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ABSTRACT This article describes the use of dielectric rods to reconfigure combline filters both with respect
to center frequency and bandwidth. In this context, a new filter topology is developed in order to maximize
the achievable reconfiguration range. The design of a prototype is discussed in detail, clearly demonstrating
the feasibility of center frequency and bandwidth reconfiguration, with the same filter structure, while
maintaining an equiripple return loss. In addition to theory, a combline filter prototype is also fabricated,
tuned and measured in several configurations showing excellent agreement with simulations, thereby fully
validating both the basic concept and the design procedure.

INDEX TERMS Band-pass filter, combline filters, dielectric tuners, reconfigurability, tunable filters.

I. INTRODUCTION
The current evolution trend in communication equipment
requirements, for both ground and space applications,
is towards an ever increasing use of bandwidth. However,
the total available bandwidth is limited, so that the frequency
spectrum that is allocated to each application is now
fully regulated at world wide level [1]. To meet this
challenge, modern communication systems are currently
being developed with the ability of providing multi-channel
communication systems, where each channel uses different
center frequency and bandwidth [2].
In this context therefore, the possibility of developing

microwave components, and filters in particular, that are
agile in frequency has recently become a very important
area of research [3], [4], [5]. Filters (and multiplexers) have
always been considered key components for the front-end of
communication equipment for both ground and space appli-
cations [6]. As a consequence, a very significant research
effort has been devoted in the last decade to the development
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of filters and multiplexers that can be reconfigured both in
terms of center frequency and bandwidth [7], [8].

The simplest approach to change the center frequency of
a filter structure based on coupled cavities, is to change
the size of the cavities. A number of different approaches
that explore this possibility have indeed been reported in the
technical literature. For instance, a compressible bellow or a
conductive elastomer lid on the top of two dual-mode cavities
has been demonstrated in [9]. A different concept has also
been proposed in [10] discussing a contact-less corrugated
plunger. Furthermore, onemore approach is presented in [11],
where the cavity size is changed by activating or deactivating
an array of conductive lines located on the cavity wall.
An additional approach has also been introduced in [12], for
the reconfiguration of both center frequency and bandwidth
by moving, at the same time, both end walls of a cylindrical
cavity. Two more contributions can also be found in the
technical literature, where the filter tunability is obtained by
rotating a specially designed piece of dielectric material that
is located inside the resonant cavities of the filter [13], [14].

Furthermore, in [15] a copper coated polyflon sheet is
used to cover the top of a metallic cavity, and a piezoelectric
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actuator is used to modify the cavity dimensions. Another
approach is described in [16], where tuning disks are
actuated using thermal MEMS. Several papers have also
discussed capacitive coupling between resonator and tuning
discs or posts. In [17] and [18], for instance, a floating
capacitance between the disk and the post is modified using a
MEMS-based capacitance or a varactor. One more approach
is described in [19] where GaAs and MEMS capacitors are
proposed. In [20], another tuning solution is adopted, namely,
a varactor diode connected to the open end of a coaxial post
resonator.

Another very common approach to tune filters based
on waveguide cavities is to use metallic tuning elements
or screws. This approach has been demonstrated with
directly-coupled rectangular waveguide filters [21], and
dual-mode filters [22]. Classical combline filter topologies
can also be tuned with metallic screws, as it is shown
in [23] and [24]. More recently, metal screws have also
been used within re-entrant coaxial resonators, for tuning
the frequency response while keeping the bandwidth con-
stant [25]. However, the use of metallic tuning elements (or
screws) for remotely reconfigurable filter implementations,
can introduce a number of complications, namely:

• The tuning element or screw must be securely fastened
to the filter body in order to operate correctly.

• The penetration of the tuning screw must be controlled
very accurately to ensure the correct filter performance.

• The presence of metallic tuning elements may have
a negative effect on the high power and passive
intermodulation (PIM) performance of the filter.

Alternative solutions, based on the use of a single rotating
mechanism driving all metal tuning elements, have been
recently developed for E-plane filters [26], and coaxial
filters [27]. These solutions have a simplified mechanical
assembly, and also allow to keep a constant bandwidth in the
achievable frequency tuning ranges. This is achieved using a
clever design for the coupling elements of the filter. However,
these new topologies can only produce filters with fixed
bandwidth (approximately 2%), with a return loss of 15 dB.

In addition to metallic tuners, however, dielectric tuners
have also been used more recently to tune microwave filters.
In [28] and [29], their potential use for tuning standard
rectangular waveguide filters is validated through full-wave
simulations and measurements. A very recent work on the
practical demonstration of dielectric tuners in inductive
waveguide filters is discussed in [30]. It is important to
note, at this point, that the results discussed in [30] are
only applicable to rectangular waveguide filters based on
distributed resonators. The present work, in contrast, intends
to demonstrates the use of dielectric tuners in combline
filters, where the resonators can essentially be considered
as lumped-element resonators. In the context of combline
filters, dielectric tuners were first used within resonators,
in [31] and [32], for implementing tunable filters in terms of
center frequency only (keeping constant the filter bandwidth).

Additional initial results for the same tunable responses (only
in terms of center frequency) have also been discussed in [33],
where dielectric tuners are used in coupling windows to
preserve the same filter bandwidth.

In this context, therefore, the objective of this paper is to
significantly extend the initial results presented in [33]. The
additional novel material discussed in this paper is as follows:

• In addition to Alumina, we also study the use of
Zirconia, and we compare the key performance of the
two dielectric materials.

• A new filter structure is then designed to take advantage
of the superior performance of Zirconia.

