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and Michael Höft, Senior Member, IEEE

Abstract—A new class of compact, high-Q, tunable coaxial
filters is presented in this paper based on a novel inset resonator
concept. The tuning concept is based on the displacement of
movable resonators inside a properly modified metallic housing
which features wide tuning capabilities and stable high Q-
factor performance with minimum variation throughout the
tuning window. Various prototypes are designed and implemented
to demonstrate and validate the proposed concept. A single
tunable inset resonator is first designed and measured showing
distinctive results of a 43% tuning range, stable high-Q of
4100±4%, spurious-free band up to 3.8·f0, and volume-saving up
to 50% when compared to the conventional combline and half-
wavelength structures. The design procedure for constant abso-
lute bandwidth (CABW) tunable filters is then presented, and
two different tunable inset filters are designed and implemented.
Firstly, a manually tunable four-pole filter is demonstrated with
the merits of a wide 39.3% tuning range, while maintaining
a constant bandwidth of 116 MHz±6%, and a stable high-Q
of 1820±6%. Next, an automatically tunable 3rd-order inset
filter is designed and measured using high-accuracy piezomotors.
Similarly, the measured results exhibit a wide 1.3 GHz tuning
range from 2.65 GHz - 3.95 GHz with a stable insertion loss that
is less than 0.35 dB, a return loss that is better than 15 dB, and a
good spurious performance up to 2.8·f0. To our own knowledge,
the proposed tuning technique and tunable components represent
state-of-the-art tuning range and stable high-Q with minimal
variation when compared with similar loaded-waveguide designs.

Index Terms—Constant bandwidth, inset filter, miniaturiza-
tion, passive components, tunable filters, waveguide technology.

I. INTRODUCTION

PROPELLED by the exponential development in the
telecommunication industry and the escalating demand

for more efficient and adaptable multi-channel multi-standard
systems, tunable microwave filters are constantly gaining
ground as they are playing a pivotal role in frequency-
agile RF front-ends and payloads. The tunable filter market
is expected to have an annual growth of more than 10%,
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Fig. 1. Perspective view of the inset resonator configuration. Tunable responses
are obtained through the displacement of the movable resonator inside
modified parts of the cavity (caps). The resonant frequency is the lowest
when the resonator in centred (D=0) and increases gradually when |D| > 0.

crossing USD 148 million by 2025 [1], driven mainly by
major industrial sectors including RADAR systems, test and
measurement instruments, and software-defined radios. These
evolving applications have stringent requirements for high-
performance tunable filters with regard to volume and mass,
high unloaded quality factor (Qu), and wide tuning capabilities
with efficient tuning mechanisms. Looking in the available
literature, tunable filters have been realized in planar and 3-
dimensional structures using a variety of different electrical,
magnetic, and mechanical tuning means [2]. While the ma-
jority of research is based on simple, compact, and low-cost
planar tunable microstrip filters which utilize fast electrical
tuning elements (e.g., varactor diodes) [3], their high losses
and poor power performance hinder their employment in
high-performance applications. On the other hand, the use of
waveguide filters, despite their high Q-factor and ability to
handle high power levels, usually have bulky structures, as
well as slow and narrow tuning capabilities (<5% tuning)
[4], making hollow waveguide tunable filters an unfavor-
able solution; especially at lower frequency bands less than
10 GHz. Considering the drawbacks of the aforementioned
technologies, loaded-waveguide structures have attracted more
attention in tunable filters applications due to being much
more compact when compared with hollow waveguide de-
signs, while still providing comparably high quality factors.
Accordingly, various loaded-waveguide tunable filter designs
were presented based on dielectric resonators, conventional
metallic half-wavelength, and combline configurations using
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Fig. 2. Fields distribution inside the inset resonator at the extreme ends of the
tuning range. (a). H-field, (b) E-field at the lowest tuning state. (c). H-field,
(d) E-field at the highest tuning state.

