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Abstract—1In this contribution, a novel quart-torus cavity for
the design of waveguide filters is presented. A filter breadboard
based on this kind of cavity is designed at Ku-band, and then
fabricated using additive manufacturing (AM) techniques. The
objective is to optimize the footprint distribution of cavity filter
structures without compromising their electrical performance.
The proposed resonator is built by applying a circular revolution
process to a 2-D surface generator. The presented study is
performed for circular and elliptical cross-sectional quart-torus
cavities. The resonances found in the proposed cavities show
similar theoretical unloaded- Q factors (Qy) to their equivalent
circular waveguide cavities (around Qy = 5000), while exhibiting
interesting advantages in terms of physical layout disposition,
due to the bending applied. To demonstrate the feasibility of the
proposed idea, a tenth-order in-line bandpass filter is designed
with elliptical quart-torus (EQT) cavities. Due to the geometrical
complexity, a prototype is manufactured using a selective laser
melting (SLM) technique, and its measured response has shown
very good agreement with respect to the full-wave simulations
from the ideal designs. Measured results show a fractional
bandwidth (FBW) of 5.3%, with return losses (RLs) better than
20 dB, and unloaded quality factor (Qy) above 700. The footprint
optimization and flexibility offered by the new concept can make
these AM filters a very attractive option for the microwave
industry.
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I. INTRODUCTION

HE design of microwave filters for satellite communica-

tions in waveguide technology is an interesting subject of
research in the scientific community. Because of its inherent
physical dimensions, waveguide technology is “bulkier” than
other typical planar technologies (e.g., substrate-integrated
waveguide (SIW) and microstrip components). On the other
hand, waveguides show interesting electrical properties, such
as low-loss and high-power-handling capability, thus making
them very attractive for communication satellite payloads (spe-
cially at the input—output (I/O) stages, respectively). However,
the standard waveguide filter geometries typically used in
space applications are limited by traditional milling manufac-
turing techniques, which are well known and can be found in
many papers and textbooks, such as [1] and [2]. As a con-
sequence, the performance of these filters is bounded by the
rigid geometrical parameters of the standard cavity resonators
and by the design parameters of the filtering functions.

In recent years, additive manufacturing (AM) processes
have attracted a lot of attention to the aerospace industry
sector [3]. From the RF-field perspective, AM has exten-
sively been tested to replace traditional implementations of
microwave components. In particular, the waveguide tech-
nology can be mostly benefited from these manufacturing
techniques. Several research works can be found where the
pure waveguide section is manufactured using different con-
ductor materials, such as aluminum and titanium alloys or
copper-metallized plastics, within various frequency ranges
[41, [5], [6], [7], [8], [9], with promising results in terms
of mass reduction and electrical performance. On the other
hand, availability of materials and surface roughness of the
final manufactured parts are two critical factors that limit their
usage in real space applications [10], [11], [12], since they
have strong negative impact on unloaded quality factors (Qy).
Still, around 80% of the expected Qy can be recovered if
chemical polishing and silver plating operations are applied to
the 3-D manufactured surfaces [13].

In this context, AM techniques are specially useful if com-
plex geometries are introduced to conceive novel waveguide

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0001-6711-2128
https://orcid.org/0000-0002-6423-8873
https://orcid.org/0000-0002-9503-6289

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

devices. In fact, AM processes allow the implementation of
very complex geometries, which is a useful capability that may
help to overcome previous geometrical limitations, and can
be employed to optimize the filter performance. These man-
ufacturing techniques provide many interesting features from
the mechanical and electrical points of view. As compared
with traditional milling techniques, the geometries for additive
manufactured parts are more flexible and admit structures in
just one block, due to their layer-by-layer building strategy.
Therefore, screws for housing and top cover assemblies are
no longer required. In addition, geometry optimization of the
resonant cavities can improve the electrical performance of
the whole filter. These improvements are obtained in the form
of better theoretical Qy, wider spurious-free range (SFR),
or higher compactness. The design and optimization of 3-D
geometries are already under study, and many works can nowa-
days be found in the scientific literature. For instance, smart
optimization of traditional implementations allows to improve
the theoretical Qy of the filter [13]. Direct geometrical mod-
ifications on the cavity resonator, using curvilinear shapes,
have led to new resonators with significant improvements in
terms of theoretical Qy [14]. All these improvements cannot
be obtained simultaneously, and a trade-off depending on the
required application must usually be adopted.

One possible objective for space communication systems
is to obtain improvements in terms of mass, volume, and
footprint, in contrast with standard canonical implementations.
For instance, due to the limited footprint available in many
of these applications, the RF components should be carefully
designed to optimize the physical layout disposition. One idea,
that we explore in this article, is to use complex geometries
in combination with AM techniques, to optimize the footprint
distribution along the available surface in the spacecraft.

To address this issue, in this work, a resonator based on a
circular cylindrical cavity is studied. These cylindrical cavities
are traditionally employed for dual-mode operation using
TE;1, modes. The cavity is not employed as a single-mode
resonator because of its significant dimensions, even though
high Qy factors are achieved as compared with rectangular
cavity resonators. The strategy that we propose to increase
flexibility in the use of the available footprint on the satellite
communication board is to apply a bending along the longitu-
dinal axis, i.e., transforming the cylinder into a circular bend,
following the profile of a circular arc instead of a straight line,
as shown in Fig. 1. By doing this operation, similar Q factors
to the standard circular TE;;, resonator are obtained, while
reducing the total length of the resulting device as compared
with traditional in-line cavity-coupled filters. The new circular
cylinder-bent cavity will be referred to as a quart-torus cavity
and exhibits a theoretical Qy around (4475 for an isolated
cavity tuned at 14.12 GHz with pure aluminum walls). The
study of the quart-torus cavity as a microwave resonator is
addressed in Section II.

In this study, the resulting quart-torus cavities are operating
in single mode. Because of the similarities between the novel
proposed cavity and the classical circular cylindrical cavity,
it is expected that the “pseudo-degenerated” modes of the new
cavity behave similar to the degenerated TE;;; modes of the
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Fig. 1. Construction of the torus geometry. (a) Circular cylinder (left) and
the torus geometry obtained by bending the longitudinal axis of the original
cylinder (right). Variables Rexi, Rint, and ¢ are design parameters for the
new cavity. An auxiliary &-axis is defined, contained in the XY plane, which
will be useful for analysis purposes. (b) 3-D view example of a quart-torus
geometry, generated with ¢ = 90°.

circular cavity. This would allow a further reduction in terms
of footprint, leading to even more compact filter structures.
However, due to the introduced curvatures, there are also some
important challenges to overcome, before a final prototype
with dual-mode quart-torus cavities is manufactured.

