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Compact Dual-Band and Wideband Filters With
Resonant Apertures in Rectangular Waveguide

Joaquin F. Valencia Sullca, Santiago Cogollos, Member, IEEE, Vicente E. Boria, Fellow, IEEE and
Marco Guglielmi, Life Fellow, IEEE

Abstract—The objective of this paper is to describe a new
family of microwave bandpass filters in rectangular waveguide,
based on resonant apertures, that can be used to implement both
single and dual band transfer functions. The use of capacitive
stubs and a staircase configuration is also discussed, in order
to enhance the out-of-band response and the selectivity of the
filter with respect to the state-of-the-art. Finally, simulations are
compared with measured results, showing very good agreement,
thereby fully validating both the new filter topologies and the
design procedure.

Index Terms—Band-pass filters, capacitive irises, dual band,
extended pass band, resonant apertures, staircase and stubs.

I. INTRODUCTION

ICROWAVE filters have always been the subject of
very substantial research since the very early days of
microwaves, and a very large number of publications can
indeed be found in the technical literature discussing a wide
variety of filter structures and design techniques (see [1], [2]
for excellent reviews). Many different technologies can be
used to implement microwave filters, common examples are
coaxial, planar, or metallic waveguide technology ([3], [4]), to
mention a few. Filters are normally designed to satisfy a set of
requirements in their electrical performance, both in-band and
out-of-band. In particular, the filter bandwidth and the extent
of the spurious-free out-of-band performance are among the
most important parameters in the design of microwave filters.
It is interesting to note that many examples of filters with a
wide pass band have indeed been discussed in planar technol-
ogy. For instance, a novel ultra-wideband (UWB) bandpass
filter (BPF) which uses a hybrid microstrip and coplanar
waveguide (CPW) structure was proposed in [5]. Also, a
compact ultra-wideband bandpass filter, based on a microstrip
and coplanar waveguide (CPW) structure, has been proposed
in [6]. However, these structures have high insertion loss,
limited out-of-band rejection at high frequencies, and low
power handling capabilities.
On the other hand, wide pass band microwave filters im-
plemented in rectangular waveguide technology typically have
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low insertion loss and high power handling capabilities. In [7],
for instance, a wide band filter has been designed with a
good out-of-band performance, and a wide rejection band.
However, the resulting filter structure is rather long, since it is
a cascade of an inductive bandpass filter and a capacitive low
pass filter. Traditionally, the most common implementation of
band-pass filters in rectangular waveguide technology has been
based on inductive irises [8]. For narrow band applications,
inductive filters have excellent high power capabilities and
very good selectivity. However, the out-of-band performance
may be strongly degraded for wide band applications. In [9]-
[11], for instance, waveguide filters based on inductive irises
have been designed for narrow to fairly wide bandwidth appli-
cations. More recently, several techniques have been discussed
to improve the out-of-band performance of inductive filters.
In [12], a new technique has been proposed, using a particular
arrangement of the coupling windows, in order to improve
the out-of-band response. However, this approach has been
demonstrated only for narrow-band applications.

A well known alternative solution, to improve the out-of-
band performance, is the use of capacitive irises in band pass
filters, as shown in [13] and [14]. Capacitive band pass filters
can, in fact, provide a wide spurious-free region above the
pass band. However, the use of capacitive structures may also
introduce problems, such as the appearance of resonances
below the filter pass band, and high power limitations.

More recently, several papers have discussed the combined
use of capacitive and inductive irises in band pass filters [15]
and [16]. Using both capacitive and inductive irises can, in
fact, improve the out-of-band performance and obtain, at the
same time, wide-band waveguide filters. However, in some
cases, this happens at the cost of reduced filter selectivity.

A well-known technique that allows to improve both the
out-of-band performance and the filter selectivity is the intro-
duction of transmission zeros (TZs). For instance, an approach
in rectangular waveguide has also been proposed in [17],
where a new capacitive obstacle has been added to the
structure of filter, in order to introduce TZs in a wide frequency
range.

In this context, a recent contribution can be found in the
technical literature that discusses how to improve the out-
of-band performance and selectivity of a microwave wide-
band filter using a staircase configuration with E-plane T-
junctions and shorted stubs, as shown in [18] and [19].
However, even though the structure proposed does produce
an important improvement of the out-of-band response and
a good enhancement of the filter selectivity, it can result in



rather long structures for high order filters.

Furthermore, there are also many papers in the technical
literature that use capacitive irises both as resonators and
as extracted poles. For instance, an asymmetric-iris coupled-
cavity filter has been proposed in [20], where the interference
between modes is used to improve the out-of-band response.
Moreover, further implementations have been proposed to
design rectangular waveguide structures which are coupled by
rectangular iris loaded E- or H-plane T-junctions [21] and [22].

Compact in-line pseudo-elliptic filters were proposed
in [23], which are based on the combination of resonant
irises with other resonances, such as the T'Eg1 and T M9
rectangular waveguide cavity modes. An additional approach
is discussed in [24] for a compact in-line pseudo-elliptic filter
based on the T'M;19 mode cavity that can achieve wide stop
bands by carefully selecting the coupling irises. Furthermore,
a new class of broadband pseudo-highpass waveguide filters
based on the T'M;3; mode and iris resonances has been
proposed in [25].

Yet another possibility to design filters in rectangular
waveguide is to use resonant apertures (RAs) [26]. For in-
stance, evanescent mode filters have been implemented in [27]
and [28], where direct-coupled resonant apertures have been
used to extend the rejection performance and reduce the
total length of the filter. More recently, a contribution has
shown how the low insertion loss and high return loss of an
evanescent mode filter can be improved by using, at the same
time, a below cut-off rectangular waveguide and capacitive
irises in the resonant cavities of the filter [29].

