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Compact Wideband Hybrid Filters
in Rectangular Waveguide
with Enhanced Out-of-Band Response

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

Abstract—This paper describes the design procedure of a
compact wideband waveguide filter, based on stepped impedance
resonators (SIR) and a combined usage of capacitive and induc-
tive coupling irises, that provides a significant improvement in
the out-of-band response of the filter with respect to the state-of-
the-art. In addition to theory, several filter prototypes have been
designed and manufactured. A detailed sensitivity analysis has
been also carried out. Finally, simulations and measurements are
compared, showing very good agreement, thereby fully validating
the new filter topology.

Index Terms—Aggressive space mapping, band-pass filters,
hybrid (inductive and capacitive) irises, stepped impedance res-
onator and wideband.

I. INTRODUCTION

N recent years, the rapid growth in demand for telecom-

munication services has motivated very significant research
in the area of microwave components to reduce size, increase
bandwidth, improve out-of-band rejection, and enhance selec-
tivity. In this context, one of the most important components
are microwave filters ([1], [2]). The study, analysis and design
of microwave filtering structures is indeed one of the oldest
areas of research in the microwave field. Wide band filters,
in particular, have been traditionally designed in rectangular
waveguide as low-pass filters ([3], [4]). Several methodologies
and sets of formulas have been developed since the 1970s for
the design of both wide and narrow band filters based, for
instance, on lumped-element networks [5]-[9].

Based on the early theories developed, microwave filters
have been implemented in many different technologies such
as metallic waveguide, coaxial and planar technology, just
to mention a few ([10], [11]). In this context, a key per-
formance parameter for all microwave filters is the out-of-
band performance, especially for frequencies higher than the
pass band. The key issue is that if the filters are implemented
with coupled resonator structures, or with cascaded lengths of
uniform transmission lines, in addition to the desired pass band
region, a number of spurious responses appear at (or near to)
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multiples of the filter center frequency. Many approaches have
indeed been proposed in the past to improve this key aspect of
the filter performance. For instance, the use of mixed lumped
and distributed components to create hybrid filtering structures
has been known since the 1990s [12]. The basic idea is that
if the filter is composed of different types of resonators, for
instance, the out-of-band performances of the resonators do
not contribute constructively to the out-of-band response of
the filter, so that an improved performance is obtained.

Many different hybrid filter implementations have indeed
been explored. In [13], [14], for instance, a new configuration
that uses the TEy; and HE;; modes has been proposed
with the objective of improving the out-of-band performance
of a dielectric resonator filter. Another approach has been
proposed in [15], based on mixed capacitive and inductive
couplings, in order to generate transmission zeros near to
the pass band of a combline filter to improve the selectivity.
Also, in [16] a folded rectangular waveguide filter have been
designed with mixed capacitive and inductive irises in order
to obtain transmission zeros in the stop band. These last two
references use a similar approach to obtain transmission zeros
in narrowband designs, namely inductive and capacitive irises
to obtain positive and negative couplings. Furthermore, mixed
resonator structures have also been discussed in [17], where
combline resonators and the HE{; mode dielectric resonator
have been combined to improve the out-of-band performance.
Another example is [18], where the use of mixed electric and
magnetic coupling between the resonators is shown to give an
improved selectivity. Also, a hybrid structure using a substrate
integrated waveguide (SIW) and coplanar waveguide (CPW)
was proposed in [19], with of the objective of improving both
the in-band and the out-of-band responses.

More recently, several papers have focused on mixed-mode
and hybrid structures in order to improve the pass band and the
out-of-band performance. In [20] and [21], a pseudo-elliptic
filter has been proposed using mixed-mode (cavity and dielec-
tric) resonators. Also, another hybrid structure with greater
selectivity and improvement of the out-of-band response has
been discussed in [22], combining coaxial resonators and an
evanescent mode waveguide loaded with posts.

Bandpass structures have also been designed using both
quarter-mode SIW with mixed coupling [23] and with
CPW [24], in order to increase the selectivity and obtain an
improved out-of-band response. Yet another approach can be
found in [25] and [26], based on the use of lumped elements,



in order to obtain significant improvements in both the pass
band and the out-of-band responses.

Many additional examples of hybrid structures can also
be found in the technical literature for wide band filter
implementations in planar technology. In [27], for instance, a
highly selective wide band bandpass filter is presented, which
combines microstrip and CPW sections. On the other hand, a
significantly smaller number of contributions can be found in
rectangular waveguide technology. In [28], a filter design with
a wide pass band covering the 40-60 GHz range is discussed.
The solution proposed has a good out-of-band performance,
and a wide rejection band. However, the resulting structure,
based on the cascaded connection of a bandpass filter and a
low-pass section, is rather long.