A similar family of filters can be found in the technical
literature. Structures based on connecting 90° E-plane bends
to produce bandpass filters are explored in [15] and [16]. These
“meandered” waveguide filters are designed using the classical
stepped impedance synthesis, in the context of high-pass—low-
pass filters to generate bandpass responses. The geometry of
each bend is designed to implement the corresponding values
of the characteristic impedance Z; required for each step of
the filter. In this article, we approach the “bending” of the
waveguides in a different way, using the bent circular and
elliptical waveguides as coupled resonant cavities. For this
reason, the coupling matrix formalism is employed in the
design of these quart-torus filters. In this sense, the proposed
cavity-coupled family of filters is a novel solution taking
advantage of AM techniques, illustrating the potential of these
novel manufacturing methods to further enhance the perfor-
mance of milled waveguide filters. However, the footprint
optimization strategy followed is similar to the meandered
waveguide structures [15], [16].

To validate the proposed cavity for the design of microwave
filters, a tenth-order Ku-band in-line filter is designed and
manufactured. In order to avoid spurious resonances of the
original cavity, the circular shape of the surface generator is
further transformed into an ellipse. A similar strategy is fol-
lowed in other AM works, such as [14] and [17], by “squeez-
ing” the cavity geometry to suppress a spurious mode of the
resonator. It is demonstrated that, with the elliptic shape, the
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II. QUART TORUS AS A MICROWAVE RESONATOR

The proposed geometry for the cavity resonator is based
on the classical circular waveguide geometry. This structure is
mainly employed in the design of cross-coupled topologies
with real or complex transmission zeros (TZs), due to the
inherent capability of the circular waveguide TE; fundamental
mode to become degenerated. This degeneration is possible
due to the cavity being completely symmetrical along the
cylinder cross section (- and zZ-axes) shown in Fig. 1(a) [1].
In this section, an in-depth study of the resonances inside the
torus-based cavity is presented. First, a characterization of the
modes in terms of their electric-field vector distribution and
modal charts is presented. Then, a second study is carried out
introducing the elliptical torus cavity, as an interesting solution
to operate the proposed geometry as a single-mode resonator.

A. Modal Characterization of the Circular Torus Cavity

The new proposed cavity, as it is shown in Fig. 1(a) (right),
is generated by the revolution of a circle with radius Rjy
(alternatively, it can also be seen as a bending of the circular
cylindrical waveguide along the longitudinal y-axis). The gen-
erator surface is placed at a distance R.x; from the revolution
axis, in order to extrude the circle along a circular arc with
radius Ry and revolution angle ¢. By performing this revolu-
tion operation, the cavity 3-D volume can be obtained. The 2-D
schematic illustrating the proposed structure parametrization is
presented in Fig. 1(a). A 3-D view of the resulting volume is
illustrated in Fig. 1(b), as an example, with ¢ = 90°.

The following study is performed with the objective to
obtain the optimal dimensions of the resulting resonator to
operate at Ku-band frequencies. In order to characterize the
performance of the cavity as a microwave resonator, the first
step is to study how its modal chart changes when the
revolution angle ¢ is modified. For this purpose, the other
dimensions are fixed to Ry, = 9 mm and R, = 10 mm,
and the sweep for the revolution angle is performed in the
range 30° < ¢ < 150°. No smaller values than ¢ = 30°
have been considered, due to the expected Qpy reductions
and manufacturing difficulties. In addition, the upper bound
¢ = 150° analysis has been chosen to avoid higher order
resonances near the fundamental mode. A modal chart as a
function of ¢ is presented in Fig. 2, showing the first five
resonant modes.

Revolution angle ¢ (deg)

Fig. 2. Modal chart as a function of the revolution angle ¢, using a circular
quart-torus cavity with fixed Riny = 9 mm and Rexx = 10 mm. Presented
modes have been sorted according to the modal distribution at ¢ = 150°.

Similarities between the resonant modes present in this
structure, and those corresponding to the classical circular
cylindrical cavity can be observed. For instance, mode 4 from
the chart in Fig. 2 shows an invariant behavior with ¢. This
is similar to the TMy;p mode from the circular cylindrical
cavity, which shows no frequency variation with the cylinder
length. On the other hand, degenerated modes TE;;; from the
circular cylindrical cavity are very similar to modes 1 and
2 from the chart in Fig. 2. In this case, these modes are
not degenerated because of the curvature introduced in the
geometry. This curvature breaks the structure symmetry, and
thus, these modes no longer resonate at exactly the same
frequency. It is interesting, though, to see how these modes
become pseudo-degenerated again at ¢ =~ 150°.

From the design point of view, it is convenient to identify
the nature of these modes. For this purpose, the electric-field
lines distribution is plotted for the central XY cut plane (at a
half of the total distance along the z-axis). The electric-field
lines corresponding to modes 1 and 2, which are shown in
Figs. 3 and 4, can confirm that these are TE quasi-degenerated
modes. It can be noted that the maximum electric field for the
modes is located in the geometrical center of the cavity. For
this reason, an auxiliary axis é is defined, by shifting 45° the
X-axis. Using this auxiliary axis, the field lines on the & Z plane
can be properly plotted. Thus, for the sake of completeness,
in Fig. 5, the electric-field lines corresponding to mode 2 are
shown, illustrating the £Z electric-field components, for a
central £Z cut plane with ¢ = 45° (see Fig. 1). For mode 2,
the electric-field predominant component is directed toward
the z-axis, while the predominant component for mode 1 is
directed toward the £-axis, as it is shown in Fig. 3. In fact,
the electric-field lines are orthogonal between them, and they
tend to be transversal to the bending axis. As explained above,
their resonant frequencies are not exactly equal because of the
asymmetry introduced by the bending.