different mechanical tuning means [5]- [20]. A 2.5 GHz
tunable λ/2 coaxial filter was presented in [5] with a 20%
tuning range by using a common element which rotates all
of the resonators simultaneously inside an elliptical cavity,
providing a means of tuning the operation frequency. How-
ever, this mechanism of tuning has limited tuning capabilities
since it functions only within a specific range of the cavity
(0◦ - 90◦). Furthermore, the filter experiences a noticeable
deterioration in the Q-factor (≈20%) when the resonators
are rotated closer to the cavity, which ultimately increases
the losses. The large size, and degraded spurious responses
are further drawbacks of this half-wavelength configuration.
According to the authors’ knowledge, this is the only tunable
filter available in the literature based on the conventional λ/2
resonators. On the other hand, several combline-based tunable
filters were presented using different tuning elements and
means [6]- [13], [18]- [20]. A straightforward approach is by
using mechanically, vertically movable tuning screws, disks,
or sidewalls in the vicinity between the combline resonators
and the top part of the metallic cavity [6]- [10]. For example,
[7] introduced an 18% reconfigurable S-band combline filter
using dielectric tuning posts controlled by a common tuning
plate. Also in [9], a 2.6 GHz λ/4 tunable coaxial combline
filter was implemented using metallic tuning discs controlled
by individual piezomotors with a very small tuning range
(≈70 MHz). A third example employing a piezoelectrically-
actuated flexible sidewall was presented in [10]. A four-pole

C-band tunable dielectric combline filter is implemented with
4% tunability and unloaded Q-factor of less than 550. In this
regard, it is clear that this category of vertically movable tuning
elements suffers from severe deterioration in the Qu as the
tuning elements approach closer to the combline resonators,
with additionally risking the possibility of generating un-
wanted spurious resonances. Excellent electrical contact must
be guaranteed between the top part of the cavity and the
tuning elements (i.e. using nuts), otherwise, the Q-factor will
be impacted negatively and the tuning range will decrease.
Besides, the volume of such filters is relatively large since the
height of the cavity must be increased to provide room for the
tuning screws/disks inside of the housing. Another group of
tunable coaxial combline filters is employing horizontally slid-
ing and/or rotational metallic or dielectric elements mounted
on a common tuning post [11]- [13]. For instance, an L-band
tunable λ/4 combline filter was introduced in [12] with an
11% tuning range using rotational elliptical metallic loadings.
In comparison with the aforementioned group of vertically
movable tuning elements, this configuration features an easier
tuning process. However, the frequency tuning windows of
these means are very narrow since less EM field can be
perturbed. Hence, larger elements must be used to increase
the tuning capabilities. Unfortunately, this increases the size
and weight of the filter and also unwanted spurious resonances
might appear. Recently, we presented tuning concepts based
on TM-mode dielectric resonators featuring compact structures
and wide tuning capabilities >90% [14]- [17]. Unfortunately,
they also experience noticeable deterioration in the Qu with
the tuning process. Besides the above mechanical-based tuning
technique which is the most favorable, couple of loaded-
waveguide filters were introduced using electrical and mag-
netic tuning elements to attribute fast tuning speed [18]- [20].
For example, the authors in [18] presented reconfigurable 2nd-
order dielectric filters using tuning circuits loaded with MEMS
and GaAs varactors. The filters show tuning windows up to
3.5% with an unloaded quality factor ranging from 170 to
1220. Similarly in [19], 30% varactor-tuned combline filters
were implemented with a quality factor of 173 to 418. Also,
a two-pole L-band ferrite-loaded tunable combline filter was
introduced in [20] with 41% tunability and a Qu varies from
1223 to 2425. It can be shortly said that both electrical and
magnetic tuning means still need more development to be
employed effectively in tunable waveguide filters and compete
with the mechanical-based tuning techniques. Many major
challenges must be addressed further including the losses,
power handling capabilities, and integration complexity.

Given all these aforementioned limitations and challenges
of the various state-of-the-art designs, the introduction of more
efficient tuning mechanisms and tunable filter structures is
thoroughly required. This work presents new tunable filter
designs based on our novel so-called inset resonator config-
uration which was briefly introduced in [21] for both fixed
and tunable filter applications. Compared to the conventional
half-wavelength and combline structures, the proposed inset
topology advantageously features more compact structures,
enhanced spurious performance, and comparably similar Q-
factors. Additionally, tunable inset filters and components can
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be designed effectively with wide, extended frequency tuning
capabilities while maintaining a stable Qu that have only
minimal deterioration over the specified tuning range.

In the following sections, the tunable inset resonator con-
figuration is first introduced and detailed. Then, the design
procedure of tunable filters with constant absolute bandwidth
(CABW) is discussed, and tunable inset filters are designed
and implemented using different realization setups. Measure-
ments are discussed and a detailed comparison with similar
state-of-the-art tunable filters is provided with a discussion
and followed by a conclusion.