• Furthermore, we show that both simulation and mea-
surements indicate that Zirconia has a good quality
factor, that is comparable to other established topologies
using either metallic or dielectric tuners.

• In addition to changing the center frequency, we show
how the same structure can also be used to change
the bandwidth of the filter. In particular, we show that
the combline filter can be reconfigured to maintain a
constant absolute bandwidth throughout the frequency
tuning range. Alternatively, the bandwidth of the filter
can be increased up to twice the initial value.

• We show that the relation between the variation of
the penetration of the tuning elements and the filter
center frequency remains approximately linear. As a
consequence, the prediction of the filter center frequency
is greatly simplified.

• We discuss how the use of dielectric tuners eliminates
the need for keeping a very good electrical contact with
the body of the filter, thereby eliminating a common
source of insertion loss and PIM.

• In addition to simulations, we also show the measured
results of a prototype built using Zirconia, and we
demonstrate successfully how the same filter structure
can be reconfigured both in terms of center frequency
and bandwidth.

• Furthermore, we show how the out of band performance
of tunable filter can be improved with the integration of
a simple lowpass filter. In this context, we also discuss
the achievable improvements and limitations of this
approach.

• In addition, we also study the high power behavior of
our tunable filter, and discuss the possible trade-offs
between power handling and tuning range.

• Finally, we discuss how the structure we propose
opens the possibility of using low-accuracy, computer-
controlled actuators to implement remotely controlled
reconfiguration of the filter.

This article is organized as follows: In section II, the design
of a frequency-tunable filter using dielectric rods made of
Alumina is discussed in detail. We then discuss in section III
the use of Zirconia as an alternative dielectric material,
and derive a new set of initial filter dimensions. After that,
we discuss in section IV the complete design of a filter that
can be tuned both in terms of frequency and bandwidth.
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FIGURE 1. Cavity configuration where the dielectric tuner is inserted in
the hollow post (top view and side view [33]).

The details in the manufacturing process and the measured
results are shown in sections V. In Section VI we discuss how
the out-of-band response of the reconfigurable filter can be
controlled. In Section VII we study the multipactor behavior
of our filter. Section VIII describes the remote operation
of the reconfigurable filter prototype. Finally, Section IX
concludes the paper with a summary of the results achieved.

II. FREQUENCY-TUNABLE FILTER WITH ALUMINA
DIELECTRIC TUNERS
In this section, we briefly recall, for the sake of completeness,
the design of the frequency tunable filter based on Alumina
tuners already discussed in [33], providing, at the same time,
new information concerning the dimensions of the structure,
and the evaluation of losses and Q-factors.

A. RESONATOR DESIGN CONSIDERATIONS
The resonators are the basic elements of any coupled cavity
filter. It is common practice to initiate the design procedure
by optimizing the structure of the resonator to operate in the
desired resonant mode and frequency range. The selection
of the adequate resonator topology is indeed a fundamental
step because it has a strong effect on the unloaded quality
factor (Qu), filter size, cost, and power handling capability of
the complete filter.

Different cavity configurations for the resonators have
been studied in [33], and the most suitable design has been
chosen (see Fig. 1). Once the basic shape of the resonator
has been defined, metallic screws are normally placed in
the vicinity of the open-ended post to create a variable
capacitance to tune the resonance at the desired frequency.

There are, however, several issues associated with the use
of metallic tuning screws. Namely, the metallic screws must
be securely fastened to the body of the filter. As a conse-
quence, remote tuning becomes problematic. Additionally,
even if a remote tuning mechanism could be developed,
the structure would be extremely sensitive to the position
of the metallic tuning screw, so that a practical (low-cost)
solution for an actuator-controlled remote tuning would be

FIGURE 2. Frequency tuning range (left side scale) and Qu factor (right
side scale) provided by the structure in Fig. 1 as a function of the length
of the dielectric rod exceeding the hollow post (hd − h0).

very difficult to implement. Finally, metallic tuning screws
can also introduce significant losses in the filter structure if
repeated tuning is required. In our basic resonator, we have
therefore replaced the traditional metal screws with dielectric
tuners.

Additionally, as we can see in Fig. 1, a hollow metallic
post has been chosen instead a solid one [32]. This has
been done because a hollow post provides a support for the
movement of the dielectric tuning element. Another reason
for choosing this configuration is the almost-linear variation
of the frequency with the tuner penetration. Using this
configuration, we can, in fact, obtain the desired starting value
of the resonant frequency using the metallic post, and we can
then have an extended tuning range inserting a dielectric rod
inside the cavity using the hollow post as a support.

The dimensional parameters of the basic resonator in Fig. 1
are: l0 = H = 50mm and W = 40mm. The outer and
inner diameters of the hollow post are Do = 16mm and
Di = 12mm, respectively. The height of the hollow post is
h0 = 32.290mm. hd is the height of the dielectric tuner, the
diameter of which is D = 11.8mm (slightly less than Di).

Fig. 2 shows the variation in center frequency with the
tuner penetration. The linear pattern is clearly evident. Fig. 2
shows also the unloaded quality factorQu as a function of the
dielectric post penetration. The values for the Qu are quite
high ranging from 4200 for deep penetrations up to near
5600 for penetrations not exceeding the hollow post h0. It is
interesting to note that the equivalent structure with a metallic
tuner has a quality factor of 2758 at the lowest frequency
compared with the Q value of 4200 using the dielectric tuner.
Furthermore, we have verified that, with the resonator we
have designed, we can indeed tune the resonance in the entire
frequency range of interest.

