Finally, we have compared in Table 1 the electrical performance of the bandpass
filters designed in this work (3rd and 5th-order filters) with other similar designs (found
in the technical literature) concerning interdigital waveguide bandpass filters using res-
onator posts with a cylindrical or a rectangular geometry.

6 Multipactor breakdown prediction

A power handling capability study of the designed interdigital filters is addressed
in this section. In particular, the high-power performance of both topologies of interdig-
ital filters discussed in this work (based on cylindrical posts and on flat strips) will be
compared. The multipactor effect is a high-power phenomenon that appears in compo-
nents used in communication satellites, under high vacuum conditions and in the pres-
ence of high-intensity electromagnetic fields, linked to an electron avalanche effect (Vaughan,
1988). This phenomenon can lead to a degradation of the device performance, so it is
very important to properly characterize the behaviour of the designed components un-
der high-power conditions.

In this context, Fig. 17 shows the electric field distribution in the 5th-order inter-
digital filter based on flat strips computed at fo=3 GHz (with values scaled for an in-
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Table 1.

technical literature.

S-parameters of the 5th-order interdigital bandpass filter in the high-precision

Electrical performance of several interdigital waveguide bandpass filters found in the

Ref. fo (GHz) N BW (GHz) RL (dB) Post geometry
This work 3 3 0.2 25 Rect.
This work 3 ) 0.2 25 Rect.
(Packiaraj et al., 2005) 0.975-1.825 3 0.25 / 0.35 15 Cyl.
(Tkram & Rana, 2006) 6.175 5 0.5 10 Cyl.
(Munina & Turalchuk, 2015) 291-3-3.09 3 =~0.04-0.04-0.04 20 Cyl.
(J. Li et al., 2018) 15 8 44 10 Cyl.
(Wu et al., 2019) 14 4 1.4 15 Rect.
(Jiang et al., 2019) 11.725 8 2.05 17 Rect.
(Rodriguez-Morales et al., 2021) 3.75 11 2 10 Rect.
(Rodriguez-Morales et al., 2021) 6 11 2 10 Rect.
(Kong et al., 2023) 3.8 4 0.9 18 Rect.
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put power level of 1 W). The electric field distribution reveals a high concentration of

the electric field around all the metallic strips. Typically, the critical areas in terms of
multipactor effect for classical interdigital resonators based on cylindrical posts are the
zones between the top surface of the post and the top/bottom walls of the rectangular
enclosure. Nevertheless, for the novel resonators based on planar strips proposed in this
work, since the thickness of the strip used in our designs is small (only 1 mm), the equiv-
alent capacitance in this region is less significant than the one found in classical resonators
based on cylindrical posts. Therefore, a multipactor analysis in several isolated regions

of the designed filters is required to identify the critical zones in this new filter topol-

ogy.

After analysing the evolution of the electrons trajectory in the designed filters, we
have identified that the critical areas in these structures are the flat surfaces of the first
and last resonator strips facing the front and back walls of the rectangular enclosure (where
the distance is of 3 mm). In these zones, there is, indeed, a large capacitance (probably
the largest in the whole structure), thus becoming the most critical regions in terms of
the multipactor phenomenon. This fact has to be taken into account if these filters are
to be used in space applications, since, under vacuum conditions, they will be suscep-
tible to resonant electron discharges.

Next, a power analysis of the interdigital filters designed in this work (considering
that they have been manufactured in aluminium) has been performed under vacuum con-
ditions using the commercial software Spark3D (which is part of CST Studio Suite). To
do this, we have first used Ansys HFSS to compute the EM fields at the central frequency
of the designed filters (fo=3 GHz in all cases), and also at the frequencies (f; and f2)
where the So; parameter group delay and stored energy are maximum. Next, the cal-
culated EM fields are imported by the Spark3D simulator, which is used to estimate the
multipactor power threshold (Py,) of the designed filters. A homogeneous electron seed-
ing of 10000 initial electrons has been defined in the simulations. In addition, the main
parameters of the SEY curve are: dp.x = 2.92, 69 = 0.8, E; =17 eV and E,,,, = 276
eV (ESA-ESTEC, E. P. D., 2020).

The obtained results for the 3rd-order interdigital filter based on flat strips are (f; =
2.86 GHZ, f2 = 3.15 GHZ): Pth,fg = 170 W, Pth,fl = 72.8 W and Pth,fg = 83.5 W.
Moreover, for the 5th-order interdigital filter we have obtained (f; = 2.91 GHz, fy =
3.09 GHz): Py, 5, = 100 W, Py, r, = 45.4 W and Py, 5, = 51.3 W. Although the ob-
tained multipactor power thresholds are lower at frequencies f; and fs, in practice, the
frequency bandwidth of the employed signals do not usually reach such extreme values.
The minimum of these computed P;;, values would be the maximum operating power of
each filter in space applications. If needed, solutions like the one proposed in (Coves et
al., 2023) can be used to increase these values.

In order to compare the power handling capability of the new proposed topology
with that of the classical solution based on cylindrical posts, a multipactor analysis has
also been performed for the designed 3rd-order interdigital filter based on cylindrical res-
onators. The obtained results are (f1 = 2.83 GHz, fo = 3.17 GHz): Py, 5, = 79.4 W,
Py = 409 W and Py, 5, = 31.4 W. Therefore, compared to the data obtained for
the 3rd-order filter based on flat strips, we can conclude that the new proposed topol-
ogy exhibits a better high-power performance than the classical interdigital filters based
on cylindrical resonators.

7 Conclusion

A systematic procedure for the efficient design of a new topology for interdigital
bandpass filters, based on flat metallic strips, has been proposed. The design method
combines the use of the classical circuit-based approach and a strategy based on the seg-
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Figure 17. Electric field (fo=3 GHz) in the 5th-order interdigital bandpass filter.

mentation of the filter, with the aim of reducing the number of variables to be optimized
at each stage of the design process. Moreover, the ASM technique has been used in or-
der to perform most of the simulations in a low-accuracy space, thus reducing the over-
all computational effort. Two interdigital bandpass filters operating in the S-band have
been designed, and their electrical responses have been successfully compared to the re-
sults provided by two different EM full-wave simulators, thus validating both the new
topology and the design procedure proposed. In addition, a multipactor study has been
performed, in order to characterize the power capability of the components under vac-
uum conditions, in view of a possible use of the designed filters in satellite payloads. Fi-
nally, the design of a 3rd-order interdigital filter based on cylindrical posts has also been
discussed. Our results have shown that the topology based on flat strips is as compact
as the classical topology based on cylindrical post resonators, while exhibiting an enhanced
broadband performance and a better power handling capability.
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