II. TUNABLE INSET RESONATOR CONFIGURATION AND
OPERATING PRINCIPLE

A. Structure and Setup

The inset resonator setup is depicted in Fig. 1. It comprises
a metallic or dielectric resonator inserted partially inside a
metallic housing with modified sidewalls (caps). The resonator
is positioned within the cavity using a support made of a low-
loss material (e.g. Teflon, Rexolite) and has neither electrical
nor mechanical contact with the metallic housing. As shown in
[21], the inset resonator configuration has highly desirable ad-
vantages in comparison with the conventional half-wavelength
and combline structures, including more compactness, better
spurious performance, and comparably high Q-factor with the
best Qu/volume ratio. As can be seen in Fig. 2, the inset
resonator initially operates using the fundamental TM mode
with a half-wave field distribution similar to the conventional
λ/2 structures. Here, due to the capacitive load at both cap-
ends, the length of the resonator can be shortened substantially
(>50%). The dominant magnetic field is mainly resonating in
the middle, while the electric field is maximum at the ends
of the resonator and minimum in the middle. Accordingly, the
current density is minimum at the ends of the resonator and
a relatively low current density is present along the housing
sidewalls. This advantageously results in a higher Q-factor for
the overall resonator assembly. Furthermore, the sidewall caps
are designed to contain the lowest field intensities, therefore,
the high Q-factor can be maintained even when there is a close
proximity between the resonator and sidewall caps [21]. It is
also worth mentioning that in addition to the configuration
in Fig. 1, other shapes of resonators and sidewall caps can
be used (e.g. conical), and alternative arrangements can be
realized following the same concept of the design but have
different performance characteristics [22].

B. Operation Principle

By looking back at the available literature, it can be
concluded that there are three major challenges that tunable
filter designers are concerned with:
• how to design compact tunable structures that are able to
provide wide tuning ranges,
• how to have a tunable structure without the need for
auxiliary tuning elements (e.g. screws, disks),
and
• how to maintain a high, yet stable quality factor with
minimum variation over a wide window of frequencies.

Fig. 3. Tunable inset resonator and its simplified equivalent circuit.

Through the proposal of the tunable inset resonator structure,
we aim to provide a tuning mechanism that covers these
stringent requirements efficiently. Fig. 3 shows a tunable
inset resonator and its simplified equivalent circuit. The
tuning principle is based on the displacement of the resonator
to change the resonant frequency while maintaining high
Q-factor without the need for additional tuning means. When
the resonator is centered: this is the reference (fixed) case
where the resonant frequency is the lowest. Here, the resonant
frequency (fr) can be calculated based on the corresponding
inductance (Lph) and total equivalent capacitance (CT) using:

fr ≈ 1

2 · π ·
√

Lph · CT

(1)

Where CT comprises three main components: the capacitance
between the movable inset resonator and (a) the housing (Cph),
(b) the top sidewall cap (Ctc), and (c) the bottom sidewall cap
(Cbc):

CT ≈ Cph + (Ctc ∥ Cbc) (2)

Then, the tunable resonant frequency of the inset resonator
can be re-expressed as:

fr ≈ 1

2 · π ·
√
Lph · (Cph + ( Ctc·Cbc

Ctc+Cbc
))

(3)

Moving the resonator up or down will displace it away
from one sidewall cap and closer to the other sidewall end.
When the resonator moves downwards, Ctc will decrease and
the resonant frequency will move upwards with reference to
the top sidewall and also, simultaneously shift down with
reference to the bottom side (Cbc tends to increase). In general,
this is correct, but due to the fact that the contained EM
fields in the sidewall caps are minimal, the up-shift in the
frequency caused by the displacement away from the top
sidewall (Ctc decrease) is larger than the frequency down-shift
caused by the displacement towards the opposite side inside
the bottom cap (the increase due Cbc is comparably small
and negligible). Therefore, the net result is that the resonant
frequency is always shifted upwards to higher frequencies
when compared to its center (fixed) state. As previously
mentioned, the sidewall caps are designed to have the lowest
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Fig. 4. Operating frequency and unloaded Q-factor in relation to the resonator
displacement over the range of D=0 mm - 5.2 mm.