B. DESIGN CONSIDERATIONS OF INPUT AND OUTPUT
COUPLING
In the context of tunable filters, it is very crucial to maintain
the correct input/output coupling throughout the frequency
tuning range in order to maintain constant bandwidth and
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return loss levels. TheQext value is computed from the desired
filter center frequency (f0) and bandwidth (BW ) using the
following classical expression [6]:

Qext =
f0

M2
S1BW

(1)

where MS1 is the coupling matrix element corresponding to
the input coupling of the filter.

From equation (1), we can now deduce the following:
1) For lower f0 and constant BW a higher input coupling

is required. Therefore, lower frequencies are more
challenging for tunable filters.

2) For wider BW a lower Qext (higher input coupling)
is also required. Therefore wider BW are more
challenging for tunable filters.

As initially discussed in [33], we propose to use the
structure shown in Fig. 3, where the resonator post and
the input coupling post are attached to opposite walls.
This geometrical configuration allows for a stronger electric
coupling, thus providing the required coupling strength. The
input coupling post shares the samemechanism as the tunable
resonator: a dielectric rod is inserted inside the hollow post.
This arrangement does indeed provide a variable capacitive
coupling that depends on the penetration of the dielectric rod.

The dimensions of the structure in Fig. 3 have been chosen
to be consistent with the dimensions of the basic resonator,
namely, l0 = H = 50mm and W = 40mm, where the
height of the hollow resonator and the coupling structure are
h0 = 26.172mm and hi = 26.82mm, respectively. The input
coaxial feed is located at hc = 19.140mm. The value of hi is
optimized to obtain the input coupling value that is required at
the highest frequency, when the dielectric rod is fully inserted
in the metallic post (Fig. 3). The inner conductor of the
coaxial input is connected to the first metallic post at a height
hc = 19.140mm which is 7.68mm shorter than hi. This has
been done in order to ensure the propermechanical robustness
of the input structure. The outer diameter of the input/output
metallic post is set at d0 = 8mm. The inner diameter is
di = 6mm and the rod inserted inside has a diameter of
5.95mm. A gap s equal to 2.0 mm has been left between the
input post and the resonator post. The lowest coupling value
is obtained when the dielectric rod is totally confined inside
the metallic hollow post having height hid1 = 25mm.
A key point to be emphasized at this stage is that the

input coupling in our combline cavity loads significantly the
first resonator. This leads to a reduction in the height of the
resonator post (please note that h0 = 26.172mm in Fig. 3,
whereas h0 = 32.290mm in Fig. 1). This, in turn, allows
for an enhanced range in the frequency tuning of the input
resonator.

Fig. 4 shows the experiment carried out using the structure
in Fig. 3. From this result, we can now see that, using (1), the
Qext value required to maintain the RL = 25 dB at 1.842GHz
is around 18.5 while at 1.542GHz (for BW = 75MHz), the
Qext value required is 15.5. Fig. 4 confirms that our structure
can provide the required coupling values in the frequency

FIGURE 3. Input cavity configuration with the most significant
geometrical parameters.

FIGURE 4. Qext (left side scale) and Qu (right side scale) variation of the
proposed solution. The x-axis shows the length of the dielectric rod
exceeding the hollow post (hid1 − hi ).

range of interest. Moreover, the variation of Qext slightly
degrades the quality factor of the cavity (from 4280 to 3922),
as also shown in Fig. 4.
An additional interesting point is that our simulations

indicate that inserting the dielectric rod in the input coupling
post lowers the resonant frequency of the cavity (it has been
observed that it changes from 1.813GHz for hid1−hi = 0mm
to 1.746GHz for hid1 − hi = 24mm). This is indeed a clear
indication that confirms the capacitive nature of the input
coupling.

C. DESIGN CONSIDERATIONS OF INTER-RESONATOR
COUPLING
Generally speaking, a very common solution to implement
the inter resonator coupling in combline filters is to use
coupling windows (see for instance [34]). Metallic or
dielectric tuning elements (or screws) are then located inside
the coupling windows (2mm thick) to tune the coupling to the
desired value (see the red inset in Fig. 5). However, our study
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shows that using coupling windows and tuning elements is
not adequate for the application under investigation. The
reason is that the coupling value variations that can be
achieved are insufficient for our application.

The solution that we propose in this paper consists of using
a short hollow metallic post having an outer diameter of
d0 = 8mm, and an inner diameter of di = 6mm, with a
dielectric tuner (of diameter 5.95mm) inside, located on the
wall opposite to the resonator post, in the middle between
resonators (see the blue inset in Fig. 5). The rest of the
dimensional variables (for the cavity resonator and dielectric
tuner) are kept the same as the ones given in section II-A.
The results in Fig. 5 show the coupling range obtained by
full-wave simulation. The extraction of the coupling values
has been carried out with two resonators weakly coupled to
the input/output ports and strongly coupled to each other,
as described in [6]. Another advantage of this solution is
that the initial coupling value is then established with the
height of the hollow metallic post hc = 11mm. Another
feature of this solution is that without a coupling window, the
dielectric rod has more room to penetrate in the filter cavity,
thus implementing a stronger coupling between resonators,
as well as a wider range of coupling values. This is indeed
confirmed by a comparison of the results shown in Fig. 5.

D. COMPLETE FILTER GEOMETRY
The results that have been shown so far can effectively be
used to establish the initial dimension of our filter structure.

The filter transfer function we want to implement is a
fourth-order Chebyshev function. The desired specifications
are as follows:

• Center frequency must be tunable from f0,min =

1.542GHz up to f0,max = 1.842GHz.
• Bandwidth BW = 75MHz constant throughout the
whole range of frequencies.