To confirm that mode 4 of the chart shown in Fig. 2
corresponds to a TM mode, its electric-field distribution is
presented in Fig. 6. A strong component of the electric field
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Fig. 3. Normalized electric-field lines distribution corresponding to mode 1

from Fig. 2. Arrow lines correspond to the X and y components of the electric
field, at a Z = 0 cut plane (central cut plane to the quart-torus cavity). Level
curves correspond to constant electric-field magnitude, computed taking into
account all its components (Ey, Ey, and E;).
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Fig. 4. Normalized electric-field lines distribution corresponding to mode 2
from Fig. 2. Arrow lines correspond to the x and y components of the electric
field, at a Z = 0 cut plane (central cut plane to the quart-torus cavity). Level
curves correspond to constant electric-field magnitude, computed taking into
account all its components (Ey, Ey, and E;).

along the bending axis is observed, thus implying that the
magnetic field is minimum or close to zero. This confirms its
TM nature. For reasons that will be evident in Section II-B,
we will operate this cavity with mode 2 shown in Fig. 4.

It is important to note that, for a fixed resonant frequency,
there could be several combinations of the torus radii Rey,
Riyt, and ¢ angle that achieve the desired frequency. Selecting
one combination over the other will heavily depend on the
application of the filter to be designed. An appropriate way to
proceed when designing these resonators is to fix the resonant
frequency fy and one of the radii to our convenience (for
simplicity, it is better to fix Rex). Afterward, a similar analysis
should be performed but obtaining a curve with several cavities
tuned at f; as a function of ¢ and the other radius (R;,). With
this information, we can evaluate their electrical performance,
in particular, the unloaded-Q factors, spurious resonances,
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Fig. 5. Normalized electric-field lines distribution corresponding to mode 2

from Fig. 2. Arrow lines correspond to the & and Z components of the electric
field, for the £-axis placed at ¢ = 45°. Level curves correspond to constant
electric-field magnitude, computed taking into account all its components
(Ey, Ey, and E;).

0.75

0.5

Electric Field Magnitude (Normalized)

o

X axis (mm)

Fig. 6. Normalized electric-field lines distribution corresponding to mode 4
from Fig. 2. Arrow lines correspond to the ¥ and y components of the electric
field, at a Z = 0 cut plane (central cut plane to the quart-torus cavity). Level
curves correspond to constant electric-field magnitude, computed taking into
account all its components (Ey, Ey, and E;).

volume, footprint, and so on. This information allows to
choose the most adequate cavity dimensions for the required
application.

For this purpose, a second study is carried out, considering
the effects of R. and R, in the electrical behavior of the
resonator.

Intuitively, both Ry and Rj, parameters will affect to the
resonant frequency, as well as to the final Q. For the sake
of simplicity, an additional parameter is now defined, namely,
the cavity aspect ratio (AR), as follows:

Rinl
Rext

where Riyy < Rex, with the objective to avoid geometry

distortions. As a consequence, the range of possible geometries
will be defined between 0 < AR < 1. Taking as initial

AR = (1
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Fig. 7. Qu curve (blue) as a function of AR, computed for relevant values AR

of the revolution angle ¢. The parameter Rjy is adjusted to keep the same
resonant frequency at 14.12 GHz for all five cavities, while Rex is fixed to
10 mm. The corresponding cavity volume is also presented in the red curve.
The analysis is performed using resonant mode 2 from the previous study.

dimensions a quart-torus cavity with a resonant frequency
of 14.12 GHz, it is possible to obtain a set of geometries
with different ARs. In this study, the value of AR is adjusted
to keep the same resonant frequency for the operating mode
(mode 2 from the previous study), for different values of the
revolution angle ¢. With a fixed resonant frequency, the study
can now be focused on the electrical performance of this set
of resonators. To evaluate their behavior, two parameters are
considered: first, the cavity volume, which is calculated by
means of analytical formulas, and, second, the Oy, computed
using the full-wave simulator Ansys High-Frequency Structure
Simulator (HFSS) [19]. For a fair comparison, all resonators
are now simulated using the conductivity of the aluminum
alloy employed in the manufactured prototype (AlSilOMg),
as a finite conductivity boundary condition in the walls, with
a conductivity o = 1.7 x 107 S/m.

In Fig. 7, the Qy is represented as a function of AR, as well
as the volumes corresponding to those cavities. The volume
of a torus cavity sector is analytically calculated by means of
the centroid Pappus theorem, as follows:

V = T@RexRE,. (2)

Seven cavities are studied for relevant values of the revolution
angle ¢. The AR is modified by adjusting Rj, while fixing
Rexy = 10 mm. According to the results shown, the maximum
Qy is obtained for cavities with larger AR, which also
correspond to smaller values of ¢. The volume of these seven
cavities is also compared in Fig. 7, verifying that maximum
Qy 1is achieved for the most voluminous cavities.

It would be interesting to obtain the cavity that exhibits not
only the best Qy, but also the most reduced physical size.
One possibility is to define another figure of merit, namely,
the ratio between Qy and cavity volume, as shown in Fig. 8.
In this case, the curve represents the O/ V ratio, as a function
of @, clearly illustrating that the most efficient cavity, in terms
of exploitation of Qy per unit volume, corresponds to a cavity
with ¢ ~ 105°.

Fig. 8. Qu/V curve as a function of ¢, adjusting the AR to keep the same
resonant frequency at 14.12 GHz for all seven cavities. The AR is obtained
by adjusting the parameter Rjn;, while Rex is fixed to 10 mm. The analysis
is performed using resonant mode 2 from the previous study.

B. Elliptical Torus Cavity

From the analysis presented in Section II-A in search of
the optimal ¢ cavity in Fig. 8, it is concluded that the
optimal circular torus cavity is located around 100° and
105°. However, comparing these results with the modal chart
presented in Fig. 2, it can be observed that for the optimal-
angle cavity, there exist at least three resonant modes, which
are very close in frequency. If these three modes are excited
together, it would be difficult to design a cavity filter due to
the inter-cavity and inter-resonator couplings, which may be
difficult to control.

To overcome this problem, a geometrical refinement is now
introduced. First, we inspect the electric-field lines of the three
resonant modes under study, which correspond to modes 1, 2,
and 4 from Fig. 2. It is easy to observe that the electric-field
lines of mode 2 (the desired mode for the prototype filter) have
a predominant Z component, as shown in Fig. 5 (perpendicular
to the XY cut plane shown in Fig. 4). On the contrary, the
electric-field lines for modes 1 and 4 show the predominant
component parallel to the XY cut plane (see Fig. 3 for mode 1
and Fig. 6 for mode 4). This is an interesting property of the
relevant resonances, which can be exploited to modify the field
distribution in order to separate operating mode 2 from the
other two modes.