Many additional examples of the use of resonant irises can
also be found in the technical literature for wide band filters
in rectangular waveguide technology. In [30] and [31], for
instance, wide band band-pass filters with high selectivity have
been proposed, which use resonant irises as filter resonators.
Also, a directly coupled non-centered resonant irises filter has
been designed in [32], in order to provide a broadband and
highly selective response in Ka band, with a good spurious-
free range. Another example of the use of resonant irises as
resonators of a microwave bandpass filter is found in [33].
More recently, a contribution has shown preliminary results
on how to design dual-band waveguide filters using resonant
apertures (RAs), with an important improvement of the out-of-
band performance and selectivity by using, at the same time,
capacitive stubs and a staircase configuration [34].

In this context, therefore, the objective of this paper is to
significantly extend the results presented in [34]. In particular,
the additional topics discussed with respect to [34] are:

1) A parametric analysis of the basic RA with the objective
of demonstrating how input coupling, output coupling
and resonance frequency can be controlled indepen-
dently.

2) The systematic design procedures of dual band and wide
band filters, showing good performance with a structure
that is easy to manufacture.

3) A sensitivity analysis to identify the most appropriate
manufacturing process.

4) The high power analysis of the hardware in order
to identify the power level at which multiplication is

1 R i
b —_ =
N} - T

Fig. 1. Typical irises in a rectangular waveguide (front view). Left: centered
inductive iris of width a;. Right: centered capacitive iris of height b;.
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Fig. 2. Resonant aperture in a rectangular waveguide (front view). The
aperture is centered and has width a; and height b;.
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initiated.
Finally, in addition to theory, measured results are also dis-
cussed, showing excellent agreement with simulations, thereby
fully validating the new filter topologies that we propose.

II. BASIC RESONANT APERTURE

As it is well known, the design of classic inductive and/or
capacitive microwave filters can be based on half-wavelength
resonators that are coupled to each other by thick inductive
and/or capacitive irises (see Fig. 1). It is also well known
that inductive and capacitive irises can be considered to
be essentially equivalent to a shunt inductor or capacitor,
respectively [35]. In this paper, however, we will use RAs
which exhibit, in a single aperture, both capacitive and in-
ductive behaviors. They can therefore be represented as a
shunt combination of an inductor and a capacitor. This parallel
combination will then be the main resonant structure of our
filters. Fig. 2 shows the structure of the basic resonant aperture
that we propose to use in the remainder of this paper. Fig. 3
shows the top and side views of Fig. 2, where we can define
the dimensions of the waveguide to the left of the RA (a and
b), the dimensions of the resonant aperture (a1, b; and ¢) and
the dimensions of the waveguide to the right of the RA (w
and h).

To better understand the behavior of a resonant aperture,
we now perform a parametric study. The starting point is
a centered capacitive aperture in a WR-90 waveguide. The
aperture is a; = 22.86mm wide, by = 3.5mm high and
t = 2.0 mm thick.

The first parameter that we change is a;. Fig. 4 shows the
effect of changing a; from 22.86 mm to 13.00 mm. It is
interesting to observe that the resonance for a; = 22.86 mm
is essentially the cutoff of the WR-90 waveguide. As the a;
dimension decreases, the resonance of the aperture goes from
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Fig. 3. Resonant aperture in a rectangular waveguide. Left: centered resonant
aperture of width a1 (top view). Right: centered resonant aperture of height
by (side view).
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Fig. 4. Simulated performance of the resonant aperture, changing a; from
22.86 mm to 13.00 mm.

6.5 GHz to 12.4 GHz, which covers the standard operational
bandwidth of the WR-90 waveguide (8.2 to 12.4 GHz).

The second parameter that we change is the height i of
the waveguides connected to the right of the RA (see Fig. 3),
while keeping the width of the RA constant (a; = 21.50 mm).
In order to see the effect on the coupling while changing
the height of the waveguide connected to the RA, first we
study a symmetric structure, that is, we will keep b = h
throughout the experiment. Fig. 5 shows the effect of changing
h from 10.16 mm to 7.50 mm. As we can see, decreasing
the height of the waveguides connected to the RA, increases
the resonant bandwidth. This is equivalent to increasing the
coupling between the RA and the adjacent waveguides. It is
also evident that the RA changes its resonance due to the
loading effect of the waveguides.

Our real structure, however, will have different waveguides
connected to the RAs. In the next experiment, therefore, we
keep b = 10.16 mm, and change h from 10.16 mm to 13.50
mm (with the value of a; = 20.00 mm). The results obtained
in this second experiment are shown in Fig. 6. As expected,
increasing the height of the waveguide to the right of the
RA, decreases the resonant bandwidth. This is equivalent to
decreasing the coupling between the RA and the waveguide to
the right. As a consequence, the return loss is no longer equal
to oo, as it is the case when the input and output couplings
have the same strength.

The third parameter that we change is the height b; of the
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Fig. 5. Simulated performance of the resonant aperture, changing h from
10.16 mm to 7.50 mm. Here, b = h for all simulations.
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Fig. 6. Simulated performance of the resonant aperture, changing A from
10.16 mm to 13.50 mm. Here, b = 10.16 mm for all simulations.

RA, while keeping constant the value of a; = 20.00 mm
and » = 12.50 mm, respectively. Fig. 7 shows the effect of
changing b; from 3.5 mm to 2.0 mm, in steps of 0.5 mm.
As we can see, decreasing the aperture height reduces the
resonator bandwidth, and lowers the resonant frequency.

Finally, the last parameter that we change is the thickness
t of the RA, while keeping constant the values of a; = 20.00
mm, h = 12.50 mm and b; = 2.0 mm. Fig. 8 shows the effect
of decreasing the thickness from 2.0 to 0.5 mm, in steps of 0.5
mm. As we can see, decreasing ¢ has an effect that is similar
to increasing b;. However, the effect is not as strong.

Having explored the parametric behavior of the basic RA,
we can conclude that we do have independent control of
the three parameters of interest for filter design, namely, the
resonant frequency, the input coupling and the output coupling.
We are therefore ready to start the design of our filter.