field densities. When considering the rapid decay of the EM
fields, this allows designers to increase the inset-cap heights,
providing further room for the movement of the resonators
(hence, more tuning can be obtained) without causing any
change in the reference (lowest) resonant frequency (Ctc and
Cbc are fixed). Besides, since there are a small amount of
fields in the caps’ areas, this also means that the Q-factor
will not be much affected by the tuning process, unlike what
happens in most of the conventional tuning concepts. With
reference to Fig. 2, the EM fields resonate as half-wavelength
waves at the lower tuning states where the resonator is inserted
partially at both sidewall caps. Then, the distribution of fields
becomes more similar to the combline configuration at the
higher tuning states where the resonator is more displaced
from the first top sidewall and inserted only in the second
bottom sidewall cap. Here, the electric field propagates mainly
in the vicinity between the first sidewall and the resonator. In
these quasi-combline cases, the Q-factor should remain stable
as the resonator is not close to the top side of the housing.
Another key advantage of the proposed configuration is that
there is no requirement for electrical contact to the metallic
cavity, contrary to the combline-based tuning concepts where
excellent electrical contact is required, otherwise, both the
tuning capabilities and the Q-factor will severely deteriorate.

To validate the above claims of the inset-type tuning con-
cept, a single inset resonator example is investigated using
the Eigen-mode solver in CST Microwave Studio and then
manufactured and measured. Copper metal is considered in
simulation for the metallic housing and resonator (electrical
conductivity σ = 5.8 × 107 S/m). The corresponding dimen-
sions in (mm) are: cavity height = 15, cavity width = 30, cavity
length = 30, resonator height = 20, resonator outer diame-
ter = 10, resonator inner diameter = 3, caps height = 8, caps
diameter = 11. Fig. 4 demonstrates the simulated frequency
and unloaded Q-factor in relation to the resonator displace-
ment. As shown, the frequency is reconfigured from 2.3 GHz
(D=0) to 3.6 GHz (D=5.2 mm), providing a wide tunability
of 44%. Additionally, the configuration has maintained a high
Qu of 4400±6.5% with minimum variation throughout the
tuning window. To confirm the concept and simulation results,
a prototype is manufactured and tested as depicted in Fig. 5

(a) (b)

Fig. 5. The fabricated tunable inset resonator prototype. (a) Disassembled and
(b) assembled.

to Fig. 7, respectively. Each of the parts was milled out of
brass metal and then silver-plated to offer high Q-factor as
shown in Fig. 5. The reference state (lowest tuning state) with
a wideband response was measured, as shown in Fig. 6(a). The
resonator operates at 2.32 GHz with an extracted Q-factor of
≈3900 and a spurious-free band up to 3.8·f 0. The implemented
resonator has a compact structure featuring a volume-saving
up to 25% compared to the combline structure and 50%
to the half-wavelength resonator. Fig. 6(b) demonstrates the
measured tuning performance of the fabricated prototype,
showing a wide frequency tuning range of 43% from 2.32 GHz
to 3.59 GHz, and a stable Qu of 4100±4% across the whole
tuning window as shown in Fig. 7. These excellent results
confidently validate the proposed tuning mechanism of the
inset-type resonators in designing high-performance tunable
filters and components. In the following section, the design
procedure of constant bandwidth frequency tunable filters is
explained, and different tunable inset filters are designed.

III. TUNABLE INSET FILTERS

A. Design Procedure of Tunable Filters with Constant Abso-
lute Bandwidth

In frequency tunable filters, it is essential to maintain
a constant operation bandwidth at all different frequencies
within the tuning window. However, this is not easy in practice,
especially when designing tunable filters with relatively wide
tuning ranges (i.e. tunability >20%). To maintain a constant
bandwidth response, the variation of physical inter-resonator
couplings (Ki,j) and input-output couplings (Qe) should be
adjusted and balance the change in the centre frequency (f 0)
as can be concluded from:

Ki,j =
ABW ·M i,j

f0
(4)

Qe =
f0

ABW ·M2
S1

(5)

where ABW is the absolute bandwidth, MS1 and Mi,j are the
normalized coupling values, which are fixed at all frequency
tuning states. Accordingly, similar to [23], the design proce-
dure of constant bandwidth tunable filters can be formulated
in three main steps as follows:
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(a)

(b)

Fig. 6. Measured results of the tunable inset resonator. (a) The wideband
response and (b) the tuned response over D=0 mm - 5.0 mm.