To proceed, the circular shape of the surface generator in
the quart-torus cavity is now replaced by introducing a second
degree of freedom. This is done by transforming the circle into
an ellipse, as shown in Fig. 9. Now, instead of using only the
radius Ry, the elliptical semiaxes a, and a, will be employed.
Intuitively, the modification of the a,-axis should barely affect
to the resonant frequency of mode 2, while it will significantly
modify the resonant frequencies of modes 1 and 4.

In order to validate this approach, a new study of the EQT
cavity is performed. The idea is to begin with a circular quart-
torus cavity, where a, = a,, and then vary the dimensions
of one ellipse axis, fixing the rest of the cavity dimensions.
For the sake of simplicity, the results are presented as a
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Fig. 10. Modal analysis (resonant frequency) for the ellipse axial ratio Eyy,
fixing ay = 8.9 mm, Rexy = 10 mm, and ¢ = 90°. Only the most relevant
modes (1, 2, and 4 from Fig. 2) are considered.

function of the ellipse axial ratio E,, = a;/a,. The results
of the study are shown in Fig. 10, where a parametric sweep
for a; (5 mm < a; < 8.9 mm), fixing a, = 8.9 mm,
¢ = 90° and Rex = 10 mm, is performed. The dimensions
corresponding to a, and Ry have been fixed to tune the
resonant frequency of mode 2 to 14.12 GHz. Remember that
the case for a., = 1 corresponds to the original circular quart-
torus cavity modal distribution. As expected, mode 2 shows a
constant behavior, as E,; is decreased, while the two spurious
modes are shifted to higher frequencies. As a consequence of
this geometry change, it is expected to obtain slightly lower
Qy factors, due to the volume reduction of the elliptical cavity.
This behavior can be observed in the Qy curves shown in
Fig. 11, for the same analysis presented in Fig. 10. Results
confirm that the quality factors decrease due to the volume
reduction of the elliptical cavity. On the other hand, the range
of spurious free resonances considerably increases.

C. Optimal Geometry for the Elliptical Torus Cavity

In this section, a modal study of the elliptical torus cavity is
presented. The objective is to determine the best geometries to
design a microwave filter using the proposed elliptical cavity.
For this purpose, a similar analysis as the one conducted for
the circular torus cavity in Section II-A is performed.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

6000
D
3
5 5500 - 1
&
<
=)
s}
o]
g
= 5000
-
4500 ‘ ‘ ‘ ‘ k|
0.6 0.7 0.8 0.9 1
ear
Fig. 11.  Unloaded quality factors (Qp), using AlSilOMg walls with a

conductivity ¢ = 1.79 x 107 S/m, as a function of the ellipse axial ratio
der, fixing ay = 8.9 mm, Rexy = 10 mm, and ¢ = 90°. Only the most
relevant modes (1, 2, and 4 from Fig. 2) are considered.

4850 r 12800
> 2750 —~
& 4800 =
& g
@] =
g {2700 3
& g
q’ 4750 1 =
= 2
< 12650
& >
i) =
5 4700 ¢ &
= 12600 ~

4650 : ‘ ‘ ‘ 2550

0.75 0.8 0.85 0.9 0.95 1
AR
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¢ angles, as a function of AR. Fixed dimensions are Rexy = 10 mm and

a; = 6 mm. Cavities resonate at a fixed fy = 14.12 GHz.

In contrast with the previous study, there are two radii
available to tune the resonant frequency of the elliptical cavity
(a; and a;). For the sake of simplicity, the radius a, is fixed
to 6 mm, whereas the a, radius will be analyzed between
7.5 and 9.9 mm in order to produce cavities resonating at fy =
14.12 GHz. This geometry sweep is performed for various
values of the ¢ angle. The external radius Ry is also fixed
to 10 mm. To compute the unloaded-Q factors, a conductivity
of 0 = 1.7 x 107 S/m is employed in the full-wave simulator
(corresponding to the effective conductivity of the AlSilOMg
alloy employed in SLM). The results for the Qy factors and
volumes of the cavities resonating at f = f; are presented in
Fig. 12. It is interesting to observe that the best Qy factors are
obtained for cavities with ¢ & 105°, a similar value obtained
for the optimal circular torus cavity. On the other hand, the
most voluminous cavities are those whose ¢ value is higher.

The described study is repeated for different fixed values of
the radius a,, between 5 and 10 mm. With all these data, the
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Fig. 13. Qu/V curves obtained corresponding to several cavities with
different ¢ angles, as a function of AR. Fixed dimensions are Rex = 10 mm
and g, = 6 mm. Cavities resonate at a fixed fop = 14.12 GHz.

TABLE I

SUMMARY OF THE RESULTS OBTAINED FOR THE OPTIMAL CAVITIES
FOUND IN THE STUDY OF THE ELLIPTICAL TORUS CAVITY

as Optimal ¢ | Qu/V mm~—3) [ az (mm) | Eqr
5 mm 89.64° 1.97 8.95 0.55
6 mm 90.03° 1.82 8.88 0.67
7 mm 90.27° 1.68 8.81 0.80
8 mm 90.66° 1.57 8.71 0.92
9 mm 90.87° 1.47 8.63 1.04
10 mm 91.05° 1.38 8.54 1.17

Qu/V figure of merit is computed, and the resulting curves
are presented in Fig. 13. For the sake of clarity, the curves are
presented as a function of ¢ instead of AR. It is interesting to
observe that, in this case, the optimal Q/V achieved values
are located for cavities around ¢ = 90°. The exact optimal
values for each curve are indicated in Table I.

Although the results obtained from this study may seem
contradictory with the optimal cavities obtained for the circular
torus cavity, there are a few significant things that need to be
remarked. First, in the circular torus study, both radii are fixed
to the same value (i.e., the circular torus cross section is similar
to the elliptical cavity when a, = a, in all cases). By fixing
the a, radius, the modal chart for the obtained cavities is
significantly different for each one of the tuned cavities in this
study. Looking at the values taken for E,; in each iteration of
the study, it is easy to conclude that the spurious behavior of
the cavities is substantially different, taking into account the
results obtained in Fig. 10.