• Return loss: RL > 25 dB.
andmust be achievedwhilemaintaining a constant bandwidth
and return loss performance. This means that the filter tuning
range, as defined in [35], [36], and [37], for instance, is:

f0,max − f0,min

fC
× 100 ≈ 18% (2)

where fC is given by:

f0,max + f0,min

2
= 1.692GHz (3)

and the relative bandwidth at fC is ≈ 4.4%. Which means
that the filter must be tuned over a frequency range that is
approximately equal to four times the bandwidth (that is ≈

400% in terms of BW).
It is now interesting to note that, if we use the tunability

range definition proposed in [5] and [22], we obtain directly:

f0,max − f0,min

BW
× 100 ≈ 400% (4)

It is important to note that our definition of tunability does
not intend to define the quality of a filter. The objective

FIGURE 5. Inter-resonator coupling using a metallic post without a
coupling window (upper side scale). The length of the hollow post
holding the tuner is hc = 11 mm. Length hcd is the height of the dielectric
tuner. Inter-resonator coupling using an iris with a dielectric tuning screw
(lower side scale). hcd is the height of the dielectric tuner. Blue line:
response of coupling using a dielectric post. Red line: response of
coupling using an iris.

of the definition is simply to measure the tuning range in
terms of the number of bandwidths. This second definition
is, therefore, the one we will use in the reminder of this paper
since we believe that it is more appropriate for tunable filters
with constant bandwidth.

The procedure we have followed to actually design the
filter is based on the group delay computation described
in [6]. A lumped element model is used to obtain the
reference values for the different stages. The dimensions
of the real structure are obtained through optimization in a
stage-by-stage procedure using CST Studio Suite (v.2022,
Dassault Systémes) [38] in low precision (and without
considering mechanization effects). The precision has been
controlled by adjusting the computational variables, namely,
the threshold of the convergence criteria, the number of
passes/checks and the number of cells per max model
box. Finally, with the space mapping technique described
in [39], the final dimensions of the real structure are
obtained using CST Studio Suite (v.2022, Dassault Sys-
témes) for the high precision full-wave electromagnetic
simulations.

Fig. 6 shows the 2D side view of the structure of the
proposed filter. The final prototype consists of a single
housing of dimensions W × H × l, with W = 40mm,
H = 50mm and l = 200mm, being W the width of
the waveguide housing (transversal dimension not shown in
Fig. 6). The resonators are located at l1 = 50mm and l2 =

50mm. The height values of the hollow metal supports for
the dielectric resonators and coupling structures are h1 =

h4 = 26.819mm, h2 = h3 = 30.651mm, hi = 26.952mm,
hc1 = hc3 = 19.681mm, hc2 = 13.351mm, respectively.
All four hollow metal supports for the resonators have the
same outer and inner diameter of Do = 16mm and Di =

12mm, respectively. The outer diameter of all hollow metal
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FIGURE 6. Side view of the filter structure. The filter is symmetric and the most relevant dimensions used in the design are shown.

supports for the coupling posts is d0 = 8mm, and the
inner diameter is di = 6mm. The gap s has been set to
2.0 mm to facilitate manufacturing. The coaxial connector
(of external and internal diameters equal to 4.06mm and
1.28mm, respectively, with dielectric constant 2.1) is placed
at a height of hc = 24.528mm for the input/output excitation.

It is important to point out at this stage that the starting
values for the resonators, input and output couplings and
inter-resonator couplings are simply obtained by optimizing
the height of hollow metallic support cylinders, while
keeping the dielectric rods inside the support structures.
The Alumina dielectric rods, with a dielectric constant of
9.9 and loss tangent of 0.0002, are then pushed out of
the hollow support posts in order to tune the filter at a
lower center frequency. For this purpose, the diameters of
the tuners used in the resonator and coupling structures are
11.8 mm and 5.95 mm, respectively. They are slightly smaller
than the inner diameters of the corresponding hollow metal
supports.

The two extreme cases for the tuning range have been
obtained with the penetrations of the Alumina tuners shown
in Table 1. The simulated filter performance for these two
cases is shown in Fig. 7. The inset in Fig. 7 shows a detailed
view of the insertion losses at the lower and upper end of the
tuning range. The structure has been simulated considering
the losses due to aluminum for all metal parts, and the losses
for the dielectric tuning rods (Alumina). The simulations have
been carried out with two different full-wave 3D simulators,
namely, HFSS (Ansoft) and CST Studio Suite, in order to
validate the accuracy of the results obtained. Moreover, the
quality factor has been estimated using the simulation results
including all losses.

As we can see, the proposed structure maintains the same
filter characteristics for a tuning range of 300MHz. The
insertion loss is better than 0.06 dB when the filter is tuned
at f0,min = 1542MHz, giving an estimated quality factor
approximately equal to 5982. When the response is tuned at
f0,max = 1842MHz, on the other hand, the insertion losses
are better than 0.05 dB with a quality factor approximately
equal to 7430.

FIGURE 7. Electrical response of the filter for two extreme cases of the
tuning range (the upper frequency case requires the lowest penetrations
of the tuners and the lower frequency case requires the deepest
penetrations). Solid lines: simulation with CST. Dashed lines: simulation
with HFSS (Insertion loss response in corresponding inset figure).

III. ZIRCONIA VS ALUMINA TUNERS
In the previous section, we have shown how the structure
that we propose can effectively be used to build combline
filters that can be tuned in center frequency using tuning
rods made of Alumina. In this section we explore the
use of an alternative dielectric, namely, Zirconium Dioxide
(Y2O3 − ZrO2), or simply Zirconia. This material has,
in fact, already been proposed for a number of microwave
applications.

