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ABSTRACT This article reports a novel inset resonator configuration for coaxial filter applications
with quasi-elliptic responses. The design and analysis of the inset resonator are discussed in detail and
accurately modeled as a capacitively-loaded stepped-impedance half-wavelength resonator featuring more
compactness, high quality factor, and enhanced spurious responses in comparison with conventional half-
wavelength and combline resonators. Additionally, the operating frequency can be tuned intrinsically
through the displacement of the coaxial resonator, eliminating the need for any additional tuning elements
and maintaining a stable quality factor. Two quasi-elliptic inset resonator type filters are implemented in
planar and longitudinal coupling configurations, respectively. The first takes the form of a folded four-pole
2.93 GHz filter with two symmetrical transmission zeros. The fabricated filter has a compact structure of
29.76 cm3, an insertion loss better than 0.73 dB, a return loss better than 18 dB, and a wide spurious-free
band up to 3.5·f 0. The second inset-type quasi-elliptic filter is realized in a longitudinal inline arrangement.
An example of a 2.53 GHz three-pole filter is presented with a closely-positioned transmission zero, wide
spurious-free band (≈3·f 0), and a very compact structure of 55.7×33×33 mm3.

INDEX TERMS Coaxial filter, inset resonator, miniaturization, passive components, tunable filters, waveg-
uide technology.

I. INTRODUCTION
Compact coaxial microwave filters with high-Q and excellent
spurious rejection performance are essential components for
a broad range of evolving applications including cellular base
stations and satellite payloads. In common, coaxial filters
are realized using half-wavelength and combline resonators.
However, from one side, the large bulky structures and
poor spurious performance of the λ/2 resonators make them
an unfavorable option, except in very specific applications
such as [1] and [2]. In [1], freely movable resonators
were required to design a frequency-tunable coaxial filter.
Whereas in [2], λ/2 dielectric resonators were employed
to satisfy a high-Q requirement for satellite multiplexer
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applications. According to the authors knowledge, these two
coaxial filters are the only available examples in the lit-
erature based on λ/2 resonators. It is worth noting that
both designs have bulky structures and poor spurious per-
formance, as expected. On the other hand, combline res-
onators widely dominate coaxial filters research due to their
compact structures with mid-high Q and wide spurious-
free bands (>3·f0). Similarly, as more compactness and
volume-saving are always required, various miniaturized
combline filters were presented with good spurious perfor-
mance based on different configurations [3], [4], [5], [6],
[7], [8], [9], [10], [11], [12], [13], [14]. Several of these
designs have employed stepped-impedance resonators (SIRs)
where the top end of the combline post is enlarged to
increase capacitive loading, providing more miniaturization
and increasing the band separation to the next spurious
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resonance [3], [4], [5], [6], [7], [8]. However, this class of
filter must take into account weak inter-resonator couplings,
manufacturing complexity, and the added weight of the
enlarged parts. The second group of miniaturized combline
filters employs multiple interlaced compact re-entrant res-
onators as demonstrated in [9], [10], and [11]. These filters
also have relatively complex structures, limited high-power
handling capabilities, and increased losses. Recently, 3D
printing was used to fabricate non-conventional geometries
of compact combline filters in vertical alignments [12],
[13], [14]. Looking at all of these aforementioned combline-
based designs, we can see that there is a appreciable space
for the exploration of alternative designs to enable easier
manufacturing, and more flexible resonators types.

Besides miniturization and good spurious responses, coax-
ial filters often require transmission zeros (TZs) at one or
both stopbands to meet rejection specifications. Commonly,
coupling probes and folded configurations are needed to
realize the cross-coupling required for TZs’ creation, such
as the designs in [15] and [16]. However, these probes can
resonate and create unwanted spurious resonance close to
the passband. Moreover, many applications require inline
configurations where the input and the output are on opposite
sides. Therefore, [17] and [18] presented inline cross-coupled
combline filters using an orthogonal resonator arrangement
without the need for any coupling probes. Here, it can be
noted that the manufacturing of such orthogonal combline
structures is complex and costly. Another method of intro-
ducing TZs in inline combline filters uses strongly cou-
pled doublets and triplets as demonstrated in [19] and [20].
Unfortunately, this mechanism has many design challenges
including unwanted spurious resonances, decreased Q-factor,
and limited flexibility of the TZs. Considering the above-
mentioned drawbacks, we can conclude that the introduction
of inline coaxial filters with easy creation and flexible control
of TZs is greatly appreciated.