In the waveguide framework, it is important to recall that,
traditionally, band-pass filters have been implemented with
inductive irises [29]. Inductive filters, however, present limi-
tations in the design with respect to bandwidth, and unwanted
spurious responses. An alternative is the use of capacitive irises
as discussed in [30] and [31]. Several advanced contributions
for band-pass filters, using capacitive low-pass structures as
irises to provide a wide spurious free out-of-band response,
can indeed be found in [32] and [33], for instance. The use
of capacitive irises in band-pass filters, however, may result in
very small gaps leading to high-power limitations.

Few contributions can also be found discussing the de-
sign and implementation of waveguide structures using hy-
brid irises in rectangular waveguide. For instance, in [34] a
bandpass filter in Ku band has been designed using small-
aperture irises for coupling the adjacent cavities. Inductive
and capacitive irises are used for direct implementation of
a C-band filter resonator in [35]. In [36], the use of two-
sided double-slot capacitive irises (resonant irises with more
complex geometry) has been proposed. However, all these
filters have been designed only for narrow band applications.

Recently, further solutions have been proposed to im-
prove the out-of-band response of waveguide bandpass filters.
In [37], for instance, an inductive filter with dielectric res-
onators with a good spurious-free band has been proposed.
The well-known concept of changing the resonator widths to
improve the out-of-band performance has also been exploited
in [38] and [39]. In another contribution [40], a structure was
proposed to improve the stop-band performance by varying
the width of each resonator, as well as the offsets between
adjacent resonant cavities. Also, in [41] a structure with
capacitive-loaded resonators that can avoid spurious responses
was proposed. Furthermore, in [42], an inductive waveguide
band-pass filter is presented, which combines inductive irises
of different thicknesses, and resonators of different widths, to
reduce the bandwidth of the first harmonic pass band, and
further improve the out-of-band response.

Moreover, integrated ceramic waveguide filters, with non-
uniform width resonators based on a monolithic ceramic
structures, have been proposed in [43] and [44], respectively,
in order to have a wide spurious-free bandwidth. Additionally,
a recent contribution can be found in [45] discussing the
design of a filter based on a waveguide loaded with dielectrics
of different width, in order to obtain a wide spurious-free

frequency range. However, these contributions, and the ones in
the previous paragraph, only discuss narrow band structures.

Furthermore, two more contributions can be found in the
technical literature that discuss how to improve the stop-band
performance of a microwave filter using stepped impedance
resonators (SIRs). In [46], SIRs in an empty waveguide
coupled through symmetric inductive irises are used, whereas
SIRs implemented with integrated ceramic waveguides cou-
pled through inductive posts are used in [47]. Both approaches
provide wide spurious-free ranges but only for narrow band
bandpass responses. An additional contribution has recently
shown how the performance of SIR filters (with a wide band
response) can be further improved by using, at the same time,
capacitive and inductive coupling irises (hybrid coupled filters)
[48]. However, the results presented in [48] were preliminary
experimental data of a low-cost and large-size prototype.

The objective of this paper is to contribute to the state-of-
the-art of wide band SIR filters by discussing in detail a filter
structure that uses simultaneously capacitive and inductive
coupling irises to enhance the out-of-band response. Several
prototypes have been designed, manufactured and measured,
based on different configurations that provide advantages
either to ease the fabrication process, or to achieve simul-
taneously a reduced footprint and lower insertion losses.

The manuscript is organized as follows. In section II, the
target electrical specifications of a wide band filter are given
together with the design procedure used for all the prototypes
discussed in the paper. In section III, filters with only inductive
irises, with only capacitive irises and combining both types
are studied, to identify the best location for each coupling
window in the hybrid solution. In sections IV and V we studied
how to improve the out-of-band response changing the width
of the resonators and using SIRs, respectively. Section VI
shows a novel wide band filter based on SIRs and combined
couplings, which is modified in section VII to produce a
simpler configuration with a body and a cover. In section VIII,
a novel folded layout leading to a more compact design is
successfully validated with experimental results. Section IX
includes a tolerance analysis of the three filters manufactured.
The main conclusions are finally outlined in section X.