In [40], for instance, the performance of Zirconia thick
films in high Q structures has been studied. Moreover, [41]
has carried out comparative studies of Yttrium-stabilized
Zirconia and Alumina coatings. Furthermore, the use of
Zirconia in wideband filter applications has also been
recently shown in [42]. The Zirconia we have use has the
dielectric constant ϵr = 28, and loss tangent tan δ = 0.001.

A. RESONATOR RESULTS
Having changed the dielectric material, we need also to
redesign the basic resonator. The dimensions of the center
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TABLE 1. Simulated dielectric tuners penetration (in mm).

FIGURE 8. Resonant frequency in terms of the penetration of the
dielectric rod exceeding the hollow post (hd − h0) according to Fig. 1.

resonator post are calculated following the same procedure
already discussed. The resulting cavity dimensions (shown
in Fig. 1) are l0 = 44.8mm, H = 48mm and W = 35mm.
The hollow resonator post is set to h0 = 27.5mm in order
to place the initial resonant frequency (the highest one of the
new design) at f0 = 2.175GHz.

One point that is now important is to make sure that the use
of a higher dielectric constant does not introduce radiation
loss. Radiation could, in fact, occur because the metallic
posts loaded with Zirconia are actually sections of circular
waveguide. If their cutoff is near the resonant frequency of
the cavity, they could effectively extract energy from the
filter. The diameter that we have used for the dielectric rod
is D = 9.91mm. The hollow post has an inner diameter
Di = 10mm. The resulting cutoff frequency is 3.39GHz,
which is well above the maximum operating frequency of our
filter. Another important consideration in this context is that
all the hollow posts are located along the center line of the
filter. As a consequence, due to symmetry, the excitation of
the modes inside the hollow posts is theoretically reduced to
zero. The above considerations confirm that the structure we
have chosen does not suffer from losses due to radiation.

One advantage introduced by the use of Zirconia is that
the tuning range is considerably extended with respect to
Alumina, as shown in Fig. 8. However, a significant effect
in the unloaded quality factor is observed, as shown in Fig. 9.

B. RESULTS FOR INTER RESONATOR COUPLING
In this new design, we have used a different approach to
fix the initial inter-resonator coupling. The correct coupling

FIGURE 9. Qu factor in terms of the penetration of the dielectric rod
exceeding the hollow post (hd − h0) according to Fig. 1.

value has, in fact, been obtained optimizing the distance
between the consecutive resonator posts (l1 and l2 variables
in Fig. 6), rather than the height of the hollow inter-resonator
post. However, a hollow metallic post of = 5mm in height
has been maintained to provide mechanical support for the
dielectric rods. An additional advantage of using Zirconia
is that it provides a much stronger (and relatively linear)
variation of the coupling coefficient, as compared to the one
in Fig. 5. To simplify the manufacturing, the outer and inner
diameters of the metallic posts are chosen to be D0 = 12mm
and Di = 10mm (the same as in the resonators). A distance
between two resonator posts of l1 = 44mm is, in this case,
required to obtain the initial coupling coefficient value equal
to 0.0185.

Furthermore, a dielectric rod of the diameterD = 9.91mm
is inserted inside the hollow post. It is important to note
that, for the sake of comparison, we have used for this study
the two types of dielectric rods (Zirconia and Alumina) with
the same dimensions. The results of this experiment clearly
show significantlywider coupling range valueswith Zirconia,
as shown in Fig. 10.

C. RESULTS FOR INPUT/OUTPUT COUPLING
We re-designed next the input coupling structure in Fig. 3.
The resulting dimensions are H = 48mm, l0 = 44mm
and W = 35mm. The height of the hollow resonator post
and the input coupling structure are h0 = 24.2mm and
hi = 22.35mm, respectively. The coaxial input probe has
been placed at the height hc = 21mm. The hollow post now
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FIGURE 10. Coupling coefficient variation for two possible cases:
experiment with Alumina (solid line) and the proposed solution using
Zirconia (dashed line). Distance l1 in the inset has been moved to obtain
the initial coupling value at the left of the graph. Both coupling
coefficients are plotted versus the penetration of the dielectric tuner
exceeding the hollow post (hcd − hc ).

has outer and inner diameters equal to do = 12mm and
di = 10mm, respectively. The dielectric rods of Alumina
and Zirconia are inserted to explore the variation in the input
coupling value. A gap s equal to 2 mm has been left between
the coupling post and the resonator post.

In order to start the experiment, the dielectric rod is totally
confined inside the metallic hollow post having height equal
to hid1 = 22mm. The simulations we have performed
indicates that the structure provides a Qext = 32.8. This is
indeed the value required to design the initial case (highest
center frequency of 2.175GHz and lower bandwidth of
50MHz). As expected, Zirconia can achieve a significantly
wider range of Qext with respect to the hid1, as shown in
Fig. 11.

IV. TUNABLE FILTER IN FREQUENCY AND BANDWIDTH
Using the information obtained with respect to the behavior
of Zirconia, we have next re-designed the filter structure
using the same procedure already described for the Alumina
case in Fig. 6. The novel prototype consists of a single
housing (see Fig. 6) of dimensions W × H × l with
W = 35mm, H = 48mm and l = 177.8mm.
As previously discussed in section III-B, in this case we

have optimized the length between consecutive resonators
to obtain the initial values for the inter resonator couplings.
This leads to the initial values l1 = 41.82mm and l2 =

46.12mm. The height of the hollow resonator posts are set
to h1 = h4 = 24.45mm and h2 = h3 = 26.82mm. All
inter-resonator coupling hollow posts have equal height of
hc1 = hc2 = hc3 = 5mm that also act as the support
structures for the dielectric tuners. In order to simplify the
structure, all the hollow metallic posts used for either inter
resonator couplings and input/output couplings are set to the
same outer diameter of do = Do = 12mm. All inner

FIGURE 11. Qext variation for two possible cases: experiment with
Alumina (solid line) and the proposed solution inserting Zirconia (dashed
line). Both curves are plotted versus the penetration of the dielectric rod
exceeding the hollow post (hid1 − hi ).

diameters are set to di = Di = 10mm, which allows the
same size dielectric rod (D = 9.91mm) to be utilized for all
the tuning elements.

