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ABSTRACT: In this paper, the design of a mechanically tunable band-pass filter in waveguide technology operating in the C-band tunability
range [4.4-5] GHz, for satellite communications (SATCOM), is presented. The resonance frequency tunability has been obtained by
mechanically inserting movable dielectric cylinders within the waveguide filter. Impedance matching has been achieved by using two
movable dielectric ridges, working as quarter-wave transformers. They have been placed at input and output filter ports and can move
jointly with the dielectric tuning elements. Filter design has been carried out by adopting a suitable theoretical model, whereas the
optimization has been achieved by numerical simulations. The proposed design approach provides key advantages in terms of simplicity,
design effectiveness, and reproducibility, rendering it particularly suitable for industrial applications. A prototype of a high-selectivity
tunable filter has been fabricated and characterized within the whole tunability range. The measurements show excellent agreement with

simulated results.

1. INTRODUCTION

icrowave band-pass filters are essential components in
Msatellite and, more broadly, wireless communication sys-
tems. In particular, the tunability of filter resonant frequency
without significantly affecting the shape of frequency response
(i.e., rigid translation of the frequency response) is mandatory
in satellite, civil, and military applications [1-4]. This is be-
cause the channels within the passband are normally quite nar-
row and closely spaced each other. In this framework, tunable
filters require high-selectivity in channel discrimination and ac-
curate tunability, which are sometimes difficult to accomplish
together.

Several techniques have been developed in the last few
decades for the design of tunable microwave filters, which are
summarized below, according to the exploited working princi-
ple:

* Magnetically tunable filters: They represent a widely
used class of tunable filters. The principle of operation
is based on devices with specific magnetic response, such
as ferromagnetic devices, yttrium-iron garnet (YIG) res-
onators, or ferrite plates [5—7].

* Electronically tunable filters: Another class of tunable
filters whose operation involves the use of active devices
— such as pin diodes and varactors — to modify the fil-
ter network to achieve the desired frequency shift. Elec-
tronically tunable filters are characterized by high tuning
ranges, but are not suitable for applications in which power
handling capability is required [8—12].
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* Mechanically tunable filters: These tunable filters work
by modifying some geometrical or physical characteris-
tics of the structure, usually through the insertion or dis-
placement of metallic/dielectric elements, or by employ-
ing movable walls, to vary the resonance frequency. They
are of interest in several applications, including those re-
quiring high power handling capability [1, 13]. This cat-
egory includes coaxial filters [14—17] and waveguide fil-
ters [18-21], both suitable for high-power operation. The
latter are of particular importance in SATCOM transmit-
ters, where input powers of the order of kilowatts are of-
ten required, and are widely employed thanks to their low
losses and robustness.

The aim of this work is to present the design of a high-
selectivity mechanically tunable filter in waveguide technol-
ogy for C-band SATCOM applications, designed to operate
within the tunability range [4.4-5]GHz (= 12.8%). The
adopted design technique is based on the dynamic modifica-
tion of the guided wavelength inside a rectangular waveguide
through the precisely controlled insertion of dielectric cylinders
made of alumina, selected for its high power-handling capa-
bility [22,23]. These cylinders act as periodic, tunable shunt
reactive loads in the equivalent transmission-line model which
describes the field propagation along the waveguide. More-
over, a reconfigurable matching network has been designed us-
ing movable quarter-wavelength dielectric ridges, which move
in conjunction with the periodic arrangement of dielectric cylin-
ders. This allows dynamically adapting the impedance match-
ing network to the different equivalent loads exhibited by the
various filter configurations.
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FIGURE 1. Equivalent transmission line model of the filter. According
to this model, the filter cavities are represented as resonant transmis-
sion line sections of length I; &~ \,/2, which correspond to series LC
resonators in the equivalent circuital model. The cavities are coupled
through inductive or capacitive irises, which work as impedance (ad-
mittance) inverters. These elements enable the realization of a ladder
network composed of series and shunt LC resonators. In the equiv-
alent circuit model, the irises are represented by shunt reactive loads
(X) and transmission line sections with a negative equivalent electri-
cal length (o).