II. FILTER SPECIFICATIONS

The design of a microwave filter in rectangular waveguide
technology usually starts with a distributed circuit model of the
filter (involving lengths of transmission lines and impedance
inverters, for instance) that can fulfill the electrical specifi-
cations. In Table I we show the electrical specifications that
have been used for all filter designs discussed in this paper. The
objective of our contribution is to discuss the design procedure
of a filter structure that can satisfy the above specifications and
provide, at the same time, an out-of-band response that is free
from spurious responses in a frequency range, both below and
above the pass band, that is as large as possible.

The design process follows at this point the classical ap-
proach:

e According to the specifications, the Return Loss (RL) is
set and IV (order of the filter) is chosen. The normalized



TABLE I
ELECTRICAL SPECIFICATIONS FOR ALL THE FILTERS DESIGNED.

Parameter Requirement
Bandwidth 1410 MHz
In-band return loss > 20 dB
Center frequency 11 GHz
Guide-wavelength
fractional bandwidth 20 %

= 22.
Waveguide WR-90 “ 86 mm
b =10.16 mm

lumped low pass network (g; values) of the Chebyshev
filter is then obtained.

o The distributed model is obtained cascading inverters and
transmission lines working with the fundamental T E1
mode. The impedance inverters K; 41, ¢ = 0,..., N
have the well-known expressions

_ 1 ™
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with W, being the guided-wavelength bandwidth as
defined in [29], and the normalization is performed with
respect to the modal characteristic impedance of the
T FE19 mode.

e« With inverter values (K’MH or jm-ﬂ) the physical
dimensions of irises are designed, following any of
the available procedures (see [29], [49] and [50]). The
electromagnetic (EM) model with real coupling windows
and resonators is obtained using the built-in multimode
network representation of FEST3D. The wideband behav-
ior of the capacitive or inductive windows is taken into
account in this model, and the out-of-band response is
therefore included in the design process.

« A final optimization step is carried out to fully meet the
filter specifications. This is required in order to recover
the in-band response since (1) are approximate formulas.

III. HYBRID FILTERS

As already mentioned, inductive irises have been extensively
used in the past for the design of (inductive) microwave
filters [49]. The classic inductive filter is based on half
wavelength resonators that are coupled by inductive irises
(see Fig. 1, left). This structure can be used for (relatively)
narrowband implementations following the design procedure
described in the previous paragraph. However, when the band-
width increases, the out-of-band response of the filter can be
severely degraded.

As it is well known, the appearance of spurious responses
at higher frequencies in inductive filters is, in fact, due to
the combined effects of the higher order resonances of the
resonators, and of the inductive coupling irises that provide
more coupling strength as the frequency is increased.
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Fig. 1. Typical irises in a rectangular waveguide (front view). Left: centered
inductive iris of width w. Right: centered capacitive iris of height h.
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Fig. 2. Simulated performance of the inductive and capacitive filters.

Using capacitive irises (see Fig. 1, right), on the other hand,
we can increase very significantly the attenuation of spuri-
ous signals at higher frequencies. Capacitive coupling irises,
however, tend to have a rather small height for narrowband
filter implementations. For wideband filter implementations,
however, this is not an issue. Furthermore, the strength of
the coupling can be adjusted using both the height and the
thickness of the capacitive window. Capacitive windows can
therefore be used also for relatively narrowband filters. A
specific trade off between thickness and height must, however,
be carried out in each specific case to identify the best
configuration.

To better support our discussion, we show in Fig. 2 the
comparison of the responses of two filters designed to satisfy
the specifications given in section II. Both filters have been
simulated using FEST3D (v.2018 by AuroraSAT, now with
Dassault Systemes). The difference between the two filters
is that one uses only inductive couplings and the other only
capacitive couplings (Fig. 3 and Fig. 4 show a 3D view of the
two structures).

Looking more in detail at the difference between inductive
and capacitive couplings, we note that there is one feature
of inductive irises that is advantageous, namely, their low-
frequency behavior. Capacitive irises exhibit a resonant be-
havior below the filter pass band while inductive irises provide
significant rejection. This is clearly shown in Fig. 2, where we
can see that the capacitive filter provides no attenuation near
the waveguide cut-off frequency. As expected, the inductive



Fig. 4. Structure of the capacitive filter.

filter provides very poor response at higher frequencies.

Another issue that deserves more attention is that smaller
coupling strengths are usually required in the central part
of filter structures, whereas stronger couplings are usually
required near the input and output ports.

In view of that, a possible solution to solve the limitations of
both topologies (inductive and capacitive), is to mix inductive
and capacitive irises along the structure of the filter. As a
result, we will obtain the hybrid filter structure that is the
main subject of this paper. The next step is then to investigate
the relative positions of the inductive and capacitive irises to
obtain the best overall filter performance.