The input coupling post having the height of hi =

22.37mm has been excited with a coaxial probe at the
height of hc = 21mm. The gap s has been set to 2mm to
simplify manufacturing. The coaxial connector for the input
and output excitation is the same used in section II.

In order to provide an accurate prediction of the filter
performance, the structure has been simulated taking into
account the metal losses in the aluminum for the hollow
posts and the housing. Dielectric losses are also taken into
account in all rods used for the resonators and for the
coupling structures. It is important to note that the filter
structures discussed in this paper are reconfigurable also in
bandwidth in addition to center frequency. For this last filter,
for instance, the lower and upper limits of the bandwidth are
BW = 50MHz and BW = 100MHz, respectively. This
means that the filter can be tuned to achieve any bandwidth
value between 50MHz to 100MHz throughout the complete
center frequency tuning range while maintain an equiripple
return loss RL > 25 dB in all cases. The specifications for
the initial design of this fully reconfigurable filter are as
follows:

Case 1:
• Center frequency must be tunable from f0,min =

1.475GHz up to f0,max = 2.175GHz.
• Bandwidth BW = 50MHz constant throughout the
whole range of frequencies.

• Return losses: RL > 25 dB.
and must be achieved while maintaining a constant 50MHz
bandwidth and return loss performance. This means that the
filter tuning range (as defined in [5] and [22]) is

f0,max − f0,min

BW
× 100 = 1400% (5)
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FIGURE 12. 3-D model of the combline filter with tunable frequency and
bandwidth.

FIGURE 13. Simulation response of the filter for two extreme cases of the
tuning range (the upper frequency case requires the lowest penetrations
of the tuners, and the lower frequency case requires the deeper
penetrations) while keeping the initial 50 MHz bandwidth. Blue line:
Simulated S11 at 2175 MHz. Red line: Simulated S21 at 2175 MHz.
Midnight Blue line: Simulated S11 at 1475 MHz. Magenta line: Simulated
S21 at 1475 MHz (Insertion loss in corresponding inset figure).

Case 2:
• Center frequency must be tunable from f0,min =

1.60GHz up to f0,max = 1.92GHz.
• Bandwidth BW = 100MHz constant throughout the
whole range of frequencies.

• Return losses: RL > 25 dB.

This means that the filter tuning range (as defined in [5]
and [22]) is

f0,max − f0,min

BW
× 100 = 320% (6)

Fig. 12 shows the final structure of the filter. As we can
see, for case 2 (BW = 100MHz) the frequency tuning range
is smaller than for case 1 (BW = 50MHz). This is due to
the loading effect of the dielectric tuners, which need to be
pushed out of the hollow posts in the coupling elements to
obtain a wider bandwidth (BW = 100MHz), thus reducing
the maximum frequency value that can be achieved. The
penetration of the Zirconia tuners is summarized in Table 2
for the lower and higher cases of the lowest (50MHz) and
highest (100MHz) filter bandwidths.

FIGURE 14. Simulation response of the filter for two extreme cases of the
tuning range (the upper frequency case requires the lowest penetrations
of the tuners, and the lower frequency case requires the deeper
penetrations) while keeping the 100 MHz bandwidth. Blue line: Simulated
S11 at 1920 MHz. Red line: Simulated S21 at 1920 MHz. Midnight Blue
line: Simulated S11 at 1600 MHz. Magenta line: Simulated S21 at
1600 MHz (Insertion loss response in corresponding inset figure).

Fig. 13 shows the simulated performance obtained by
changing the filter center frequency while maintaining a
constant bandwidth of 50MHz. Fig. 14, on the other hand,
shows the simulated performance obtained maintaining a
constant bandwidth of 100MHz. It is worth noting at this
stage that our simulations predicted the in-band insertion
loss of 0.3 dB for 50MHz and 0.25 dB for 100MHz.
These theoretical values are in good agreement with the
experimental results of the manufactured prototype shown
next.

V. EXPERIMENTAL RESULTS AND DISCUSSION
The manufacturing drawings of the filter prototype have
been obtained using SolidWorks (from Dassault Systémes
SolidWorks Corp.). The structure is composed of one body
and two covers. Fig. 15 shows the 3D model of the filter.

As shown in Fig. 15, an additional 10mm length of hollow
metallic post is added to the external surface of both top and
bottom covers. This has been done to provide mechanical
support to the dielectric rods. Furthermore, a Teflon screw has
been added in the orthogonal direction, to hold the dielectric
rods in the desired tuning position. It is important to note
at this point that, due to the use of milling, all concave
corners of the filter body now have a curvature radius equal
to 2mm. The filter is made in Aluminum without silver
plating.

Fig. 16 shows the internal topology of the filter before
assembly. Furthermore, Fig. 17 shows the prototype of the
filter assembles using dielectric tuners made of Zirconia. The
filter has been tested using a vector network analyzer (VNA),
after being properly calibrated following a standard TRL
procedure. The filter is initially tuned at the higher center
frequency of 2175MHz with the lowest BW = 50MHz.
Then, as it has already been discussed, the bandwidth of the
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TABLE 2. Simulated Zirconia tuners penetration (in mm).