The proposed approach achieves high-performance tunable
filters while maintaining simplicity and reproducibility, which
are particularly valuable for industrial applications. Resonant
cavity tunability is achieved by decoupling it from impedance
matching requirements, which are addressed separately us-
ing a movable quarter-wavelength matching section. This ap-
proach introduces flexibility, allowing resonant frequency ad-
justment without affecting impedance matching or passband
width. Comparisons with similar designs in the literature con-
firm the effectiveness of the proposed method.

The paper is structured as follows. After the introduction,
the design principles applied for the filter design are described
in Section 2. The design requirements, optimized structure de-
sign, and results of full-wave simulations are given in Section 3.
Finally, the measurements of the fabricated prototype and the
results discussion are given in Section 4.

2. DESIGN PRINCIPLES

In order to discuss tunability and have a self-contained treat-
ment, it is helpful to recall some fundamental concepts of
waveguide bandpass filter design.

A waveguide band-pass filter consists of a series of resonant
cavities coupled by equivalent reactive loads, typically real-
ized by capacitive or inductive irises. The filter resonance fre-
quency depends on the cavity lengths, which resonate at elec-
trical lengths multiples of 7, while the coupling between them
primarily determines [1] the pass-band filter constitutive pa-
rameters, such as impedance matching, pass-band width, and
stop-band attenuation [24]. A rigorous approach to the design
is achieved through the application of the equivalent circuit
model. Indeed, bandpass filters can be represented as ladder
networks of alternating LC series and shunt resonators, whose
values are synthesized according to the selected filter proto-
type (e.g., Butterworth, Chebyshev, Bessel) to obtain the de-
sired transfer function.

In accordance with this equivalent model, the cavities corre-
spond to series LC resonators in the equivalent circuit and are

characterized by transmission line sections of length [ = ’\2—9,

where ), is the guided wavelength. On the other hand, the in-
ductive/capacitive irises commonly used to connect the cavities
are dimensioned to operate as impedance (admittance) invert-
ers. These elements, modeled in the equivalent circuit model by
shunt reactive loads and transmission line sections with nega-
tive equivalent length, act as quarter-wave transformers, con-
verting shunt LC resonators into series resonators. This trans-
mission line representation, detailed in Fig. 1, is particularly
useful for evaluating the impact of design parameters on filter
performance.

It is well known that the guided wavelength of a waveguide
depends not only on the operating frequency, but also on both
the dielectric material filling the waveguide and on the shape
of the waveguide cross-section. In the specific case of a rect-
angular waveguide of cross-sectional dimensions a X b, filled
by a dielectric of relative permittivity €,, and excited by the
dominant TE;( mode, it can be easily shown that

Ag= ——2 (1)

It follows that the filter-guided wavelength can be adjusted
by acting on a few parameters; in turn, the resonant electrical
length can also be tuned at different frequencies with respect to
the nominal one.

Based on this general principle, as shown in [18], several
approaches can be implemented to change the guided wave-
length in a rectangular waveguide by exploiting movable walls
or metal ridges. A useful approach consists of dielectric ele-
ments inserted inside the filter cavities [20,21]. The presence
of dielectric elements within the coupled cavities increases their
electrical length, thus reducing the resonance frequency. This
phenomenon can also be interpreted as an increase in the aver-
age dielectric permittivity of the cavity, which, according to (1),
implies the decrease of \;. We observe a frequency shift with
respect to the nominal value as the cylindrical dielectric rods
are lowered inside the waveguide. The shift increases also for
larger cylinder radius and/or higher relative permittivity; these
parameters have been selected for the design while also taking
technological constraints into account.

As an interesting variant, the use of dielectric tuning ele-
ments offers further design advantages. Compared to movable
walls, good electrical contacts — which can be sometimes dif-
ficult to manufacture — are not required; moreover, compared
to metallic tuning elements — which are widely used as tuning
elements to compensate fabrication tolerances — they allow for
an increase of the equivalent volume of material (i.e., waveg-
uide field perturbation) that can be placed inside the filter. This
potentially increases the achievable tunable range.