To this end, we designed two 4-pole filters. The first
with capacitive couplings but with an inductive iris in the
center section (Geometry 1 in Fig. 5). The second, also with
capacitive couplings, but with an inductive window in the first
and last couplings (Geometry 2 in Fig. 6).

Fig. 7 shows a comparison of the simulated filter per-

Fig. 5. Geometry 1 of the hybrid filter.
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Fig. 7. Simulated performance of the hybrid 1 filter (Geometry 1) and hybrid 2
filter (Geometry 2).

formances. As we can see, the response of Geometry 2
shows an improvement in the attenuation of the first spurious
signal of the filter. On the other hand, Geometry 1 shows
an improvement response in the frequency range close to
the cutoff frequency of the input waveguide, with a slight
improvement in the attenuation of the spurious signal.

Based on the above discussion, we can therefore conclude
this section by stating that the best solution is to use (a
minimum of) inductive irises in the center of the filter. This
choice will have a number of positive effects, namely, it will
improve:

o Both the rejections of the filter in the lower and upper

out-of-band frequency ranges.

e The manufacture of the filter since it will eliminate the
need for capacitive windows with very small height.

o The footprint of the filter since inductively coupled res-
onators are, for the same resonant frequency, shorter than
capacitively coupled ones.

Once the optimal position of the coupling windows and their
type is found in a filter of order N = 4 , we can validate this
solution with the design of two hybrid filters of order N = 8.
The filter 1 has three inductive irises in the center part of the
filter, all other irises are capacitive. Filter 2 has four inductive
irises (1st, 2nd, 8th and 9th) near the input/output and the rest
are capacitive. The electrical performance of both filters is
shown in Fig. 8. We can conclude that the use of a minimum
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Fig. 9. Structure of the inductive filter 1.

number of inductive irises (3 in this case) in the center of the
filter 1 shows major advantages when using both capacitive
and inductive irises. Filter 1 has a higher rejection level than
filter 2 in the lower rejection band.

IV. CHANGING RESONATOR WIDTH

As an alternative for the improvement of the out-of-band
response of the classic inductive filter, we explore in this
section the possibility of changing the width of the resonators.
This is indeed a well-known approach, however, to the authors’
knowledge, a detailed analysis of the possible advantages
introduced has not been discussed in the technical literature.
For a better understanding of this type of structure, and its
effect on the performance of the filter, we designed two 8-
pole filters to satisfy the specifications in Table I. The first with
widths that decrease as we approach the center of the structure
(filter 1 in Fig. 9). The second with widths that increase as
we approach the center of the structure (filter 2 in Fig. 10).

Fig. 10. Structure of the inductive filter 2.
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Fig. 11. Simulated performance of the inductive filter, filter 1 and filter 2.

Fig. 11 shows a comparison of the simulated behavior of
the structures of Fig. 9 and Fig. 10. The performances shown
in Fig. 11 have been obtained using the commercial tool
FEST3D. It is important to note that for the design of these
structures the thickness of the irises has been kept constant.

As we can see, the responses of both inductive filters 1
and 2 show a slight improvement in the suppression of the
first harmonic, in comparison with the classic inductive filter.
However, both filter structures are longer.

To continue, we have designed also a capacitive filter with
resonators of reduced width. Fig. 12 shows the structure of
the filter applying the same width variation as the inductive
filter in Fig. 9. The resulting slight improvement of the out-of-
band response can be appreciated in Fig. 13. We can therefore
conclude that the best topology is to use resonators with
decreasing widths towards the center of structure.



Fig. 12. Structure of the capacitive filter with resonators of different width
(filter 3).
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V. DESIGN OF A CAPACITIVE SIR FILTER

The inductive and capacitive topologies discussed in the
previous sections, were built with uniform impedance res-
onators (UIRs). A significant improvement of the out-of-band
performance can be obtained using SIRs, as it was proposed
for rectangular waveguide filters in [46].

A further improvement of the out-of-band response of the
filter can be obtained by using SIRs in conjunction with
capacitive couplings, as shown in Fig. 14. Another advantage
introduced by this structure is the reduction of the total length
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Fig. 14. Geometry of a basic SIR with capacitive input and output couplings
(side view).

IS X TARTTT
N\ / \W VAV
: \ JUANAN
S FATAVAY
§ -40 ~
g N I~
on
£ 50 — 811 Reference
§ — S5 Reference \ / /
§ -60 S>1 Hy=7 mm
“n — S»1 Hy=6 mm \\_//
-70 -_— Sz] H2= 5 mm
— S Hh=4 mry
-80
7 9 11 13 15 17 19 21

Frequency (GHz)

Fig. 15. Simulated performance of SIR implementations in a capacitive filter.