FIGURE 15. Final structural model (developed with SolidWorks) of the
filter prototype.

FIGURE 16. Filter structure before assembly.

bandpass response can be tuned to any value between 50MHz
and 100MHz, in the corresponding frequency ranges. As a
proof of concept, the two extreme cases (i.e. BW = 50MHz
and BW = 100MHz) have been demonstrated. In the
first case, the filter center frequency can be tuned while
keeping a constant bandwidth equal to 50MHz, as shown
in Fig. 18. The achieved frequency tuning range is 1494%,
namely, from 1433MHz to 2180MHz. The response of
the filter has an insertion loss level better than 0.35 dB
throughout the complete tuning range, as shown in the inset of
Fig. 18.

FIGURE 17. Final assembled filter prototype on the test bench.

FIGURE 18. Measured response of the filter for two extreme cases of the
tuning range while keeping the initial 50 MHz bandwidth. Blue line:
Measured S11 at 2180 MHz. Red line: Measured S21 at 2180 MHz.
Midnight Blue line: Measured S11 at 1433 MHz. Magenta line: Measured
S21 at 1433 MHz (Insertion loss response in corresponding inset
figure).

The next measurement has been performed expanding the
bandwidth up to 100MHz (double of the initial bandwidth).
In this case, the filter can achieve a tuning range of 320%,
starting from 1600MHz down to 1920MHz. As shown in
Fig. 19, the measured results show a return loss level always
better than 25 dB, and insertion loss values below 0.22 dB
through the whole tuning range.
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FIGURE 19. Measured response of the filter for two extreme cases of the
tuning range while keeping the initial 100 MHz bandwidth. Blue line:
Measured S11 at 1920 MHz. Red line: Measured S21 at 1920 MHz.
Midnight Blue line: Measured S11 at 1600 MHz. Magenta line: Measured
S21 at 1600 MHz (Insertion loss response in corresponding inset figure).

One important aspect to evaluate the performance of our
filter structure is the achieved quality factor. To this end,
the Q factor has been evaluated and compared using the
insertion loss of the measured and simulated responses [43].
The results obtained are shown in Table. 3. The frequency
range used is 1475 − 2175MHz. The extracted Q factor
from measurement appears to be in agreement with the
simulated estimations. It is important to note at this point
that the prototype has been manufactured using aluminum.
The Q factor of the filter can be further improved using silver
plating, as can be seen in [44].

VI. OUT-OF-BAND PERFORMANCE
One of the key characteristics of any microwave filter
is the out-of-band performance. However, the specific
requirements that a filter must satisfy are normally dictated
by the intended application. In this context, therefore, since
the main objective of this paper is to discuss the proof-
of-concept for a filter structure that can be reconfigured
both in terms of center frequency and bandwidth, we are
not aiming at satisfying a specific set of requirements.
Nevertheless, since the out-of-band performance is indeed
an important aspect, we discuss in this section a number of
examples of how the spurious performance of our filter can
be easily controlled with the help of simple, standard lowpass
filters (LPFs).

Generally speaking, the out of band performance of a filter
is limited by the appearance of spurious responses that can
be due to the harmonics of the resonators, or to the excitation
of higher order modes. For the reconfigurable filter discussed
in this paper, the out-of-band response is intrinsically linked
to the filter bandwidth. In fact, increasing the bandwidth,
will inevitably reduce the spurious free range above the filter
passband.

FIGURE 20. Simulated response of the integrated structure with LPF for
two extreme cases of the tuning range while keeping the initial 50 MHz
bandwidth. Red line: Simulated response at 2175 MHz. Blue dashed line:
Simulated response at 1475 MHz. (Lowpass filter + Bandpass filter
integrated structure in corresponding inset figure).

As a first illustrative example, we have designed a simple
six-pole stepped-impedance coaxial lowpass filter, with a
cutoff frequency of 2.3GHz [45]. Fig. 20 shows the structure
of the LPF integrated with the reconfigurable filter, and the
simulated response for the case in which the bandwidth is set
to the minimum value of 50MHz. As we can see, adding a
simple LPF of sixth order, we have obtained more than 60 dB
of rejection up to 4GHz.

As a second example, we have set the bandpass of our
reconfigurable filter to 100MHz, and we have designed an
eight-pole coaxial LPF with a cutoff frequency of 2.02GHz.
Fig. 21 shows the structure and the simulated response.
As expected, the LPF does improve the out-of-band response.

As a final example, we have demonstrated the combined
case of an integrated lowpass filter with all the frequency
and bandwidth scenarios. In this example, we have varied
the bandwidths from 50 to 100MHz. In this case, we have
used an eight-pole LPF with a cutoff frequency set at
2.23GHz. As we can see from Fig. 22, also in this case,
a simple LPF can be used to improve the out-of-band
response. In this case, however, the minimum frequency
to which the filter can be tuned is limited to 1750MHz,
instead of 1600MHz for 100MHz bandwidth, as shown in
Fig. 22.
The dimensions of the LPFs used in these three illustrations

are given in Table 4. In all the lowpass filters discussed, the
internal air spaces are filled with Teflon (relative permittivity
value of 2.2). The input and output connector dimensions are
identical to the ones of the filter described in subsection II-D.

VII. MULTIPACTION ANALYSIS
The power handling capability of microwave filters is a key
issue for many applications and, as it is well-known, it must
be evaluated in detail for each specific new structure that
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TABLE 3. Q-values extracted from measurements and simulations.