It is important to note at this point that, in the response
of a standard capacitive filter in rectangular waveguide, there
is always a pass band near the cutoff of the rectangular
waveguide (see [34]). This pass band is there because each of
the capacitive irises is, as we have shown, a (lumped element)
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Fig. 7. Simulated performance of the resonant aperture, changing b; from
3.5 mm to 2.0 mm.
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Fig. 8. Simulated performance of the resonant aperture, changing ¢ from 2.0
mm to 0.5 mm.

resonator at the cutoff frequency. In a standard capacitive filter,
at the cutoff frequency, the capacitive irises are coupled to each
other by the length of waveguide between them (the distributed
resonators) so that the structure behaves like another filter.
This is, in fact, the origin of the spurious response that
we observe near the cutoff. Increasing the frequency above
cutoff, the capacitive iris becomes a shunt capacitance and
behaves like an inverter. The length of waveguide between
the capacitive apertures are now above cutoff and behave like
standard distributed resonators.

Our idea is to exploit the resonant behavior of the capacitive
irises by slightly shifting their resonance, thus transforming
them from capacitive to resonant. We can then design filters
where the resonance of the irises are shaping a lower pass band
(the spurious band near cutoff) in addition to the upper band
(where the waveguide sections resonate). With this in mind,
two possibilities can be explored, namely, dual-band filters,
and wide pass band filters based on RAs where the two bands
are merged into one extended band.

III. DuAL BAND RA FILTER

We first explore the use of RAs to implement dual band
filters. The design procedure that we propose is as follows:

1) For the lower band, we first design the normalized
lumped element low pass network (g; values) of the
Chebyshev filter from the specifications of the return
loss (RL), and the order N + 1.

2) We then design the band pass network composed of
series and shunt resonators. The series resonators are
then transformed into shunt resonators using admittance

inverters J; ;11,7 = 0,..., N + 1, with the following
values
GAWAB
JO,l = TAVVARPL (1a)
Jogi
B;B; .
Jiit1 = Wi Sl i =1,...,N (Ib)
9igi+1
[GWh\B
JN+1,N+2 — IBVVAONAL (1c)
IN+19N+2

where G4 and Gp are the conductance in the input
and output of the filter, YW, is the guided-wavelength
bandwidth and B; is the susceptance slope parameter.
This susceptance is chosen (because of the degree of
freedom) in such a way that the inverter values given by
(1) are close to the Y| of the standard waveguide at f;
(center frequency of the lower band).

3) The admittance inverters are then transformed into
quarter-wavelength waveguides, where the length of
each resonator is ;(f1) ~ A\1/4, where f; is the center
frequency of the lower band. With this last step, we
finally obtain the first band (lower band).

4) For the upper band, we first design a filter of order NV
with half-wavelength (distributed) resonators and N + 1
capacitive irises, where the length of each resonator is
li(f2) =~ A2/2, where fo is the center frequency of
the upper band. The dimensions of the waveguides are
initially chosen to obtain a characteristic admittance at
f1 equal to the inverter values obtained. This filter has its
pass-band at the upper band of the intended dual-band
design.

5) We now have the equivalent circuit model (see Fig. 9)
and the basic dual-band structure. We can, therefore,
optimize the performance of both bands simultaneously
using this distributed model for a faster optimization
process. The results are a good approximation for the
initial point of the EM optimizer where the lumped
resonators are substituted by RAs. We can now proceed
with a final refinement in the filter performance. This is
indeed possible because we do have the needed degrees
of freedom, namely, a;, b; and the thickness (¢) of each
RA, plus the w, h and [ dimensions of each distributed
resonator.

With the procedure just described, we can easily obtain a
pass band of order NV 4+ 1 at the lower frequency, due to the
N +1 RAs, and the second pass band of order IV at the upper
frequency, due to the N half-wavelength resonators.
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Fig. 9. Circuital model of the dual band RA filter.

Fig. 10. Structure of the dual band RA filter.

Fig. 10 shows the structure of the proposed dual band
RA filter, which has been obtained following the design
procedure just described. Fig. 11 shows the simulated behavior
of the structure of Fig. 10 (DB RA Filter), where the center
frequencies are f; =7.42 GHz and f; =10 GHz, and the
bandwidth of the two passbands are BW; =850 MHz and
BWy =1000 MHz, respectively.

The performance shown in Fig. 11 has been obtained with
the commercial tool FEST3D (v.2021 by AuroraSAT, now with
Dassault Systemes).

A. Capacitive Stubs

The dual band filter we just designed, has a shallow rejection
level between the two pass bands. To improve this feature, we
propose to use capacitive stubs in order to introduce trans-
missions zeros (TZs). Fig. 12 shows the basic stub geometry.
Fig. 13 shows the structure of the dual band RA filter with
two capacitive stubs before the input and output RAs (four
stubs in total). Fig. 14 shows the simulated behavior of the
structure in Fig. 13 (DB RA TZ Filter).
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Fig. 11. Simulated performance of the dual band RA filter (DB RA Filter).
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Fig. 12. Geometry of a resonator coupled with capacitive couplings in the
front and end walls, and capacitive stubs (Is; and ls,) in the input of the
resonator (side view).

Fig. 13. Structure of the dual band RA filter with capacitive stubs before the
input and output RAs.
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Fig. 14. Simulated performance of the dual band RA filter with capacitive
stubs before the input and output RAs (DB RA TZ Filter).
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Fig. 15. Geometry of a resonator coupled with capacitive couplings in the

front and end walls, with the first three resonant modes of a rectangular
waveguide cavity (side view).

Fig. 16. Geometry of the three-resonator of the staircase configuration with
the capacitive coupling apertures located at [s; = 311 /4, lsy, =12 /4, sy, =
3l2/4 and ls,, = l3/4 respectively, from the resonator input.

As we can see, the use of capacitive stubs has introduced
four TZs, at 8.32, 8.52, 8.62 and 8.72 GHz, respectively,
thereby significantly improving the rejection between the two
pass bands of the filter. In addition, the resulting filter is rather
compact for a nine-pole structure.

B. Staircase Filter

In this section, we propose an additional possibility for the
improvement the out-of-band performance of our filter. This
is essentially based on the implementation of the staircase
configuration, similarly to what was discussed in [18] and [19].
To better clarify this concept, we show in Fig. 15 the electric
field distribution of the first three resonant modes of a rectan-
gular waveguide cavity of width a, height b and length [, in a
resonator coupled with capacitive irises.