Fig. 16. Structure of the capacitive filter with SIR resonators.

of each resonator, due to the reduced height of the central
section.

It is important to mention that the geometrical parameters
of the SIR (H1, Ha, L; and Lo in Fig. 14) in our study, have
been optimized with a full-wave EM simulation tool in order
to obtain a good rejection level and a spurious-free range that
is as large as possible. In the optimization process we have
considered H; = 8.0 mm, Lo = 5.0 mm, and different values
of Hy (see Fig. 15).

In Fig. 15, we can see that for H, = 4.0 mm, the response
of the capacitive SIR filter (light blue line) is significantly
better than the one of the UIR filter (red line). We therefore
used Hy = 4.0 mm, and Ly = 5.0 mm in the SIRs to design
an 8-pole capacitive filter, as shown in Fig. 16. The dimension
of L; for all SIRs, on the other hand, is defined during the
filter design process.

In Fig. 17 we now show the comparison between the
responses of a capacitive filter designed with traditional
resonators (UIR), another with different widths (filter 3 in
section IV), and the SIR filter with capacitive couplings.
As we can see in Fig. 17, using SIRs, the spurious signals
are attenuated and appear further away from the pass band.
However, we can also see a slight increase in the S5, response
of the filter below the pass band. This feature could be
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improved with the use of inductive irises. In any case, the
out-of-band response of the filter with SIRs is much better
than the one of the filter with changes in the width of the
resonators.

In conclusion, using both techniques, namely, mixed cou-
pling (inductive and capacitive) and SIRs, we should be able
to obtain a wide spurious-free region, with an acceptable
rejection level below the pass band. In the next section, we
will discuss in detail the design procedure of the hybrid SIR
filter, initially discussed in [48], with special emphasis on the
use of the Aggressive Space Mapping (ASM) technique.

VI. WIDEBAND FILTER DESIGN

A Chebyshev filter of order 8, centered at 11 GHz, with
a bandwidth of 1410 MHz, and WR-90 input and output
waveguide, is designed with three central inductive windows.
As we have described in section III, the advantage of using
three inductive irises in the center of the filter is in fact due
to the higher rejection achieved below the pass band.

All other coupling windows are capacitive. All resonators
are SIR, with the H> and L values obtained in section V (i.e.
Hs = 4.0 mm, and Lo = 5.0 mm). The other dimensions of
the SIRs will be obtained using an ASM-based optimization
procedure outlined next. In Fig. 18 we show the resulting filter
structure.

It is important to remember that the central heights of the
SIRs have been fixed to Hy = 4.0 mm in order to obtain
a spurious-free range above the pass band that is as large as
possible. This value is also appropriate to ensure that there are
no negative high power effects. The other critical elements in
terms of power effects are the capacitive irises. A trade off
has therefore been carried out in the design process to ensure
that iris heights (gaps) are appropriate for the intended power
levels.

The complete procedure for designing these filters is com-
posed of the following steps:

1) Design the waveguide filter (coupling elements and res-

onators) following the procedure outlined in section II,
considering the practical recommendations given next.

Fig. 18. Structure of the hybrid SIR filter.

2) The number of inductive coupling windows of the filters
are selected empirically. For practical orders (N > 4)
our study gives n = [N/2 — 1], where n is the number
of inductive windows to be located in the inner central
sections of the filter, and NN is the filter order.

3) All resonators should be SIRs to obtain the best out-of-
band performance. The total length see Fig. 14 is around
A/2 (where X is the guide wavelength evaluated at the
center frequency). The central section length is chosen to
be approximately Lo = A/6. The remaining dimensions
(H; and Hj) are obtained following the guidelines of
section V.

The design of the structure has been carried out in two
steps, using a combination of the procedure described in [50],
and the aggressive spacing mapping (ASM) technique [51].
In particular, the procedure described in [50] has been used
to obtain the initial dimensions of the filter structure, while
the ASM has been used for the final optimization stage. As
it is well known, the ASM method is based on the use of
two electromagnetic simulators. In our case, the first one is
FEST3D, which can be used in a low accuracy setting that is
computationally very efficient. The second simulator we used
is CST Design Studio (v.2018, CST GmbH, now with Dassault
Systemes) which is highly accurate, but is computationally less
efficient.