TABLE 4. Lowpass filter dimentions (in mm).

FIGURE 21. Simulated response of the integrated structure with LPF for
two extreme cases of the tuning range while keeping the initial 100 MHz
bandwidth. Midnight Blue line: Simulated response at 1920 MHz.
Magenta dashed line: Simulated response at 1600 MHz. (Lowpass filter +
Bandpass filter integrated structure in corresponding inset figure).

is being developed. We, therefore, discuss in this section
the results of a multipactor breakdown analysis for our
reconfigurable filter [46]. It is important to note, however,
that multipaction discharge can only happen in vacuum. As a
consequence, we do not anticipate any power restrictions for
ground applications.

To continue, it is important to note that, early in the design
process of any filter, it is critical to evaluate and assess the
power-handling phenomena of the structure being designed.
In this context, the following are some key considerations
relevant to multipaction:

• Coupling windows are very often critical for multipactor
breakdown. As a consequence, structures without cou-
pling windows can improve the power performance.

• The critical areas of the filter structure, namely,
where the maximum electric field is located, must be
identified so that a minimum gap can be used to avoid
breakdown [47].

FIGURE 22. Simulated response of the integrated structure with LPF for
extreme cases of the tuning range. Red line: Simulated response at
2175 MHz. Blue line: Simulated response at 1475 MHz. Midnight Blue
dashed line: Simulated response at 1920 MHz. Magenta dotted line:
Simulated response at 1750 MHz. (Lowpass filter + Bandpass filter
integrated structure in corresponding inset figure).

• Furthermore, since our filter structure uses both alu-
minum and dielectrics, the secondary emission yield
(SEY) profile of the dielectric material is assumed to be
the same as that of aluminum [48].

• Themultipaction analysis requires the precise evaluation
of the electromagnetic fields in the critical areas. The
critical areas must therefore be identified, and a dense
local meshing must be used to ensure the accuracy of
the simulations using CST Studio Suite.

To continue, the parameters we used for the multipactor
analysis, as required by the ECSS-E-HB-20-01A– Multi-
pactor handbook [49], are as follows:

A. ALUMINUM
• SEYmax : 2.92.
• SEY0: 0.8.
• E1(eV), Impact energy: 17 eV.
• Emax(eV), Impact energy @ SEYmax : 276 eV.
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TABLE 5. Simulated multipaction threshold comparison (in Watt).

B. POWER LOOP
• Precision: 0.1 dB.
• Initial Power: 500W.
• Maximum Power: 1e+ 06W.
• The initial number of electrons: 2000.

The power threshold has been estimated using SPARK3D
v2022 (Aurora Software and Testing S.L.U., CST/3DS). The
frequencies at which the multipaction threshold have been
evaluated are three, namely, the center frequency and the ones
at the edges of the bandwidth. The maximum peak power that
we obtained for different cases in the tuning range is shown
in Table 5. As we can see in Table 5, the filter structure is
able to support a continuous wave of around 3656.12W at the
highest center frequency, as shown in row 1 of Table 5 for a
50MHz bandwidth. However, as expected, there is significant
degradation of power handling in the lower tuning frequency
of 1475MHz. When the filter is tuned to a bandwidth of
100MHz, a similar pattern can be observed, as shown in the
second section of Table 5.

It is therefore evident that there is a relation between
the maximum power and the minimum tuning frequency.
As an illustrative example, for instance, if we assume that
the maximum required power is 100W CW, the filter can be
tuned from 2175MHz to 1720MHz (for 50MHz bandwidth)
and from 1920MHz to 1645MHz (for 100MHz bandwidth).

Finally, it is important to note that, if higher power and
a wider tuning range are required, enclosure of the filter
structure in a pressurized environment would allow to use the
full tuning range that the structure can offer.

VIII. REMOTE FILTER OPERATION
One important feature of the family of filters described in
this paper, is that the use of dielectric tuners opens the possi-
bility of developing remotely operated reconfigurable filters
based on the use of low-cost, computer-controlled linear
actuators.

In particular, this feature can be appreciated noting that,
using the data in Table 2 for the central dielectric coupling
rod movements, we obtain 13µm/MHz for the 50MHz

bandwidth, and 57µm/MHz for the 100MHz bandwidth
case.

These values are indeed perfectly compatible with com-
mercial computer-controlled, low-cost linear actuators. Fur-
thermore, it is important to note that, even though each
tuner needs to be operated independently, developing the
appropriate software, the complete filter performance can be
controlled with a single command.

IX. CONCLUSION
In this paper, we have explored novel configurations to
develop fully reconfigurable combline filters. The solution
that we propose is based on the use of dielectric tuners.
All resonators and all couplings can be tuned independently.
The main advantage of using dielectrics is that it greatly
reduces the sensitivity of the filter performance with respect
to the position of the tuners. As a result, the use of
a low-cost computer-controlled linear actuator becomes
now an attractive possibility for the implementation of
remotely reconfigurable combline filters. The out-of-band
performance of our filter is also discussed, showing how
a simple low-pass filter can be used to satisfy specific
requirements. Furthermore, the multipaction power threshold
of the structure has been studied, clearly showing that there
is a trade-off between the maximum power and the minimum
tuning frequency in vacuum. In conclusion, with the results
presented in this paper, we have firmly established the proof
of concept of a novel family of combline filters that is
reconfigurable over a wide range of both bandwidth and
center frequency. It is our opinion that the structure that
we propose, may prove to be a significant contribution to
the development of future reconfigurable payloads for both
ground and space applications.
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