According to the described design guidelines, the approach
followed for the design has been based on the tuning of a nom-
inal waveguide band-pass filter — referred to for simplicity as
the reference filter — suitably designed to satisfy the specifica-
tions at the highest frequency of the tunability range, obtained
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by fully lowering the dielectric elements inside the waveguide.
These elements have been dimensioned to achieve the maxi-
mum desired resonance frequency shift. However, the presence
of dielectric elements also modifies the impedance of the loaded
waveguide, and this implies an increasing input impedance mis-
match. Therefore, it has been required to implement a matching
network which is able to change its response when the tuning
elements are lowered inside the cavities. For this aim, two di-
electric ridges, placed at both the input and output filter ports,
have been designed, which move jointly with the tuning ele-
ments and work as quarter-wavelength transformers. This way,
the input impedance matching is preserved when changing the
configuration.

An undesired effect that arises when the dielectric cylinders
are lowered/raised is the reduction of the filter pass-band width.
This phenomenon is due to the coupling irises, which, in ac-
cordance with the circuit model introduced above, have been
sized to work properly as impedance inverters with respect to
the maximum frequency of the tuning range and do not behave
properly at different frequencies. Again, this effect increases as
the shift from the nominal frequency (i.e., of the reference fil-
ter) increases. This problem can be overcome by using tuning
elements for the irises as well, as will be detailed next.

3. FILTER DESIGN AND OPTIMIZATION

As already outlined, the proposed filter design is based on
the proper modification of a reference filter, dimensioned to
match the frequency response requirements at the maximum
frequency of the considered tuning range. The requirements
for this design have been defined according to standard spec-
ifications for commercial C-Band band-pass filters for SAT-
COM and are reported in Fig. 2. To this end, a 6"-order
Chebyshev filter has been designed in a standard rectangular
waveguide WR-187 (¢ = 47.548 mm b = 22.1488 mm), for
which inductive irises have been exploited to implement the K-
inverters [25].

Tunable Range fo:[4,4—5]GHz
[S211(dB) 32 MHz Pass Band Width 32 MHz
0 Stop Band 88 MHzfrom f,
Stop Band Attenuation 80 dB
Ripple 0,1dB
—80 Pass-Band Return Loss < -20dB
I fo | f(GHZ)
fo— 88MHz £0 + 88 MHz

FIGURE 2. Tunable filter design requirements.

Since even-order Chebyshev filters exhibit different input
and output impedances, to obtain a symmetric device, an
additional inductive iris has been added at the filter out-
put [26,27]. The dimensions of the inductive apertures and
the cavity lengths have been numerically obtained according
to [24,28,29], and then optimized by full-wave simulations.
The dimensions of the designed filter elements are reported in
Table 1.

The tuning elements have been inserted into the designed ref-
erence filter. These elements are equal-radius cylinders that can
be lowered into (or raised from) filter cavities through apertures

TABLE 1. Cavity and inductive irises dimensions. The iris thickness
has been set to 1 mm.

No. || Cavity Lengths [Ic,] (mm) || Iris Apertures [w4,] (mm)
1 36.13 15.31
2 38.07 6.56
3 38.17 5.51
4 38.17 5.37
5 38.07 5.51
6 36.13 6.56
7 — 15.31

etched on the broad wall of the waveguide, aligned with the cen-
ters of the filter cavities. In this way, the resonance frequency
is controlled by the depth of the dielectric cylinders within the
cavities. To achieve impedance matching, two dielectric ridges
have been placed outside the resonant cavities, each positioned
near an outer iris. These have been designed to match the worst-
case configuration, which occurs when the cylinders are fully
inserted inside the cavity. Thus, a good impedance matching
has been guaranteed for any cylinder configuration.

The dielectric elements are inserted into the cavities through
apertures in the upper metal wall of the filter. To prevent
electromagnetic field leakage, these apertures are designed as
square waveguides with a small cross section (5 mm side) and
a depth of 4 mm, operating under the cutoff frequency to en-
sure exponential field attenuation. These small apertures also
guarantee proper alignment of the cylinders during assembly
and operation, as their diameter is slightly smaller than the size
of the aperture. The final dimensions of the ridges and the tun-
ing elements have been achieved by full-wave simulations. The
designed filter structure is finally shown in Fig. 3.