If we locate the capacitive irises at [, = 31/4 in Fig. 15, we
can indeed obtain a very significant reduction of the coupling
between higher order resonances and, as a consequence,
improve the out-of-band response of the filter. Fig. 16 shows
the basic staircase configuration.

One important feature of the basic dual-band filter in
Fig. 10 is that, although we have a total of nine poles, the
spurious response at approximately 14.5 GHz in Fig. 11 is

Fig. 17. Structure of the dual band RA staircase filter.
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Fig. 18. Simulated performance of the dual band RA staircase (DB RA Stair
Filter).

only due to the four distributed resonators, since the RAs
behave basically as lumped elements resonators. However, this
spurious response can be very effectively reduced with the help
of the staircase configuration, as shown in [18] and [19].

Fig. 17 shows the structure of the dual band RA staircase
filter. Fig. 18 shows the simulated behavior of the structure of
Fig. 17 (DB RA Stair Filter).

As we can see, the use of this simple staircase structure
results into a significant reduction and attenuation of the
harmonics, with spurious response below -40 dB, and spikes
reaching -35 and -30 dB at 14.71 and 15.16 GHz, respectively.

C. Staircase Filter with TZs

To further improve the out-of-band response of the dual
band RA staircase filter, we now use capacitive stubs before
the input and output RAs, and optimize the widths of the
distributed resonator, as shown in Fig. 19. As already dis-
cussed, the location of the RAs along the resonators has been
optimized to produce the maximum spurious rejection.

It is important to mention that a similar structure has already
been discussed in [34]. The filter in Fig. 19 (DB RA Stair
TZ Filter) is, however, a completely new structure that has
been designed with wider, symmetric capacitive stubs, to



Fig. 19. Structure of the dual band RA staircase filter with capacitive stubs
before the input and output RAs.
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Fig. 20. Simulated performance of the dual band RA staircase filter with
capacitive stubs before the input and output RAs (DB RA Stair TZ Filter).

further simplify the manufacturing process. Fig. 20 shows the
resulting simulated performance.

As we can see, the resulting structure shows a significant
reduction and attenuation of the harmonics, with spurious
response below -120 dB and a spike reaching -108.0 dB at
15.32 GHz. Also, we can clearly see that there is now a strong
rejection between the bands (below -60 dB) due to the two TZs
at 8.72 and 8.95 GHz, respectively.

IV. EXTENDED BAND PASS RA FILTER

RA structures can also be used for designing extended band
pass filters. What we need to do is to eliminate the rejection
band between the two band-pass of the dual band RA filter.
If we do that, we will, in fact, obtain a single wide band pass
filter structure. Table I shows the electrical specification that
we used for the extended band pass RA filter design.

The method that we propose to design an extended band
pass RA filter is as follows:

First of all, the specifications shown in Table I are used to
obtain the normalized lumped element low pass network of the
filter (Chebyshev response). Specifically, we will obtain the g;
values form the specifications of the return loss (RRL), and the

TABLE I

ELECTRICAL SPECIFICATIONS FOR THE REFERENCE FILTER.

Parameter | Requirement
Bandwidth BW = 1400 MHZ
In-band return loss RL > 20 dB
Center frequency fo =7.55 GHz

Guide-wavelength

Wy = 105.041 %

fractional bandwidth

a = 22.86 mm

Waveguide WR-90
b =10.16 mm

order of the filter. In the low pass network, the series g; values
are inductors (L,,), and the shunt g; values are capacitors (C,, ).
The first element (g; value) will be implemented with a shunt
capacitor.

Once the lumped low pass model is built, a low-pass
to band-pass transformation must be performed. The series
inductors are transformed into series resonant circuits with the
following values:

Ly

L.;= Ao (2)
Aw

Cri = m (3)

The shunt capacitors are transformed into shunt resonant
circuits with the following values:

Aw
Li=—o 4
Cri? “4)

Ch
Ci = Aw ©)

where Aw corresponds to 27 BW. Before computing the real
values of the components of the band-pass filter, an impedance
Zy must be chosen for de-normalizing the model. At this
point, we want to transform the de-normalized lumped element
model (Fig. 21) into a distributed band-pass filter of order
2N + 1. To do that, we will implement the shunt resonators
(N + 1) with RAs, and the series resonators (/N) with half-
wavelength waveguide resonators.

In order to obtain the distributed band pass model, the
slope parameter, the guided wavelength and the characteristic
impedance of each series resonator must be calculated. An LC
series resonator has a slope parameter given by:

Xri = woLri (6)
The guided wavelength expression is:
A
Ay = ———— )

2
.fC
1- (%)
where Ao = ¢/ f, f. = ¢/2a. The relation between the slope

parameter and the characteristic impedance of each waveguide
is defined by the following expression [8]:

7T )\qi 2
Xri = Z0i§ /\‘—O (8)



Fig. 21. Circuital model of the extended band pass RA filter.
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Fig. 22. Circuital model based on a PI configuration.

All these parameters are used to obtain the dimensions (a,
b and length) of the waveguides that will replace the series
resonators. Since we know the values of the characteristic
impedance thanks to (8), we can obtain the relation between
the dimensions a and b (b/a) of each waveguide using the
following expression:

b
Zoi = 2= Zrp ©)

where Zrp is the frequency dependent modal impedance of
the fundamental mode. Since we know the dimensions a, b
and length of the half-wavelength waveguide, we proceed to
substitute the series resonators with real waveguide sections.
To continue, we note that a half-wavelength waveguide can be
modeled near the resonance frequency as a PI structure which
is formed by one series and two shunt resonators, as shown
in Fig. 22. The values of the lumped elements can then be
obtained using the following expressions [36]:
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The series part of the PI structure is our series resonator
(Ly; and C};). We can then use (2) and (3) to solve for
the characteristic impedance. The parasitic capacitance and
inductance in parallel change the behavior of the original de-
normalized C; and L; (shunt resonators). For this reason, it is
compulsory to design new shunt resonators whose responses
must be as similar as possible to the original ones (C; and
L;), while including the parasitic effects. These new shunt
resonators provide the responses needed to create the resonant
apertures. So, after the distributed band pass model is defined,
a fast optimization is enough to obtain the desired response.
In this context, the variables available for the optimization are:
the width, the height and the thickness (a;, by and t) of each

e

Fig. 23. Structure of the extended band pass RA filter.