An alternative possibility is to fix E, instead of a,. This
study will constrain the studied geometries to those cavi-
ties, which show similar spurious behavior. For this purpose,
a second study is carried out with the elliptical torus cavity,
where a, is again employed to tune the resonant frequency
of each cavity, and a, is adjusted to the fixed E, in each
analyzed geometry (remember that E,. = a;/a,). In this case,
Ry is also fixed to 10 mm, a, is swept between 7.5 and
9.9 mm, ¢ varies between 80° and 110°, and E,, is fixed for
different values between 0.5 and 0.8. The results obtained for
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:
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=
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~
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Fig. 14. Results obtained for the figure of merit Qy/V, corresponding to
different values of Ej, for a fixed frequency of 14.12 GHz, as a function of
the revolution ¢ angle.

TABLE 11

SUMMARY OF THE RESULTS OBTAINED FOR THE OPTIMAL CAVITIES
FOUND IN THE STUDY OF THE ELLIPTICAL TORUS CAVITY, FOR
VARIOUS VALUES OF E i

a, Optimal ¢ | Qu/V (mm—3) | az (mm) | Egr
4.09 mm 100.60° 2.11 8.17 0.5
4.85 mm 101.62° 1.96 8.10 0.6
5.62 mm 102.34° 1.84 8.04 0.7
6.41 mm 102.40° 1.73 8.00 0.8

the computed Qpy/V values are presented in Fig. 14, as a
function of ¢. It is interesting to observe that the optimal ¢
angles are now shifted to values around 100°. The optimal
values obtained in this study are collected in Table II. From
these values, it can be observed that, as E,; increases and gets
closer to E, = 1 (circular torus cavity), the optimal ¢ angle
increases and approaches to the optimal angle obtained in the
circular cavity case, i.e., ¢ & 105°.

Therefore, the results confirm that in all cases, the optimal
cavity is located between ¢ = 90° and ¢ = 105°. Depending
on the target application requirements, the optimal ¢ cavity
may be one or another.

1) When the spurious performance is important, the best
strategy is to fix a, to push away the spurious reso-
nances. In this cases, lower Qy values will be achieved,
and consequently, higher insertion loss (IL) values are
expected in the filter design.

2) When the losses are important, circular torus cavities are
preferable. Worse spurious performance is expected, but
as an advantage, better Qy values will be achieved.

3) When resonator size is important, the best trade-off
among the electrical performance of the cavity is
achieved by fixing E,, allowing a fine-tune of the
Qy/V figure of merit.

For the filters designed along Section III, an angle of
¢ = 90° is chosen, in order to simplify the geometrical mod-
eling of the structures.
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III. FILTER DESIGNS WITH QUART-TORUS RESONATORS

In this section, several designs of in-line bandpass filters
using the proposed quart-torus resonator are presented. First,
a simple design with four cavities will be performed. With
this design, the flexibility in the layout configuration of the
proposed cavities is demonstrated, by extending the physical
dimensions obtained in the first design to other three possible
layouts, with different orientations for the cavities, but using
the same dimensions.

Then, the design of a tenth-order in-line bandpass filter
is proposed, at Ku-band with a center frequency f. =
14.12-GHz, 750-MHz bandwidth (BW) [~5.3% fractional
BW (FBW)] and return losses (RLs) higher than 20 dB.
This design is manufactured using an SLM technique, and
the manufacturing prototype results obtained are discussed in
Section IV.

A. Designs With Various Cavity Layouts

One of the interesting properties of the proposed quart-torus
cavity lies in its flexibility to optimize the filter layout along
the 2-D plane. In order words, it is possible to freely change
the quart-torus cavity orientation in an already-designed cavity
filter without affecting its electrical performance. In order to
illustrate the quart-torus flexibility capabilities, several designs
with different cavity layouts are presented in this section. First,
a fourth-order in-line filter will be designed following the
natural one after each other strategy to place the cavities into
the filter. Afterward, taking its dimensions as a baseline, three
more designs will be simulated with different cavity layouts,
but using the same baseline dimensions, and their electrical
performances will be compared.

For the baseline design, the radius a, is fixed to 6 mm,
while the radius a, is employed to fine-tune the resonant
cavities. The couplings between cavity resonators are imple-
mented with typical rectangular irises, and the I/O interface
is implemented with a standard WR-62 rectangular waveg-
uide (¢ = 15.7988 mm and b = 7.8994 mm). The filter
dimensions are obtained using a refinement of the classical
even—odd frequency analysis technique [20], using the cou-
pling matrix formalism. Its corresponding coupling matrix is
synthesized using a classical N + 2 technique from general
class Chebyshev filter functions [1]. The RL level for this
function is fixed to 20 dB, and no prescribed TZs are con-
sidered. All elements of this matrix are zero, except for the
in-line couplings, yielding

Mg, = My, = 1.0352
Mi» = My, = 0.9106
My; = 0.699. 3

A 2-D schematic of the baseline filter is presented in Fig. 15.
Note that the filter geometry is symmetrically distributed from
input to output. Therefore, it is only needed to obtain the
dimensions for the couplings w;;, wiz, and wy3, and also the
tuning for cavities 1 and 2 (a,, and ay,). After the design
procedure is applied and a small refinement is carried out
to properly equalize the reflection S;; response, the final
filter dimensions, corresponding to Fig. 15, are as follows:
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-
Port 2
symmetry plane

Fig. 15. 2-D schematic of the fourth-order filter. Fixed parameters are as
follows: t =2 mm, a; = 6 mm, and @ = 15.7988 mm. All irises heights are
also fixed to b = 7.8994 mm, similar to the I/O rectangular waveguide ports.

Port 1

z
Port 2
Fig. 16.  Various possible schematics of the fourth-order in-line filter,
with different cavity layouts along the XY plane. (a) Baseline filter layout.
(b) Mirror symmetry filter layout 1. (c) Mirror symmetry filter layout 2.
(d) Asymmetrical filter layout.

wg; = 9.352 mm, wy, = 7.281 mm, wyz = 6.79 mm,
ay, =7.577 mm, and a,, = 7.95 mm.