FIGURE 3. Tunable filter designed. The filter consists of six WR-187
waveguide cavities coupled by inductive irises. Tunability has been
achieved through the progressive insertion of dielectric cylinders and
impedance matching using movable ridges that work as quarter-wave
transformers.

The cylinders employed for filter tuning have been fabricated
using alumina, which is characterized by high power handling
capability, high manufacturing precision, and relatively low
losses. The latter is especially required, since the tuning cylin-
ders are placed at the center of resonant cavities, and a strong
field interaction occurs, which increases losses. According to
the available datasheet, alumina is characterized by ¢, = 10
and tan§ = 4 x 1074,
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FIGURE 4. Quoted layout of the designed tunable filter. (a) Lateral view of the movable quarter-wave transformer and first filter cavity. (b) Top view
of the movable quarter-wave transformer and first filter cavity. (c) Top view of the generic i-th filter cavity.

On the other hand, the ridges have been made by Mica, which
is also a material characterized by high power handling capac-
ity. The relative dielectric constant of Mica is lower than alu-
mina (e, = 5.4), thus allowing increased ridge thickness and
simplifying mechanical realization. Mica is also characterized
by higher dielectric losses than alumina; however, it does not
cause a significant increase in the filter /nsertion Loss, because
they are placed outside the resonant cavities, and therefore the
interaction with the field is less than in the case of cylinders in
the resonant cavities. The ridges have been placed at a distance
(dr) of 0.7mm from the filter irises (see Fig. 4). Moreover,
they are characterized by a width wp = 1mm and a length
lrp = 22.5mm. The dielectric cylinders, with a diameter of
d. = 4.73 mm, penetrate 95% of the waveguide height, pro-
viding the required tuning range. Taking into account the di-
mensions reported above as well as those listed in Table 1, and
including the input port-to-ridge spacings, the overall length is
329.40 mm.

The results of full-wave simulations, carried out with Ansys
HFSS, are reported in Fig. 5 and show the frequency response of
the filter at three frequencies belonging to the tunability range,
namely at 4.4 GHz, 4.75 GHz, and 5 GHz. It is observed that
the impedance matching is perfectly maintained for any con-
sidered configuration. Moreover, the Insertion Loss deterio-
rates when the depth of the cylinders is increased (i.e., due to
a higher volume of lossy dielectrics inside the cavity), rising
from 0.5 dB to a maximum of 0.8 dB.

The simulated results also show a reduction of pass-band
width, from ~ 32 MHz to &~ 24 MHz. As anticipated, by em-
ploying additional tuning elements for the irises, this problem

— 18441154
0 0
-20 -20
om
T
-40 -40
4.35 4.4 4.45 4.65 475 4.8 4.95 5 5.05
f (GHz) f (GHz) f (GHz)

FIGURE 5. S-parameter magnitudes of the designed filter, evaluated at
the three frequencies within the tuning range: 4.4 GHz, 4.75 GHz, and
5GHz.

can be overcome. To prove this idea, the design reported in
Fig. 6 has been proposed. In this example, five additional alu-
mina cylinders have been inserted in correspondence with filter
irises. The cylinders are identical to those used to tune the reso-
nance frequency of filter cavities and translate together with all
other movable filter elements. The results of the full-wave sim-
ulations in this project are shown in Fig. 7 and clearly demon-
strate that the passband does not change at the three reference
frequencies chosen within the tuning range. It is important to
highlight that the implementation of these additional tuning el-
ements does not introduce any significant mechanical complex-
ity, as the required dielectric cylinders and the apertures on the
broad wall of the waveguide are manufactured and assembled
using the same process as the tuning elements employed in the
filter cavities.
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FIGURE 6. Tunable filter design including inductive iris tuning ele-
ments. These elements consist of alumina cylinders, equal to those used
for cavity tuning, inserted between the coupling irises.

— 18,1185,

475 4.8 4.95 5 5.05
f (GHz) f (GHz)

4.35 44 4.45 4.65

f (GHz)

FIGURE 7. S-parameter magnitudes of the filter including inductive
irises tuning elements evaluated at the three reference frequencies
within the tuning range: 4.4 GHz, 4.75 GHz, and 5 GHz.