RA, and the width, the height and the length (w, h, ) of each
waveguide section.

A. Staircase Filter with TZs

Using the method just described, we have obtained the
structure of the in-line extended band pass RA filter that is
shown in Fig. 23.

As already mentioned, a further improvement of the out-
of-band performance can be obtained by implementing both
capacitive stubs and the staircase configuration. This will
improve both the filter selectivity and its corresponding out-
of-band response. Fig. 24 shows the structure of the extended
band pass RA staircase filter with two stubs before and after
the input and output RAs (EB RA Stair TZ Filter).

It is important to recall now that the TZs are due to a
disruptive interference caused by the stubs. The capacitive
stubs can, in fact, be viewed as a reactance in series with
the transmission line representing the fundamental mode of
the basic rectangular waveguide used for the filter. This
reactance, however, is also the input impedance of the length
of waveguide used to implement the capacitive stub. As a
consequence, a transmission zero is introduced when the input
impedance of the stub is equal to infinity. This corresponds to
the frequency at which the stub is a quarter wavelength long.
The frequency of the TZ can therefore be adjusted very easily
by selecting the desired length.

Fig. 25 shows a comparison of the simulated behavior of
the structures of Fig. 23 (EB RA Filter I) and Fig. 24 (EB RA
Filter II) from 6.5 to 13 GHz.

As we can see in Fig. 25, the EB RA Filter I has a
number of interesting features. First of all, the filter is a nine-
pole filter, but it only has four distributed resonators. In fact,
following our approach, we obtain a filter of order 2N + 1,
with V + 1 RAs and N distributed resonators. Furthermore,
the spurious response of the filter is only due to the four
distributed resonators, since the other five poles come from
lumped element resonators. It is now important to note that,
the EB RA Filter I shows spurious responses at 10.0 and
12.5 GHz, where the T F192 and T E193 modes are excited,
respectively.

However, for the new EB RA Filter II, we now have
spurious responses below -60 dB from 8.76 to 12.30 GHz,
-40 dB from 12.30 to 13 GHz with spikes of -16.5, -8.36 and
-26.33 dB at 12.32, 12.58 and 12.80 GHz, respectively.



Fig. 24. Structure of the extended band pass RA staircase filter with two
stubs both before and after of the input and output RAs.
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Fig. 25. Simulated performance of the EB RA Filter (EB RA Filter I), and
the EB RA Stair TZ Filter (EB RA Filter II).

We can therefore conclude that combining capacitive stubs
and the staircase configuration in the filter, results into an
important improvement in the out-of-band response with atten-
uation and reduction of the spurious peaks and enhancement,
at the same time, of the filter selectivity.

V. THE PROTOTYPES

The RA filtering structures that we have designed and
simulated so far, have been designed with the commercial tool
FEST3D in the high accuracy mode. It is important to mention
that we have included in the simulations up to 120 accessible
modes to connect discontinuities, and up to 3600 localized
modes for their characterization, in both the dual band RA
filter and extended band pass RA filter, respectively [37]. As
a verification before manufacturing, we have also simulated
the same structures with the full-wave electromagnetic simu-
lator simulator CST (v.2021, CST GmbH, now with Dassault
Systemes).

A. Dual Band RA Prototype

The specifications of the dual band RA filter are as follows:
for the lower band, the center frequency is fi =7.5 GHz, the
bandwidth is BW; =1000 MHz and the in-band return loss is

Fig. 26. Structure of the dual band RA staircase filter with capacitive stubs
before the input and output RAs (DB RA Stair TZ Filter) designed with radius
equal to 7; = 1.1 mm in the distributed resonators and r2 = 1.0 mm in the
capacitive stubs, respectively.
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Fig. 27. Simulated performance of the dual band RA staircase filter with
capacitive stubs before the input and output RAs using FEST3D and CST.

RL; >20 dB; for the upper band the specifications are fo =10
GHz, BW3; =500 MHz and RLs >20 dB.

Additionally, the sharp corners of the distributed resonators
have been changed into rounded corners with a radius r; =1.1
mm and the capacitive stubs end with a radius equal to
ro =1.0 mm, in order to facilitate manufacturing. The resulting
structure is shown in Fig. 26. Fig. 27 shows a comparison
of the simulated behavior of the dual-band structure obtained
with the commercial tools FEST3D and CST Studio Suite.

As we can see, the agreement is very good. Also, simula-
tions show a very good out-of-band response, with spurious
peaks below -80 dB from 12 to 16 GHz.

Table II shows the final values for all dimensions of the
filter. The dimensions are given up to the center of the filter.
This is because the filter is asymmetrical, but the central part
of the filter is symmetrical. The thickness of the RAs is t;,
and the all capacitive stubs have the same width as the input
waveguide.



TABLE II
PHYSICAL DIMENSIONS FOR THE DB RA STAIR TZ FILTER.

Section Type Dimensions (mm)

a =22.86
Input Waveguide b =10.16
Linput = Loutput =22.86
Capacitive stubs 1-2 lesy =11.896 | les, =11.896
tes; =2.0 tesy =2.0
Capacitive stubs 3-4 lesg =11.296 | les, =11.296
tes; =2.0 tes, =2.0
a1 =22.616 as =22.720
Resonant aperture 1-5 by =7.187 bs =7.673
t1 =3.974 ts =4.005
wy =22.747 wy =22.747
Resonator 1-4 Hy =11.432 Hy =11.432
L1 =21.655 L4 =21.791
as =21.257 ay =21.257
Resonant aperture 2-4 by =2.771 by =2.771
ta =3.955 ta =3.955
wo =22.424 w3 =22.424
Resonator 2-3 Hs =6914 H3z =6.914
Loy =22.074 L3z =22.074
a3z =20.823
Resonant aperture 3 b3 =1.326
tz =4.003

Fig. 28. Structure of the extended band pass RA filter with two stubs both
before and after of the input and output RAs (EB RA Stair TZ Filter) designed
with a radius equal to 7 = 1.1 mm in the distributed resonators.