Once the baseline dimensions are obtained, it is possible
to generate different layouts for the fourth-order filter using
these dimensions, but with different cavity orientations. Since
the designed filter only has four cavities, there are four
possible variations of this structure along the XY plane,
ignoring the symmetrical ones. These layouts are presented in
Fig. 16. The baseline filter layout corresponds to Fig. 16(a).
Fig. 16(b) and (c) is generated after applying symmetry mir-
roring to the first half of the filter, whereas Fig. 16(d) is
geometrically asymmetrical. However, in all cases, the physi-
cal dimensions for the coupling windows and cavity radii are
always equal to the baseline dimensions.

Finally, the S-parameter responses of the layouts presented
in Fig. 16 are presented in Fig. 17. It can be observed that the
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Fig. 17. Scattering parameters of the fourth-order filters designed, using the
filter layouts presented in Fig. 16.

electrical responses in all cases are identical. The minor dis-
agreements, which are observed in the graph, can be explained
due to meshing differences between simulations. The obtained
results illustrate the flexibility capabilities of the proposed
quart-torus resonators and its potential use in the optimization
of communication breadboards in complex systems.

B. Design of a Tenth-Order In-Line Filter

Using the EQT resonator, a tenth-order in-line filter is
now designed. In order to avoid spurious resonances from
appearing at frequencies close to the passband, the cavity is
dimensioned by fixing the radius a,, and using a, for the
tuning of each cavity. With this strategy, a better control over
the spurious resonances is provided, ensuring that the inclusion
of screws for tuning or inaccuracies in the manufacturing
process do not have a significant impact on the electrical
performance of the filter passband.

The couplings between cavity resonators are implemented
with typical rectangular irises, and the I/O interface is imple-
mented with a standard WR-62 waveguide (a = 15.7988 mm
and b = 7.8994 mm). The filter dimensions are obtained using
a refinement of the classical even—odd frequency analysis
technique [20], using the coupling matrix formalism. Its corre-
sponding coupling matrix is synthesized using a classical N +
2 technique from general class Chebyshev filter functions [1].
All elements of this matrix are zero, except for the in-line
couplings, yielding

Mg = Myy_; = 0.985,
My; = Mgy = 0.584,
Mys = Mgy = 0.532,

M12 = M9,10 =0.813
Msy = Mqg = 0.544
Msg = 0.529. 4)

A 2-D schematic of the designed filter is presented in Fig. 18,
where the main physical dimensions of the structure are
illustrated. For the EQT resonators, a, is tuned to adjust the
resonant frequency of each cavity, while a, is fixed to 5 mm.
The coupling rectangular windows are adjusted using the width
w;;, while the thickness is set to = 3 mm. The height of the

symmetry plane

Fig. 18. 2-D schematic of the tenth-order in-line filter. Fixed parameters are
as follows: + = 3 mm, a; = 5 mm, and a = 15.798 mm. The iris height is
also fixed to b = 7.8994 mm, similar to the I/O waveguide ports.

windows is equal to the I/O ports height (b = 7.8994 mm).
Since the filter geometry is symmetrical, only one half of the
structure is shown in Fig. 18.

Due to typical accuracy achieved in AM techniques [21], the
filter needs tuning screws. In view of the expected dimensional
tolerances, provided by the manufacturer, around £100 pm,
significant response deviations may appear due to numeri-
cal errors during the printing process. In order to account
for these possible deviations, a sensitivity analysis has been
conducted over a tenth-order filter with EQT cavities without
considering tuning screws. The geometrical parameters, which
have been included into the analysis, correspond to the vari-
ables employed during the design stage (i.e., the rectangular
window widths and the elliptical semiaxis a,). The electrical
responses after several simulations have been run are presented
in Fig. 19. For the sake of clarity, only the reflection Si;
parameter is included in the graph corresponding to each
iteration of the sensitivity analysis. It can be easily observed
that the S-parameters in many cases are very far from the
baseline response, indicating that a severe degradation of the
performance is obtained. After the initial filter dimensions are
obtained, the tuning screws are incorporated into the model.
This requires a readjustment of the filter physical dimensions
in order to account for the frequency and coupling deviations
introduced by these screws. The filter is finally tuned for a
geometry with all tuning screws introduced halfway of its
total penetration. The final 3-D model considering M2 tuning
screws (modeled as circular cylinders) is shown in Fig. 20.

The resulting dimensions after the final refinement employ-
ing the complete model considering tuning screws are col-
lected in Table III. The corresponding S-parameters response
is presented in Fig. 21. The final optimized response obtained
in the simulation is good in terms of RL, BW, and center
frequency. The small deviations observed from the ideal spec-
ifications can be corrected in the post-manufacturing stage via
the fine-tuning process using the M2 screws incorporated into
the structure. In this figure, it can also be observed that the
first spurious resonances are located at =~ 17.5 GHz. These
transmission peaks are caused by the resonant TM mode,
which is excited due to the introduction of cylinders to model
the tuning screws in the Ansys HFSS model. These spurious
resonances would be too close to the passband if a circular
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Fig. 19. Results for the sensitivity analysis with random errors applied of

+100 pm. |Sy1| curves are only presented for the batch of simulations in the
sensitivity study.

O Coupling window screws

/ ") Resonant cavity screws

Fig. 20. CAD 3-D model of the manufactured filter, showing the position
of the M2 tuning screws modeled as circular cylinders. I/O ports are standard
WR-62. The printing direction in the 3-D printer bed corresponds to a 45°
rotated piece with respect to the X- and y-axes.

TABLE III

DIMENSIONS (IN MM) FOR THE TENTH-ORDER IN-LINE ELLIPTIC
QUART-TORUS RESONATOR FILTER, CORRESPONDING TO FIG. 18.
FIXED DIMENSIONS ARE AS FOLLOWS: t = 3 MM, a, = 5 MM,
AND a = 15.978 MM. ALL IRISES HEIGHT ARE ALSO
FIXED TO b = 7.8994 MM

ws1 | 8.866 wyes | 6.852 az, | 8.236
w12 7.731 wse 6.831 Qzy 8.29
was | 7.107 [ 7.73 az; | 8.314
wsq | 6915 [ 8.041

quart-torus cavity is chosen instead of an elliptical one. This
result shows a good agreement with the eigenmode simulations
presented in Fig. 10, as the spurious resonances (mode 1)
appear approximately 3.5 GHz higher in frequency than the
operating resonance (mode 2).