Fig. 7. Relationship between the measured Qu of the tunable inset resonator
and the tuning window of operating frequencies.

a) Extract the corresponding coupling matrix using the
standard synthesis method [24] based on the desired ABW and
other specifications.

b) From (4), and taking into account that ABW and Mi,j

are fixed and known from (a), the following relation must
be satisfied for the required physical inter-resonator couplings
(Ki,j) at every given frequency (fn) in the tuning range:

Fig. 8. 3D view of the proposed four-pole tunable inset BPF. The direction
of resonators’ displacement D is downwards. All dimensions are in mm unit.

Fig. 9. Inter-resonator couplings and bandwidth variation in relation to the
frequency tuning, realized through the proposed iris structures shown in Fig. 8.

Ki,j · fn = constant = ABW ·M i,j (6)

where the required Ki,j is realized through the iris sections
between the adjacent resonators and can be calculated as
described in [24] using:

Ki,j =
f2
2 − f2

1

f2
2 + f2

1

(7)

c) For the required input-output couplings of the CABW
tunable filter: the external quality factor (Qe) can be expressed
in terms of the peak reflection group delay (T d(n)) as:

Qe =
fn

ABW ·M2
S1

=
π · fn · Td(n)

2
(8)

We can then extract that:

Td(n) = constant =
2

π ·ABW ·M2
S1

(9)

where ABW and MS1 are fixed for all tuning states and
known from step (a). Accordingly, the reflection group delay
should be adjusted through the input feeding structure (can
be extracted as explained in [24]) in order to obtain constant
BWs at all tuning states.

In the following, two constant bandwidth tunable inset filters
are designed based on this procedure and then implemented
with two different possible control mechanisms; manually and
automated motor-based setups.
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Fig. 10. Reflection group delay at the lowest, median, and highest tuning
states of the filter, realized through the proposed input-feed structure shown
in Fig. 8.

Fig. 11. Variation of the simulated S-parameters for the 4th-order tunable inset
filter. The frequency is tuned from 2.54 GHz - 3.94 GHz with a CABW of
109 MHz ± 3 MHz.

B. Manually Tunable Inset Filter

Fig. 8 shows a perspective view of a four-pole inset filter.
In this design, the required specifications include a wide
tunability of 43% from 2.54 GHz to 3.94 GHz and a constant
absolute bandwidth of 108 MHz. The desired coupling matrix
is synthesized as:

S 1 2 3 4 L

S 0 1.035 0 0 0 0

1 1.035 0 0.91 0 0 0

2 0 0.91 0 0.70 0 0

3 0 0 0.70 0 0.91 0

4 0 0 0 0.91 0 1.035

L 0 0 0 0 1.035 0


. (10)

Then, the physical inter-resonator couplings must satisfy the
following relations from (6) for all tuning states of frequency
fn (2.54 GHz – 3.94 GHz):

K12 · fn = ABW ·m12 = 0.108× 0.91 = 0.098 (11)

K23 · fn = ABW ·m23 = 0.108× 0.7 = 0.076 (12)

Even though further tuning elements can be added to obtain
the required inter-resonator couplings (e.g. screws) of various
states, this solution is unfavorable, especially in tunable filters,
because it makes the tuning process more complex, very slow,
and also increases the losses. Alternatively, a more suitable
method can be employed is by properly designing the cou-
pling irises to provide balanced inter-resonator couplings and
maintain a constant bandwidth throughout [5], [12]. Similarly
in this filter, rectangular irises (in Fig. 8) have been designed
and the corresponding couplings satisfy (11) and (12), as
can be seen in Fig. 9. When the filter is tuned to higher
frequencies, this accordingly means that the inter-resonator
couplings should decrease in a balancing manner to keep the
bandwidth constant. Referring to Fig. 2, as the resonators
are moving downwards, the magnetic field will tend to move
towards the bottom of the cavity. Therefore, we positioned the
irises at the top of the cavity, so, when the frequency is tuned
up, the resonators move down, the magnetic field moves to the
bottom, the inter-resonator couplings decrease, and a constant
bandwidth can be obtained allover the tuning window.