B. Extended Band Pass RA Prototype

Next, we will design the EB RA stair TZ filter structure
(see Fig. 24) with rounded corners. The specifications of the
extended band pass RA filter are given in Table I. Also in
this case, we have replaced all sharp concave corners with
rounded corners with a radius equal to » =1.1 mm, except on
the capacitive stubs that are manufactured with spark erosion.

The final structure that we have obtained is shown in Fig. 28.
Fig. 29 shows the comparison of the simulated performances
obtained with FEST3D and CST. As we can see, the agreement
is very good. In addition, the simulations show a very good
out-of-band response, with spurious below -60 dB from 9 to
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Fig. 29. Simulated performance of the extended band pass RA filter with
two stubs both before and after of the input and output RAs (EB RA Stair
TZ Filter) using FEST3D and CST.

TABLE III
PHYSICAL DIMENSIONS FOR THE EB RA STAIR TZ FILTER.

Section Type Dimensions (mm)

a =22.86
Input Waveguide b =10.16
Linput = Loutput =22.86
Capacitive stubs 1-2 lesy =10.861 | lcs, =8.217
tes; =1.1 tes, =11
Capacitive stubs 3-4 lesy =7.343 leay =6.352
tesy =1.1 tes, =1.1
Capacitive stubs 5-6 less =6.870 lesg =5.343
tesy =1.1 tesg =1.1
Capacitive stubs 7-8 lesy =9.510 1 lesr =8.658
tesy, =1.1 tosg =1.1
a1 =20.814 as =20.814
Resonant aperture 1-5 by =3.155 bs =3.203
t1 =2.0 5 =2.0
w1 =22.86 wy =22.86
Resonator 1-4 H, =13.550 H, =13.550
L1 =39.868 Ly =39.415
as =20.525 ayq =20.525
Resonant aperture 2-4 bo =4.095 by =4.095
to =2.0 tg =2.0
wo =22.86 w3 =22.86
Resonator 2-3 Ho =14.325 Hs =14.325
Lo =39.633 L3 =39.633
a3z =20.392
Resonant aperture 3 b3 =3.857
t3 =2.0

12 GHz.

Table IIT shows the final values for all dimensions of the
filter. The dimensions are given up to the center of the filter.
This is because the filter is asymmetrical, but the central part
of the filter is symmetrical. The thickness of the RAs is ¢;, and
all the resonators and capacitive stubs have the same width as
the input waveguide.



TABLE IV
RESULTS OF THE TOLERANCE ANALYSIS FOR THE RA FILTERS.

Filter Type Yield of the Structure

Tolerance Spm | 10 gm | 15 pm | 20 pm
DB RA Filter | 98 % 92 % 70 % 40 %
EB RA Filter | 78 % 54 % 38 % 14 %
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Fig. 30. Tolerance analysis of the dual band RA filter.

VI. YIELD ANALYSIS

In this section we show the results of a yield analysis for the
RA filters that we have designed. For this purpose, we have
used the commercial tool FEST3D to introduce a random error
with a Gaussian distribution in the RA filters dimensions.

The sensitivity analysis for the RA filtering structures, have
been carried out with different values of the standard deviation,
namely, + 5, & 10, = 15 and £ 20 pm. Furthermore, since
the filters have been designed with a return loss of 20 dB, the
threshold value for the yield estimation has been set to 18 dB.
Table IV shows a summary of the results obtained for the RA
filters.

Figs. 30 and 31 show a number of simulations, including
random errors for the RA filters. As we can see from both the
simulations and the results in Table IV, with manufacturing
errors between 5 and 10 pm, it should be possible to obtain
an acceptable yield value. It is important to note that, although
wide band filters are normally considered to be insensitive to
manufacturing errors, our yield analysis does not reflect this
point since manufacturing errors between 5 and 10 um can be
considered to be high accuracy manufacturing.

VII. HIGH POWER ANALYSIS

One of the most important features for space applications is
the multipactor behavior of the filters [38]. In order to identify
the power (Watts) where the multipactor effect can be initiated,
a number of simulations have been carried out with our filter
structures. The detailed procedure is fully described in [19],
and will not be repeated here for the sake of space. Tables V
and VI show the power thresholds that we have obtained for
the dual band and extended band pass RA filters.
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Fig. 31. Tolerance analysis of the extended band pass RA filter.

TABLE V
HIGH POWER ANALYSIS OF THE DUAL BAND RA FILTER.

| Structure | Power of the structure
Frequency f1 =6.97 GHz | fo = 7.50 GHz f3 =8.11 GHz
RA> = RA4 234 W 931 W 404 W
RA3 113 W 284 W 185 W
Frequency fa=9.68GHz | f5 =10.0GHz | fe¢ = 10.29 GHz
RAs = RA4 6749 W 3574 W 1137 W
RA3 5249 W 1562 W 568 W
TABLE VI

HIGH POWER ANALYSIS OF THE EXTENDED BAND PASS RA FILTER.

| Structure | Power of the structure
Frequency f1 =6.81 GHz | fo =7.55 GHz | f3 = 8.30 GHz
RA; 484 W 1875 W 1138 W
RAs = RA4 195 W 1235 W 378 W
RA3 204 W 1135 W 403 W
RAs 1112w 1887 W 2974 W

As expected, the resonant apertures (RAs and RAs) show
the lowest power threshold at 6.97 and 6.81 GHz with 113
and 195 W for the dual band and extended band pass RA
filters, respectively. It is important to note that the multipaction
power levels obtained are indeed remarkable considering the
significant size reduction that we have been able to obtain with
the proposed filter topologies.

To further evaluate the high power performance of the RA
filters described in this contribution, we have designed a stan-
dard nine-pole symmetric capacitive filter. For this purpose,
we have used the WR-112 waveguide in order to meet the
same specifications given in Section IV. Table VII shows the
final values for all dimensions of the structure.