IV. MANUFACTURING RESULTS AND DISCUSSION

The designed structure has been manufactured from a single
piece using a direct metal laser sintering (DMLS) machine (an
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Fig. 21. Simulated scattering parameters of the designed tenth-order in-line
filter shown in Fig. 20. The new elliptical cross-sectional cavity shows a large
SFR, with the first resonance appearing at 17.5 GHz.

EOS M280), using an aluminum alloy typically employed in
3-D printing (AlSi10Mg) (see Fig. 22). No post-manufacturing
heat treatment or polishing is applied to the prototype. The
expected surface roughness is &~ 15 um and dimensional
tolerances of 100 pum. It can be observed that two WR-
62 standard flanges are incorporated, in order to allow the
filter connection to the waveguide measurement kit. Only the
faces of the flanges connecting to the measurement kit are
mechanically polished.

As it is manufactured as a single part, no assembly screws
are needed. The holes corresponding to the positions of the
tuning screws are not 3-D printed. Instead, they are milled
into the structure after finishing the 3-D printing process. The
reason for this is to avoid inaccuracies due to misalignment
of the screws. The inner surface of the structure is not treated
in any way. Therefore, the high roughness of the surfaces is
expected to translate into a drop in Qy. Only the external
face of the WR-62 flanges is mechanically polished, to ensure
a good current continuity between the filter I/O ports and the
waveguide flanges of the measurement kit.

In Fig. 23, a comparison of the response recovered after
fine-tuning the structure and the ideal response from the Ansys
HESS simulation is presented. The filter is simulated using
an ideal flat surface model for the aluminum aluminum-alloy
waveguide walls (using the worst conductivity value provided
by the manufacturer, which is oaisijome) and brass (with op, =
1.5 x 107 S/m) for the included tuning screws. The results
show that a good agreement has been achieved between the
measured and simulated filter responses. On the one hand, the
RL level is tuned to its best possible value, obtaining RL =
22.5 dB. On the other hand, the passband central frequency is
slightly shifted to f.(meas) = 14.08 GHz.

A very important difference is found in the IL levels
between the measured filter and the lossy simulated structure.
For the 3-D printed prototype, a level of IL,, = 1.953 dB is
obtained, while the simulated loss level is IL, = 0.4285 dB.
Since the obtained IL level is significantly higher than the
values typically obtained in waveguide filters, a more in-depth



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PONS-ABENZA et al.: DESIGN AND IMPLEMENTATION OF QUART-TORUS WAVEGUIDE FILTERS 11

[
O o S e e 7 8

B

Fig. 22.  Photograph showing the final manufactured prototype, compared
with a measure ruler and an euro coin. (a) Top view of the prototype,
illustrating the threads for the tuning screws according to Fig. 20. (b) Bottom
view of the prototype.
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Fig. 23.  Measured S-parameter response compared with Ansys HFSS lossy

simulation, with AlSilOMg walls.

study is performed to evaluate the electrical performance of
the device.

First, the effective Qy factor of the manufactured cavity
can be evaluated. For synchronously tuned in-line filters, an
empirical relation is available to estimate the Qy factor as a
function of the Nth-order filter center frequency fy, BW, ideal
low-pass prototype elements g,, and IL [22], as follows:

4343 fy &
0y = BN S 5)
=1

_BW.ILr

This expression can be applied to both measured and simulated
responses to obtain the estimated Qy values. For the measured
structure, a Qp, = 767.19 is obtained, which is an 84% of
quality factor reduction in relation with the simulated value
Qu, = 4470.9. Other SLM waveguide filters, such as the struc-
tures reported in [13], show a Qy reduction above 50% due

TABLE IV

COMPARATIVE DIMENSIONS BETWEEN THE DESIGNED EQT FILTER
AND A SIMILAR FREQUENCY SPECIFICATIONS DESIGN
USING ALL-INDUCTIVE RECTANGULAR-WAVEGUIDE
TECHNOLOGY (WR)

Width (mm) | Height (mm) | Length (mm) | Volume (mm?)
WR 15.799 7.8994 178.75 21427.97
EQT 38.6 10 121.1988 25072.49
[ Diff | 24432% | 126.6% 67.8% 117

to the 3-D printing process, and associated surface roughness.
However, it is known that a proper post-manufactured sur-
face treatment, such as chemical polishing and silver plating,
is effective in retrieving most of the theoretical Q.

However, the Qpy reduction is more than the mentioned
50%, which indicates that the surface roughness is not the only
root cause for the filter IL degradation. In addition to the analy-
sis to compute the effective Qy, it is also possible to obtain the
effective conductivity of the resulting prototype. To perform
this analysis, several simulations have been carried out with the
geometry of the manufactured prototype, where the conductiv-
ity of the metallic walls was adjusted until a simulated value
for the IL obtained has a similar value to the IL measured
with the vector network analyzer. As a result, an effective
conductivity of oy = 2.85 X 10° S/m was obtained. It is
observed that this value is significantly far from the expected
conductivity value of the alloy, around o = 1.7 x 107 S/m.
Clearly, there exists a significant degradation in the electrical
performance of the filter. However, the resulting conductivity
values from the conducted study are to be expected. In [23],
an experimental study was carried out to determine the typical
electrical conductivity of the metallic alloy employed with the
EOS M280 tool, by printing a rectangular waveguide section
measured between 8 and 11.25 GHz. The authors report a
measured o ranging between 5 x 10° and 1 x 10° S/m. Since
these values are very similar to oy, Which is measured at a
higher frequency, it can be concluded that the manufactured
sample is in accordance with the typical performance of the
3-D-printer machine.