Similarly, the required peak reflection group delay for a
constant ABW can be calculated using (9) as:

Td(n) =
2

π · 0.108 · 109 · 1.035
= 5.7 nS (13)

As shown in Fig. 8, the input feeding structure is realized using
0.9 mm inductive wires through coaxial Sub-Miniature (SMA)
connectors. Especially for designs with wide tuning ranges, it
is convenient to introduce screws to adjust the input and output
coupling strengths since only two elements are needed for any
filter order. In the proposed IO feeding configuration, the IO
coupling strength increases with the increase in the tunable
frequency (the downwards movement of the inset resonators).
Hence, two metallic M3 screws are used to decrease the

(a)

(b)

Fig. 12. The fabricated four-pole tunable inset filter. (a) Disassembled and (b)
assembled.
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Fig. 13. Measured S-parameter results of the implemented four-pole tunable
inset filter. Frequency range: 2.66 GHz to 3.96 GHz, tunability: 39.3%.

Fig. 14. Measured bandwidth (116 MHz±6%) and insertion loss response
(0.39 dB - 0.44 dB) over the frequency tuning window.

Fig. 15. Measured wideband response of the proposed four-pole inset filter’s
S-parameters.

IO coupling strengths with tuning, and maintain a constant
reflection group delay. Fig. 10 shows the adjusted reflection
group delay at the lowest, median, and highest tuning states,
effectively satisfying equation (13).

A model of the filter is then designed and optimized. The
simulated S-parameter responses are demonstrated in Fig. 11
at different tuning states. As shown, the filter meets the
desired specifications with a constant absolute bandwidth of

Fig. 16. 3D view of a folded four-pole tunable inset BPF. The direction of
resonators’ displacement D is downwards. All dimensions are in mm unit.

109 MHz ± 3 MHz and a wide tunabiltiy of 43%.
A prototype is then manufactured and assembled as depicted

in Fig. 12. The filter has a compact volume of 49.28 cm3.
All parts including the resonators were milled using copper
metal. 20 mm M3 Teflon screws (dielectric constant = 2.1,
loss tangent = 0.0002) were used to control the displacement
of the resonators inside the housing. Measurements agree
very well with simulations, allowing the design procedure to
be verified. The measured S-parameter responses in Fig. 13
exhibit a 1.3 GHz frequency tuning range from 2.66 GHz to
3.96 GHz with constant bandwidth of 116 MHz±6%, return
loss > 13.5 dB, and steady insertion loss averaging at 0.4 dB,
as shown in Fig. 14. This resembles a stable Q-factor of
1820±6% throughout the 39.3% tuning window. This Q-factor
corresponds to around 50% of simulated version and can
be enhanced further by silver plating, similar to the earlier
presented resonator prototype. Furthermore, the filter has a
wide spurious-free rejection band of more than 4.3 GHz, as
shown in Fig. 15. It can be noted that each of these responses
was obtained effectively without the use of any tuning screws
(including the IO tuners), advantageously featuring easier and
faster tuning process which tracks across a wide frequency
range.

Besides the presented inline all-pole filter, folded struc-
tures can be designed for the realization of cross-couplings
which create transmission zeros that improve the rejection
characteristics. For example, Fig. 16 demonstrates a fourth-
order tunable inset filter in a quadruplet configuration with an
alternative 2 mm input-feed setup to the one detailed in Fig. 8,
and a capacitive probe between the source and the load to
create two transmission zeros around the passband. The filter
is designed similar to the earlier example and has a tuning
range of 1.4 GHz and operates from 2.8 GHz to 4.2 GHz
with a constant bandwidth of 77 MHz ±3 MHz, as exhibited
in Fig. 17.

C. Automatically Tunable Inset Filter

In future flexible telecommunication systems (e.g. next
generation satellites), the frequency bands must be remotely
and automatically adjustable. Therefore, it is important to
present tunable filter designs with efficient tuning techniques
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Fig. 17. Variation of the simulated S-parameters for the 4-pole tunable
quadruplet inset filter. The frequency is tuned from 2.8 GHz - 4.2 GHz with
a CABW of 77 MHz ± 3 MHz.