In the first step of the design process, we designed a filter
structure with sharp corners (90 degrees). In the second design
step we have changed the sharp corners into rounded corners
(r = 1.0 mm), in order to reduce the manufacturing cost
by including Computer Numerical Control (CNC) machining
features into the design cycle. The final values for all dimen-
sions of the hybrid SIR filter are collected in Table II. The
dimensions are given up to the center of the filter because the
filter is symmetrical. The thickness of the windows is ¢, and
the SIRs have the same width as the input waveguide. The
other variables are indicated in Fig. 1 and Fig. 14.

A prototype of the filter has been manufactured in a clam-
shell configuration using a combination of milling and spark
erosion (see Fig. 19). The comparison between measured and
simulated in-band and out-of-band responses are shown in
Fig. 20 and 21, respectively.



Fig. 19. Manufactured prototype in aluminum (no silver plating).
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Fig. 20. Measurement of the in-band performance of the filter compared with
the EM simulation.
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Fig. 21. Measurement of the out-of-band performance of the filter compared
with the EM simulation.

TABLE II
PHYSICAL DIMENSIONS FOR THE IN-LINE HYBRID SIR FILTER.

Section Type Dimensions (mm) |

Input Waveguide a = 22.86
b=10.16
a = 22.86

Capacitive window 1 h =3.772
t=2

Hy; =8.000 L = 5.632

SIR 1
Hy = 4.000 Ly = 5.000
a = 22.86

Capacitive window 2 h =1.476
t=2

SIR 2 H; =8.000 L1 = 5.025
Hy = 4.000 Ly = 5.000
a = 22.86

Capacitive window 3 h = 0.805
t=2

Hy; =8.000 L1 = 3.771

SIR 3
Hy = 4.000 L2 = 5.000
w = 9.363

Inductive window 1 b = 8.000
t=2

SIR 4 Hy; =8.000 L1 = 2.576
Hy = 4.000 L2 = 5.000
w = 8.546

Inductive window 2 b = 8.000
t=2

As we can see, although the in-band performance is indeed
centered at 11 GHz, the return loss is degraded with respect
to the simulations. Furthermore, there is a slight disagreement
between simulations and measurements in the out-of-band
performance, namely, a small shift in the frequency of the
first spurious response. Nevertheless, the agreement between
simulations and measurements is good enough to validate both
the filter structure and the design procedure. The discrepancies
are fully justified by the limited accuracy of the manufacturing
process (the manufacturing tolerance was estimated to be
about 60 microns). This point will be further confirmed with
a sensitivity analysis, as detailed in section IX.

VII. SIR FILTER WITH BODY AND COVER

To further improve the filter response, and try to avoid the
issues related to manufacturing errors, we have next designed
a hybrid SIR filter with a number of tuning elements in the
SIR resonators. It is important to mention that the geometry
of the filter has been modified in order to include the tuning
elements. The modification consisted in introducing a vertical
offset in all the elements of the filter, so that the structure
could be built with a flat top cover. The tuning elements have
then been fastened to the flat top cover. The first step in this
new design is, therefore, to study the effect of introducing an
offset in the position of the capacitive irises, as show in Fig. 22.
Fig. 23 shows the comparison between the responses of the
capacitive filter with centered irises (filter 1), and offset irises
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Fig. 23. Simulated performance of the capacitive filter 1 and filter 2.

(filter 2). As we can see, the change resulted in a reduction of
the frequency location of the first spurious, and an increase in
the height of capacitive irises.

Next, the in-line hybrid SIR filter was redesigned, obtaining
the structure shown in Fig. 24. The comparison between the
responses of the hybrid SIR filter (see Fig. 18) with centered
irises (filter 3) and with offset irises (filter 4) is shown in
Fig. 25. As we can see, changing the position of capacitive
irises improves the out-of-band response by reducing the level
of the first spurious response.

The next step in the design has been to change the offset of
the SIR sections. In this context, we show in Fig. 26 a hybrid
filter with offsets in both irises and SIRs. The comparison
between the hybrid SIR with centered SIR sections (filter 4),
and hybrid SIR with offsets (filter 5) is shown in Fig. 27.

As we can see, using an offset in both irises and SIR
sections improves the out-of-band response, increases the
height of the capacitive irises (that is the gap between metallic
surfaces), and reduces the manufacturing costs.

An additional benefit of the offset configuration is that it
allows the introduction of tuning elements of radius » = 0.9
mm in the central section of the SIR resonators to compensate
manufacturing errors, and further reduce manufacturing costs.