The power thresholds that we have obtained for this last
filter are shown in Table VIII. As expected, the capacitive
window hs of the capacitive filter shows the lowest power
threshold at 8.30 GHz with 2274 W. This power level is indeed
higher than the power level allowed by our RA filter. However,
the performance of the RA filter is remarkable if we take



TABLE VII
PHYSICAL DIMENSIONS FOR THE STANDARD CAPACITIVE FILTER.

Section Type Dimensions (mm) |

a = 28.499
b=12.624
Resonator 1-9

L1 = Lg =37.464
Lo = Lg = 36.431
L3 = L7 = 35.463
Ly = Le =34.974

Input Waveguide

Capacitive window 1-10
h1 = hig = 8.017
ha = hg = 5.716
h3 = hg = 4.423
hy = h7 = 3.809

hs = he = 3.546 Ls = 34.816
TABLE VIII
HIGH POWER ANALYSIS OF THE STANDARD NINE-POLE CAPACITIVE
FILTER.
Structure | Power of the structure
Frequency | f1 =6.81 GHz | fo =7.55 GHz | f3 =8.30 GHz
hs 35597 W 8449 W 2274 W

into account that it is about 60% shorter than the standard
capacitive implementation.

VIII. MEASUREMENTS

The RA prototypes discussed in the previous sections have
been manufactured in a clam shell configuration, using a
combination of standard milling and spark erosion.

A. Dual Band RA Filter

The dual band RA staircase filter prototype is shown in
Fig. 32. The comparison between measured and simulated in-
band and out-of-band responses is shown in Fig. 33. To obtain
the results in the stopband of the Fig. 33, we have used three
standard waveguide calibrations, namely WR-90, WR-75 and
WR-62, with the TRL (Through, Reflection and Line) method.
The noise floor in each calibration was about -70 dB.

As we can see, the two passbands are centered at 7.5 and
10.0 GHz, respectively, the five and four reflection zeros of
the dual band RA filter are clearly visible, and the agreement
with the simulation is excellent.

There is also a good agreement between simulation and
measurement in the out-of-band response, with spurious below

Fig. 32.
plating).

Manufactured dual band RA prototype in aluminum (no silver
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Fig. 33. Measurement of the in-band and out-of-band performance of the
dual band RA filter compared with the EM simulation (CST).

Fig. 34. Manufactured extended band pass RA prototype in aluminum (no
silver plating).

-40 dB from 13 to 16 GHz. However, there is a spike reaching
-30 dB at about 13.5 GHz. The spike is probably due to higher
order mode excitation caused by manufacturing errors.

B. Extended Band Pass RA Filter

Next, we have manufactured the extended band pass RA
filter, as shown in Fig. 34. The comparison between measured
and simulated in-band and out-of-band responses are shown
in Figs. 35 and 36, respectively.

As we can see, the in-band performance is centered at 7.55
GHz, the nine reflection zeros of the extended band pass RA
filter are clearly visible, and the agreement with the simu-
lation is excellent. There is also a good agreement between
simulation and measurement in the out-of-band response, with
spurious below -75 dB from 9 to 12 GHz, and -30 dB from
12 to 13 GHz with spikes reaching -35, -25 and 27.5 dB at
about 12.33, 12.58 and 12.80 GHz, respectively.

It is interesting to note that a number of dips appears in
the measured S7; results. To better understand this point we
have simulated the filter including losses and, as we can see in
Fig. 36, the same dips are now clearly visible. It is therefore
apparent that the dips are due to power dissipated in the filter
structure. To further investigate this point, we have computed
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Fig. 35. Measurement of the in-band performance of the extended band pass
RA filter compared with the EM simulation (CST).
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Fig. 36. Measurement of the out-of-band performance of the extended band
pass RA filter compared with the EM simulation (CST) including losses due
to the finite conductivity of the aluminum.

the fields inside the structure. The results obtained, not shown
here for the sake of space, indicate that the dips are, in fact,
due to resonances in some of the capacitive stubs used to
introduce transmission zeros.

It is important to mention that the manufacturing error has
been kept below 10 pm for all the curved corners, and below
5 pm for all other filter elements. The RA filter performances
that have been obtained are indeed excellent, and are in
full agreement with the results of the yield analysis that we
performed.

IX. TECHNICAL DISCUSSION

In this section, we will discuss some of the technical aspects
(or practical features) of the filters based on resonant apertures
proposed in this paper.

A. Dual Band RA Filter Case

We discuss first some practical design aspects of the dual
band RA filter.
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The minimum and maximum bandwidths that can be
achieved for the two pass bands of the in-line DB RA filter
(see Fig. 10), if no TZs are present between the pass bands,
turns out to be related to the rejection between the two bands.
In our design we have obtained a rejection level of -14.5 dB.
Increasing the bandwidth of the two pass bands, will reduce
the rejection level, thereby degrading the inter-band response
of the filter.

With this in mind, we can say that the minimum guard band
(distance) between the two pass bands of the filter can be
equal to zero (extended bandwidth case). While the maximum
guard band depends on the individual filter pass bands, center
frequencies, and the cut-off frequency of the main waveguide.

On the other hand, if we introduce TZs between the bands
(as shown in Fig. 19) we have an additional constraint on the
achievable guard band between the filters. This is because the
presence of a TZ affects the coupling level of the resonant
apertures. This in turn, poses a limitation to the minimum
guard band that can be achieved.

This effect is due to the relation between the position of the
TZs and the strength (height) of the coupling produced by the
RAs when they function as coupling elements. In more detail,
since the capacitive stub introduces a TZ, the closer is the TZ
to the filter passband edge, the lower is the achieved coupling
(for a given coupling aperture) and, as a consequence, the
coupling window needs to opened further. The limiting point
is reached when the coupling window has the same height as
the waveguide connected to the RA. This effect was, in fact,
already noticed in [19]. To give a rule of thumb to estimate
this effect, we have computed the following ratio:

BTZ
ATZ = B
where BT'Z is the distance between the frequency of the TZs
(below the pass band) and the lower edge of the pass band,
and BW is the bandwidth of the filter. In [19] the ratio (14)
is approximately equal to unity. Looking at the dual band
response in Fig. 33, we can clearly see that the TZs between
the two bands are approximately located at their respective
limit (one filter bandwidth). As a consequence, for this filter,
the guard band between the two pass bands cannot be made
smaller.