(d)

FIGURE 8. Photos of the realized tunable filter prototype. In this prototype, depth control is achieved using an endless screw that regulates the depth
of the carriage for the dielectric elements inside the filter. Four metal cylinders placed at the extremities of the carriage ensure horizontal alignment.

FIGURE 9. Photo of the tuning elements. The cylinders, realized in
alumina, allow changing the resonant frequency of the cavities. The
ridges, realized in Mica, work as quarter-wave transformers and allow
impedance matching to be maintained as the resonant frequency varies.

4. MEASUREMENTS AND RESULTS ANALYSIS

For the fabrication of the prototype, only the simplified design
with the tuning elements for the cavities has been considered.
This choice aims at simplifying the fabrication process and re-
ducing costs; however, the results are quite general and clearly
assess the performances of the proposed design. In addition,
to reduce costs and ensure faster procurement, a lower-grade
alumina has been used. The fabricated prototype is shown in
Figs. 8 and 9.

The filter prototype has been experimentally characterized.
The measurements, reported in Fig. 10 at the three reference fre-
quencies, show good agreement with the simulations in terms

— IS, 115,

s

4.8 495 5 5.05
f (GHz)

4.45 4.65 4.75
f (GHz)

4.35 4.4
f (GHz)

FIGURE 10. S-Parameter magnitudes measured on the prototype filter
at three reference frequencies within the tuning range.

of impedance matching. However, a higher Insertion Loss is
observed, with |Sa1| < —4.1dB. This discrepancy is due to
the actual loss tangent of alumina, which has been supposed
to be higher than that specified in the datasheet. To verify this
hypothesis, the experimental results have been compared with
full-wave simulations carried out with different values of the
loss tangent. As shown in Fig. 11, the measured S-parameters
are in excellent agreement with the simulated ones when alu-
mina is modeled with tan§ = 1.8 x 1073, The nearly perfect
match at the three reference frequencies confirms our hypothe-
sis.

Compared to other works in the literature in which the tun-
ability of the waveguide filter is achieved by exploiting mov-
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TABLE 2. Comparison of the performance of the proposed design with
designs reported in the literature, all of which utilize similar tuning
technologies based on movable dielectric elements.

ning o, | BW % || Pass-Band Reduction
ange
Proposed 12.8% 0.68% || Yes (but easily overcome)
[18] 12.8% 1.8% Yes
[20] 6.6% 1.8% Yes
[21] 4.6% 1.6% No

able dielectric elements, the realized design offers higher per-
formances in terms of tunability range and easiness of fabrica-
tion, at the price of a non-constant passband width, as shown
in Table 2. This limitation can be addressed easily through the
inclusion of additional tuning elements, as demonstrated by the
preliminary results reported in Figs. 6 and 7.

Notably, the proposed waveguide filter has the potential to
achieve low insertion loss and support high power handling
through the use of high-quality alumina, commercially avail-
able on the market [30]. In some cases, 3D-printed alumina
dielectric elements also exhibit very low losses [31].

For the sake of completeness, it is worth noting that high-
power measurements have not been performed on the proto-
type, as the focus has been on demonstrating the validity of
the adopted design principles. High-power handling and rel-
ative measurements typically require the use of thermal com-
pensation systems, to prevent the effects of thermal deforma-
tion induced by the high currents flowing on filter walls [32].
Nevertheless, the materials and technology used in the design
are also widely applied in high-power applications. While such
measurements could be of interest to evaluate the performance
of the overall system, including thermal compensation systems,
they are beyond the scope of the present work.

5. CONCLUSIONS

In this paper, the design of a mechanically tunable band-pass
filter in waveguide technology operating in the C-band tun-
ability range [4.4-5] GHz, relevant for SATCOM applications,
has been presented. Tunability has been achieved by insert-
ing suitable dielectric cylinders within the filter cavities, and
the impedance matching has been achieved by exploiting two
identical dielectric ridges, positioned close to the filter irises,
and designed to act as quarter-wave transformers. Design and
optimization have been carried out by analytical and full-wave
simulations. The comparison between simulated results and
measurements of the first fabricated prototype demonstrates the
overall good performance of the proposed device and its poten-
tial for achieving even lower insertion losses.
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