Fig. 24. Hybrid SIR filter with offset iris (close to the cover).
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Fig. 25. Simulated performance of the hybrid SIR filter 3 and filter 4.

In Fig. 28 we show the final geometry of the hybrid SIR filter
with a body (where irises and SIR sections are implemented)
and a cover (including tuning elements), named as filter 6. It
is important to note, at this point, that tuning elements cannot
be used in the capacitive coupling irises due to the limited
space available.

The comparison between the responses of filters with and
without tuning elements is shown in Fig. 29. As we can see,
when using tuning elements the response of the filter does not
change, but the level of spurious is slightly higher.

The prototype body and cover have been manufactured

Fig. 26. Hybrid SIR filter with offset irises and resonators to be implemented
within a body (to be closed with a flat top cover).
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Fig. 28. Hybrid SIR filter manufactured in two parts: body and cover. Tuning
screws are also included in the flat cover.
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Fig. 30. Manufactured prototype (body and cover) in aluminum (no silver
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Fig. 31. Measurement of the in-band performance of the filter with body and
cover compared with the EM simulation.

using standard milling (see Fig. 30). The comparison between
measured and simulated in-band and out-of-band responses are
shown in Fig. 31 and 32, respectively.

Table III shows the physical dimensions for the in-line
hybrid SIR filter with body and cover. The dimensions are
given up to the center of the filter because the filter is
symmetrical. The thickness of the windows is ¢, and the SIRs
have the same width as the input waveguide.

As we can see, although the in-band performance is indeed
centered at 11 GHz, the return loss is degraded with respect
to the simulations, and it shows a small shift in the center fre-
quency of the pass band, even though the filter now has eight
tuning elements. Also in the out-of-band response, there is a
slight disagreement between simulations and measurements.
In conclusion, using this new structure with tuning elements
can result in a viable lower cost implementation. However, it
is apparent that the problems caused by the low manufacturing
accuracy cannot be completely eliminated using only tunable
SIR sections.
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TABLE III
PHYSICAL DIMENSIONS FOR THE HYBRID SIR FILTER WITH BODY AND
COVER.

Section Type

Dimensions (mm)

Input Waveguide a = 22.86
b =10.16
a = 22.86

Capacitive window 1 h =4.734
t=2

SIR 1

Hy =7.000 L1 = 5.485
Hy =4.000 L2 = 5.000

Capacitive window 2

a = 22.86
h = 2.028
t=2

SIR 2

Hy =7.000 L1 =4.943
H> =4.000 Lz = 5.000

Capacitive window 3

a = 22.86
h =1.199
t=2

SIR 3

Hy =7.000 L1 = 3.624
H> =4.000 Lz = 5.000

Inductive window 1

w = 9.541
b = 7.000
t=2

SIR 4

Hy =7.000 L1 = 2.382
H> =4.000 Lz = 5.000

Inductive window 2

w = 8.616
b = 7.000
t=2
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Fig. 33. E-plane rounded hybrid SIR filter.

Fig. 34. Manufactured prototype in aluminum (no silver plating).

VIII. COMPACT FILTER DESIGN

The final filter design that we discuss in this paper is a
folded implementation of the basic hybrid SIR filter. The first
step in the design process is to fold the structure as shown in
Fig. 33. One important detail is that for the central inductive
iris we have chosen a thickness of 3.0 mm, in order to avoid
mechanical problems. Table IV shows the detailed physical
dimensions for the E-plane folded hybrid SIR filter.

A further important detail is that we must ensure that
the filter can be properly connected to the input and output
waveguide. For this reason we have introduced in the structure
two more 90 degrees bends in the routing. Again, the final filter
optimization has been performed using the ASM procedure,
including also the effects of rounded corners (with » = 1.0
mm, see Fig. 33).

The new folded prototype has been manufactured in a clam-
shell configuration using a combination of milling and spark
erosion (see Fig. 34). In this case, however, the manufacturing
error has been kept below 10 microns for all the curved
corners, and below 5 microns for all other filter elements. The
comparison between measured and simulated in-band and out-
of-band responses are shown in Fig. 35 and 36, respectively.



TABLE IV
PHYSICAL DIMENSIONS FOR THE E-PLANE FOLDED HYBRID SIR FILTER.