Another issue that needs to be considered is that the
staircase configuration implemented in the DB RA Filter, that
shows an important improvement of the out-of-band response
of the filter, does result in a limitation in the bandwidth of
the second pass band that uses distributed resonators (BW;
of Section V). The second band turns out to be smaller in
comparison to the first band, due to the fact that the staircase
geometry reduces the coupling between resonators. This is
again due to the introduction of TZs in the filter transfer
function. However, the first band is composed only of RAs
and, therefore, the bandwidth is not affected by the staircase
configuration.

Another point of interest is the achieved unloaded Q in
the DB RA Stair TZ Filter. From the specifications of Sec-
tion V, and the measured insertion loss performance shown
in Section VIII, we have computed the unloaded Q using the

(14)



TABLE IX
UNLOADED Q OF THE RESONATORS OF THE DB RA STAIR FILTER.

| Section Type | Insertion Loss (IL) | Unloaded Q |

RAs 0.1725 dB 1415
RES 0.1615 dB 2995
TABLE X

PHYSICAL DIMENSIONS FOR THE HIGH-PASS FILTER.

Section Type Dimensions (mm) |

a = 22.86
Input Waveguide b =10.16
Linput = 10
wy = 18.788
Section 1 h1 = 10.16
L1 =9.057
wg = 16.556
Section 2 ho = 10.16
Lo = 10.604

procedure described in [39]. The results obtained are shown
in Table IX. As we can see, the RAs have a Q value that is
about half the Q value of the distributed resonators (RES).

Another important issue that needs to be discussed at this
point is that the measured performances of our two prototypes
have been obtained using only the fundamental 7' E;y mode
excitation. To complete our investigation, we now study the
performance of the DB RA Stair Filter under higher order
modes excitation. In this context, however, only the T Esq
higher order mode needs to be studied in detail.

As in [19], if the higher order modes are present in the
excitation, we can easily suppress the spurious responses
generated by the T Es higher order mode using a simple high-
pass filter at the output of our filter. Table X shows the final
values for all dimensions of a high-pass filter that could be
used in this context.

Fig. 37 shows the comparison of the simulated performances
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Fig. 37. Simulated performance (using CST) of dual band RA staircase filter
with T'Eaq excitation (T'E29 CST) compared to the performance of the filter
plus high-pass device (T'E2¢ Device).
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TABLE XI
PHYSICAL DIMENSIONS FOR THE TRANSFORMER.

Section Type Dimensions (mm) |

a = 25.959
Input Waveguide b= 12.954
Linput = 10
w1 = 24.414
Section 1 hy = 11.947
L; = 15.257
wo = 23.328
Section 2 ho = 11.000
Lo =21.248

of the dual band RA filter (DB RA Stair TZ Filter) under
higher order mode excitation, and the performance including
the high-pass device. As we can see, we now have spurious
responses below -30 dB from 13 to 16 GHz. This is indeed
an important improvement.

B. Extended Band Pass RA Filter Case

Next, we discuss practical design aspects for the extended
band pass RA filter. The minimum bandwidths of the pass
band of the EB RA filters discussed in this paper, depend
on a trade-off between the manufacturing process used to
manufacture the filter, the dimensions of the structure, and the
power requirements. The maximum bandwidth, on the other
hand, depends on the limitations imposed by the staircase
geometry. In our design we have tried to achieve the best
trade-off between bandwidth of the pass band and rejection of
the spurious resonances.

Another issue of relevance is the calculation of the unloaded
Q in the EB RA Stair TZ Filter. From the specifications
in Section IV, and the measured insertion value (0.1929 dB
from results in Section VIII), we have computed an averaged
Q-factor value (Q=1986) for the RAs and the distributed
resonators [39].

The next issue that we discuss is the presence of higher
order modes in the excitation. In this context, it is important to
mention that our EB RA Stair TZ Filter is mono-modal until 13
GHz. For that reason, additional actions are not necessary with
respect to the presence of higher order modes in the frequency
range explored in this paper. However, if we increase the
frequency up to 16 GHz, we will require the high-pass filter
that we have already described, in order to suppress the higher
order modes.

An additional issue that needs to be discussed is that the
objective of our research is indeed to prove that RAs can
effectively be used in filter design, however, our filter does
not actually operate in the standard WR-90 waveguide range.
This can be addressed in two ways. The first is to redesign the
filters to operate with a higher center frequency. This is indeed
possible, as shown in Fig. 4. The second is to add a small
waveguide transformer to change the input of the filters to the
WR-102 waveguide (see Fig. 38), so that the filter can operate
in the standard WR-102 waveguide frequency range. Table XI
shows the final values for all dimensions of the transformer.



Fig. 38. Structure of the transformer composed of rectangular waveguide
sections of smaller width and height.
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Fig. 39. Simulated performance of the EB RA Stair TZ Filter (EB RA Filter
II), and the same filter implemented with the transformer at the input and
output of the filter (EB RA Filter III).

To validate this last concept, we have compared the simu-
lated performance of the EB RA Stair TZ Filter (EB RA Filter
II) with the same filter with the addition of the transformer at
the input and output of the filter (EB RA Filter III), as shown
in Fig. 39. As we can see, the performance of the filter remains
unchanged, and the operational bandwidth is now in the WR-
102 range.

X. CONCLUSION

In this paper, we have provided the proof of concept of
the feasibility of using resonant apertures (RAs) in the design
of wide-band single and dual bandpass filters demonstrat-
ing a substantial reduction in filter length, good out-of-band
response and improved selectivity. Furthermore, yield and
multipaction analyses have also been carried out. In addition
to theory, the measured performance of two prototypes has
also been discussed indicating very good agreement with
simulations, thereby fully validating the new family of filters
that we propose and their design procedures.
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