In the authors’ opinion, there are various causes for the
obtained prototype degradation: inaccuracies of the 3-D print-
ing procedure, significant surface roughness, and a large
contribution of the brass screws to the IL. All of these issues
lead to a poor performance of the prototype in terms of
losses, even though the frequency specs of the filter have
been properly fulfilled. In addition, the typical conductivities
achieved for an X-band waveguide, as discussed in [23],
indicate that the loss performance of the prototype is to be
expected with a manufactured piece using the EOS M280 tool.
A mechanical polishing would significantly increase the effec-
tive conductivity of the printed piece, as discussed in [23].
However, in this case, due to the complex meandered cavity
layout, it is impossible to properly access the internal walls
of the filter. A mechanical polishing or a silver coating may
also help increasing the poor resulting conductivity, even
though these posttreatment techniques cannot be applied in a
uniform way, due to the geometrical complexity of the internal
walls of the filter, and it could become impossible to recover
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TABLE V

COMPARISON TABLE OF THE PROTOTYPE FILTER WITH SEVERAL ADDITIVE MANUFACTURED FILTERS. SIMULATED AND MEASURED Qpy FACTORS
ARE ESTIMATED USING (5), FROM THE DATA GIVEN IN THE PAPERS OF IL, f., AND BW. (¥*): VALUE DIRECTLY GIVEN IN THIS ARTICLE FOR
A SIMULATED EQUIVALENT RECTANGULAR CAVITY. (*¥*): VALUE DIRECTLY GIVEN IN THIS ARTICLE BY MEANS OF GROUP DELAY
IL MEASUREMENT. A\, IS THE VACUUM WAVELENGTH CALCULATED AT THE FILTER CENTRAL FREQUENCY. REF: REFERENCE.
T.W.: THIS WORK. f.: CENTRAL FREQUENCY. FBW: FRACTIONAL BANDWIDTH. SLM: SELECTIVE LASER MELTING. SLA:
STEREOLITHOGRAPHY. N/G: NOT GIVEN

Ref. Resonator technology fe Res. Elec. Size Qu (sim.) | Qu (meas.) Material Manuf.

[14] Depressed super ellipsoid 12.87 N/G 4400* 4300%* Silver coat. SLM + Plating

[17] Squeezed spherical resonator 10 0.83\¢ X 0.56A¢ x 0.83\¢ 4566 4057 AlSilOMg SLM + Chem. Polish
[24] Spherical cavity resonators 10 0.33A¢ X 0.33A¢ X 0.33A¢ 7834.53 5271.83 Copper SLA + Plating

[26] Dual-mode spherical cavity 10 0.82)X¢ X 0.82X. x 0.82)\. 4409.28 1945.27 Copper SLA + Plating

[27] Dual-mode ellipsoidal cavity 10 0.38\¢ X 0.42X\. x 0.41)\, N/G 341.68 Silver Ink SLA + Coating

[28] Hemispherical cavity 32 0.8X¢ X 0.41A¢ X 0.8\¢ N/G 313.35 Silver coat. | SLA + Heat treat. + Plating
T.W. Elliptical quart-torus cavity 14.12 | 0.75X¢ x 0.75)X. X 0.47 )\ 4470.9 767.19 AlSi10Mg SLM (Untreated)

the frequency response and BW of the prototype after its
application. Therefore, a new manufacturing with a different
printer may be required to reduce excessive loss resulting from
this prototype.

If we compare the designed quart-torus filter with a similar
one designed using rectangular cavities (WR-62) coupled with
inductive irises (rectangular windows), the footprint redis-
tribution becomes evident. In Table IV, a collection of the
most relevant dimensions of each filter is presented. The
dimensions given as width, height, and length are taken using
the maximum distance in each dimensions (i.e., the bounding
box for each filter), while the volume is directly computed
from the 3-D computer-aided design (CAD) model, and not
using the volume of the bounding box. As expected, the
bending applied to the structure achieves a length reduction
of 67% as compared with the typical rectangular waveguide
filter. This result clearly shows the great flexibility in footprint
distribution that can be obtained by using the new cavity
proposed in this article.

Note that the filters used in the above comparison are
always operating as single-mode resonators. This is because
the dual-mode capabilities of the quart-torus resonator have
not been explored yet, and therefore, the comparison between
dual-mode filters with various technologies and single-mode
quart-torus structures is not fair. Also, foldings in the standard
waveguide technologies have not been considered for a similar
reason.

For the sake of completeness, an additional comparison
between the proposed structures and other filters from the tech-
nical literature is presented in Table V. For a fair comparison in
terms of size, the dimensions of each resonator technology are
compared in terms of \., where ). is the wavelength computed
in a free space, at the resonator central frequency f.. It can be
observed that the size performance among all the resonators
compared is similar, except for the spherical cavity resonators
used in [24], where a higher order mode of the cavity was
employed.

The Qp values given in the table are computed from the
IL, central frequency, and BW values given in the referenced
papers for the manufactured prototypes, using (5). This com-
parison gives an estimated orientation of the performance to
be expected with each resonator technology employed. At this
point, it is important to remark that the achievable Qpy is

dependent of the lossy material of the prototype, as well as the
resonant frequency of the resonator. It can also be observed
that performances between simulated and measured Qy are
not similar in all cases. This illustrates that, depending on
the filter geometrical complexity and the 3-D-printing tool
employed, the loss performance of the resulting prototype
can be significantly degraded. The best Qy performance is
achieved, in general, for SLA-coated parts, which seems to
lead to better effective conductivities for the resulting pieces,
although its use is not recommended in space applications due
to thermal issues [25], in contrast with the most well-accepted
SLM printing. In general, it can be stated that the proposed
quart-torus filter is an interesting solution to achieve a reason-
able trade-off among size, spurious performance, and losses
in contrast with other novel filter structures proposed in the
literature due to the emerging of AM techniques.

V. CONCLUSION

In this contribution, a novel cavity geometry based on a
modification of the circular cylindrical waveguide cavity is
presented. By applying a bending to the longitudinal axis,
a quart-torus resonator is proposed, which shows interest-
ing electrical performances. One important advantage is the
geometrical flexibility offered by the new cavity, since it
allows to implement similar filter topologies with different
physical layouts. The original structure based on a circular
geometry was modified into an elliptical shape to separate the
fundamental resonance from other spurious modes. A tenth-
order filter is designed and manufactured from a single block
using AM techniques, to demonstrate the feasibility of the
proposed EQT cavity in the design of practical microwave
filters. Measured results show good agreement with respect
to target specifications, and within typical limitations of the
current state of the art of AM processes. The manufactured
prototype shows a reduction in length of 67% with respect to
a similar filter using classical rectangular waveguide technol-
ogy. This work shows that the flexibility introduced by AM
techniques will certainly allow in the coming years to further
optimize traditional filter designs.
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