Section Type Dimensions (mm) |

Input Waveguide a = 22.86
b=10.16
a=22.86

Capacitive window 1 h = 4.445
t=2

Hy =7.271 L1 = 5.828

SIR 1 Hy =4.000 Ly = 5.000
H;p =8.000 L1 = 5.834
a = 22.86

Capacitive window 2 h =1.591
t=2

SIR 2 Hy; =8.000 L1 =5.138
H> = 4.000 L2 = 5.000
a = 22.86

Capacitive window 3 h =0.830
t=2

SIR 3 Hy =8.000 L; =3.771
Ho = 4.000 Ly = 5.000
w = 9.617

Inductive window 1 b = 8.000
t=2

SIR 4 Hyp =8.000 L1 = 2.657
Ho = 4.000 Ly = 5.000
w = 10.442

Inductive window 2 b = 2.657
t=3
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Fig. 35. Measurement of the in-band performance of the folded E-plane filter
compared with the EM simulation.

As we can see, the in-band performance is indeed centered
at 11 GHz, the 8 poles of the filter are clearly visible, and
the agreement with the simulation is now excellent. There is
also a good agreement between simulation and measurement in
the out-of-band response. However, there is a spike reaching
-55 dB of rejection at about 16.76 GHz. The effects of the
increased quality of the manufacturing process are clearly
evident, even though the effects of errors can not be com-
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TABLE V
TOLERANCE ANALYSIS OF THE FABRICATED STRUCTURES.

Filter Type Yield of the Structures

Tolerance Spm | 10 gm | 15 pm | 25 pm | 40 pm
In-line Filter | 72 % 12 % 7 % 2 % 1 %
Screw Filter 84 % 43 % 10 % 2 % 1 %
Folded Filter | 52 % 11 % 4 % 1 % 1%

pletely eliminated. In any case, the filter performance that has
been obtained is indeed excellent, and its footprint is greatly
reduced.

IX. TOLERANCE ANALYSIS

As it is apparent in all the results presented so far, even
though all the filters designed have a wide pass band, they
appear to be very sensitive to manufacturing errors. This is an
interesting observation since, wide band filters are normally
considered to be less sensitive to manufacturing errors. To
better understand this issue, we show in this section the
results of a yield analysis for all the filters designed and
manufactured. To this end, we have used the commercial
tool FEST3D to introduce a random error with a Gaussian
distribution in the filter dimensions. The computations have
been repeated with different values of standard deviation,
namely, for = 5, &+ 10, £ 15, & 25 and + 40 um. All
filters have been designed with a return loss of 20 dB, and
the threshold value for the yield estimation has been set to 18
dB. Table V shows a summary of the results obtained.

Fig. 37 shows a number of simulations, including errors,
for the in-line hybrid SIR filter. It is interesting to note that,
from both the simulations and the results in Table V, we can
clearly conclude that with manufacturing errors above £ 25
pm it is impossible to obtain an acceptable in-band response.
This result is indeed validated by the prototype manufactured
(see Fig. 19), which shows manufacturing errors above 60
microns.

Fig. 38 shows the tolerance analysis of the hybrid SIR filter
with body and cover that includes tuning elements in the SIRs.
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Fig. 38. Tolerance analysis of the in-line hybrid SIR filter with body and
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Table V shows that with this structure it should indeed be
possible to obtain an acceptable response with manufacturing
errors below £ 25 pm, once the tuning elements are properly
adjusted. The measured results shown in Fig. 31, however,
show a significant degradation of the in-band performance.
This is due to the sensitivity of this filter to the dimensions
of the coupling irises that could not be tuned. As a result, for
manufacturing errors above + 40 pm the in-band response
can not be recovered even using elements in the resonators.
The manufactured filter structure showed again errors in the
range of 50 microns, so that an acceptable response could
not be obtained even with the use of tuning elements in
the resonators. The measured performance is, therefore, in
agreement with our yield analysis.

Fig. 39 shows the tolerance analysis of the folded E-plane
hybrid SIR filter. From Table V we see that with manufacturing
errors less than 10 pm, the in-band response should show
good agreement with respect to the simulations. This is indeed
confirmed by the measured results shown in Fig. 35. The
measured errors in this filter structure are, in fact, between
+ 5 and £ 10 pm.
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X. CONCLUSIONS

In this paper, we have discussed the complete design pro-
cedure of a wide band waveguide filter structure with very
good out-of-band response. Several designs have been fully
described including comparisons between simulation and mea-
surements. A detailed tolerance analysis has also been carried
out. Different manufacturing techniques have been explored in
order to progressively improve the filter performance. A folded
E-plane hybrid SIR filter is finally shown to exhibit the best
overall performance. The agreement between simulations and
measurements has been shown to be very good in all structures
discussed, thereby fully validating both the filter structures and
the design processes.
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