Fig. 18. 3D view of the proposed 3rd-order tunable inset BPF. The direction
of resonators’ displacement D is downwards. All dimensions are in mm unit.

suitable for remote tuning. The tuning mechanism should be
stable, fast, and have a long-life of usage. Unfortunately, the
available motorized screw-based tunable filters like [6] and [9]
always need special arrangements for good electrical contact
between the tuning elements and metallic housing in order
to reduce the loss and prevent the leakage of radiation. This
results in complex and unstable structures, having a short-life
with increased losses. In contrast, the proposed contact-less
inset resonator tuning concept effectively overcomes all these
drawbacks and can be efficiently employed in remotely tunable
designs. To validate this, a 3-pole tunable inset filter (Fig. 18)
is designed and implemented in this section using pizomotors.
The filter is designed to operate from 2.54 GHz to 3.96 GHz
with a CABW of 102 MHz and a tunability of 43%. The design
procedure is similar to the presented four-pole example. The
required k12 · fn = 0.11 and Td(n) = 5.5 nS are calculated and
then realized as shown in Fig. 19 and Fig. 20, respectively.
Then, the filter model is constructed and optimized to provide
the required responses. Fig. 21 exhibits the simulated S-
parameters of the filter satisfying the design specifications
with a 43% tunability and a CABW varying from 102 MHz
to 91 MHz. Then, a copper prototype is implemented and
assembled as depicted in Fig. 22 using high-accuracy LL06
piezomotors from PiezoMotor [25]. The filter has a compact
size of 37.86 cm3. A 3D-printed fixture is manufactured
to properly hold the piezomotors. Here, the Teflon screws
are used as posts which results in a smoother and faster

Fig. 19. Inter-resonator couplings and bandwidth variation in relation to the
frequency tuning, realized through the proposed iris structures in Fig. 18.

Fig. 20. Reflection group delay at the lowest, median, and highest tuning
states of the filter, realized through the proposed input-feed structure shown
in Fig. 18.

Fig. 21. Variation of the simulated S-parameters for the three-pole tunable
inset filter. The frequency is tuned from 2.54 GHz - 3.96 GHz with a CABW
of 96.5 MHz ± 5.7%.

tuning process, in addition to the longer usage life than the
manual screw-based tuning where the Teflon material corrodes
easily. The measured S-parameter responses of the fabricated
filter are demonstrated in Fig. 23 with good agreement to
the simulations. The filter is tuned over a 1.3 GHz window
from 2.65 GHz to 3.95 GHz with a constant bandwidth of
114 MHz±8%. The filter features a return loss > 15 dB, and
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(a)

(b)

Fig. 22. The fabricated third-order filter prototype. (a) Disassembled and (b)
the assembled filter unit with piezomotors.

Fig. 23. Measured S-parameter results of the third-order tunable inset filter.
Frequency range: 2.65 GHz to 3.95 GHz, tunability: 39.4%.

a stable insertion loss from 0.26 dB to 0.35 dB as presented in
Fig. 24. Furthermore, the proposed filter has a good spurious
performance better than 2.8 · f0 as shown in Fig. 25.

IV. STATE-OF-THE-ART COMPARISON

Table I summarizes a comparison of the presented tunable
inset structures with similar CABW tunable loaded-waveguide

Fig. 24. Measured bandwidth (114 MHz±8%) and insertion loss response
(0.26 dB - 0.35 dB) over the frequency tuning window.

Fig. 25. Measured wideband response of the propose 3rd-order inset filter’s
S-parameters.

filters available in the literature. As can be seen, the tunable
inset components show very competitive results including the
distinctive wider tuning ranges than the other designs, and
demonstrate high-Q measurements with stable performance
throughout the window of tuning. In addition to these highly
desirable merits, the inset components also offer more volume-
saving and enhanced spurious performance (up to 3.8 · f0).
The proposed inset filters eliminate the need for any auxiliary
tuning components which advantageously increases the tuning
speed, reduces the losses, weight, cost, and the complexity
of the tuning process. The filters have N tuning elements
(which are the movable coaxial inset resonators) with two
(optional) tuning elements for adjusting the IO coupling.
Additionally, a mechanism of tuning using a single element
can be adopted effectively using similar setups to [26] and
[27], with more design effort needed for the required IO
coupling, and maybe sacrificing some of the tuning range.
With regard to the number of tuning elements, while we can
see that the majority of designs need N independent tuning
elements, the filters of [5], [7], and [12], interestingly, have a
single tuning element. This provides a fast tuning feature at
one side, but on the other hand, it is challenging to sustain
stable and well-matched responses for the different states
in the tuning window. Therefore, for practical applications,
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TABLE I.
Comparison of the Proposed Tunable Inset Filters with Similar State-of-The-Art Designs

Ref. Structure f (GHz) Order Tunability
(%)

ABW
(MHz) IL (dB) Q-factor Volume

(cm3)
Q-factor/

Volume (cm-3)
# Tuning
Elements

[5] Half-wavelength 2.275-2.775 4 19.8% 106.5±9% < 0.4 > 4850‡ 275.65 > 17.6‡ 1

[6] Combline-dual-
post 9.15-10.87 4 17.2% 230±3.9% < 0.6 1500 NA NA 2N

[7] Combline 1.81-2.17 5 18.1% 25 < 1.8 2000-2500 NA NA 1

[8] Dielectric-TE 15.6-16 3 2.5% 150 1.5-4.5 421-1630† NA NA N

[9] Combline 2.565-2.634 6 2.7% NA 0.9-2.3 2252-2914† NA NA N

[10] Dielectric-
combline 4.97-5.22 4 4.9% 66±1.5% 3.3-4.9 536-548 NA NA N

[12] Combline 0.68-0.76 4 11.1% 11.2±8.9% 0.8-0.9 NA 2291.625 NA 1

[16] Dual-mode
dielectric-TM 4.72-5.51 2 15.4% 50±10% 0.2-0.9 540-1100 3.456 318.29 N/2

[19] Combline 0.707-0.963 3 30.7% 27.5±2.5% 1.58-3.97 173-418 94.067 4.44 N

This
work-1 Inset 2.32-3.59 - 43% - - 4100±4% 15.02 283.89 -

This
work-2 Inset 2.65-3.95 3 39.4% 114±8% 0.26-0.35 1660±6.6% 37.86 46.74 N+2

This
work-3 Inset 2.66-3.96 4 39.3% 116±6% 0.39-0.44 1820±6% 49.28 39.15 N+2

‡Based on simulated Q-factor. †Based on the measurements of a single-cavity resonator. N represents the filter order.

many designers would prefer to have independent frequency
tuning elements (N), unless there is a specific need for a
faster tuning process. Another comparison aspect between the
different state-of-the-art designs is the tuning mechanism. For
many of the mechanically tunable filters as [6] and [9], it is
crucial to have a good electrical contact between the movable
tuning elements and the filter cavity. Therefore, additional
components are needed (e.g. nuts, elastomer, conductive ball
bearings), which results in a reduced usage-life, slower tuning
speed, and higher loss. Whereas the authors in [7] utilized
dielectric tuners to avoid these issues, the proposed inset
tuning mechanism uses freely movable contact-less resonators,
similar to [5], having no requirement of any electrical contact
with the cavity. It can also be noted that dielectric resonators
can be used instead of metallic ones, providing more volume-
saving and enhanced quality factor. This is a currently on-
going research activity and will published in a future-coming
article.

V. CONCLUSION

This work presents a new tuning technique and several
tunable coaxial filters based on novel compact inset resonators.
The operation principle is explained and a tunable inset
resonator structure is implemented for proof-of-concept. The
measured results demonstrate a wide tuning range of 43%
with a stable Q-factor of 4100±4% and a wide spurious-free
band up to 3.8 · f0. A design procedure for constant bandwidth
tunable filters was introduced, and two widely tunable inset
filters were designed, manufactured, and measured. A man-
ually tunable four-pole inset filter was presented featuring a
frequency tuning range of 39.3%, a CABW of 116 MHz±6%,

and a Q-factor of 1820±6%. Also, an automatically tunable
three-pole inset filter was built to incorporate piezomotors
for highly accurate and remote tuning. Similarly, the filter is
demonstrated with a 1.3 GHz tuning window over the range
of 2.65 GHz to 3.95 GHz with a CABW of 114 MHz±8%
and a stable Q-factor of 1660±6.6% throughout the tun-
ing window. In comparison with all available state-of-the-art
loaded-waveguide CABW tunable filters demonstrated in the
literature, the presented tunable inset filters provide the widest
tuning ranges and the most stable performance in Q-factor.
These distinctive advantages, in addition to the added benefit
of compact structures and excellent spurious performance,
strongly promote the proposed tuning concept for a wide range
of high-performance tunable filter applications.
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