In [21], we introduced the novel inset-type coaxial res-
onator configuration for both fixed and tunable microwave
filters and components with simple, proof-of-concept single-
cavity and two-pole filter examples. The proposed inset
resonator configuration provides many desirable advantages
including the compact structure, good spurious performance,
comparably high Q-factor, and efficient self-tuning. Here-
after, [21] is extended into two research articles: the presented
work here which discusses the design process of the coaxial
inset resonators and their application to fixed quasi-elliptic
bandpass filters, and [22] which details the design of high-
Q tunable filters with constant absolute bandwidth based on
inset resonators. The main contributions of this paper are
summarized as follows:

• Detailed modeling and analysis procedure of the inset-
type resonator is provided, and different design parameters
are investigated.

• A 4-pole quasi-elliptic filter is implemented in a folded
planar coupling configuration, and the measured results are
reported.

FIGURE 1. Inset resonator structure.

FIGURE 2. Transmission line models of the inset resonator. (a) Uniform
Impedance Resonator (UIR), (b) Loaded-Uniform Impedance Resonator
(L-UIR), (c) Stepped Impedance Resonator (SIR), (d) Loaded-Stepped
Impedance Resonator (L-SIR).

• The longitudinal coupling configuration of the proposed
resonator is presented in detail. The capability of obtain-
ing quasi-elliptic responses with flexibly-controllable TZs is
explained, and different examples are provided. The imple-
mentation feasibility is explored, and a prototype is manu-
factured and reported.

II. INSET RESONATOR DESIGN AND ANALYSIS
A. INSET RESONATOR STRUCTURE
Fig. 1 depicts a 3D view of the proposed inset resonator
configuration. It is comprised of a coaxial resonator inserted
partially insidemodified portions (sidewall caps) of ametallic
housing with the aid of support elements. The resonator
can be either metallic for lower cost and excellent spuri-
ous performance, or dielectric, offering higher Q and more
compactness. This research work deals mainly with metallic
resonators as they are more common in applications and
also simpler in modeling. The support component is prefer-
ably of a low-loss dielectric material with decent strength
and acceptable coefficient of thermal expansion (CTE)
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(e.g., Teflon, Rexolite). The resonator is centered at the mid-
dle of the structure with equal insertion inside both (symmet-
rical) sidewall caps. This position is for the lowest operational
frequency, and it increases with either up or down displace-
ment of the resonator, simultaneously. As shown in Fig. 1,
the operating mode is the fundamental transverse-magnetic
(TM) mode where the dominant magnetic field resonates in
the middle of the resonator assembly, and the electrical field
propagates at the top and bottom ends of the resonator where
its minima approaches zero at the middle. Hence, despite that
any type of resonators can be used in the proposed inset con-
figuration, the TM-mode resonators are particularly the most
suitable ones (resonator length > resonator diameter [23]).
It can be seen that the inset resonator has similar field patterns
to the conventional λ/2 resonators [1], [2]. However, the
inset configuration can advantageously provide substantial
size miniaturization and enhanced spurious responses due to
the dual capacitive loading effects at both ends of the coaxial
resonator caused by the modified sidewall caps.

In comparisonwith the TEM combline resonators, the inset
resonators can feature more compactness with comparable
electrical performance. In combline resonators, the magnetic
field resonates mainly at the bottom of the cavity while the
electrical field is maximum at the vicinity (capacitive gap)
between the combline post and the top side of the cavity.
Normally, to make the combline structure more compact,
the capacitive gap is reduced to increase the capacitive load-
ing and push the resonant frequency lower. Unfortunately,
this also leads to a noticeable deterioration in the quality
factor due to the high intensity of the E-field in smaller
areas which increases the related surface currents and losses.
Furthermore, the use of tuning screws will be more criti-
cal causing additional ohmic losses and seriously affecting
the power handling capabilities of the combline structure.
On the contrary in the inset resonator, since the majority of
the field is in the middle of the cavity, a relatively low current
density is present along the walls of the housing resulting
in a higher Q factor. Besides, the sidewall caps are properly
designed to contain the lowest field densities. Accordingly,
small capacitive gaps (i.e., 0.5 mm) between the caps and the
inset resonator can be used, attributing more miniaturization
with less sacrifice of quality factor. Here, it should be noted
that in the inset resonator, similar to the other configurations,
the designer should be aware that the quality factor is usu-
ally traded off for reduced mass, size, and complexity. One
of the key novelties of the inset resonator structure is the
efficient (intrinsic) tuning through the displacement of the
coaxial resonator without the need for any auxiliary tuning
elements (e.g., screws). Thus, unlike the combline structures,
the quality factor remains very stable, as will be shown in the
following section.

B. INSET RESONATOR MODEL
Looking at Fig. 2, it can be shown that the inset res-
onator configuration can be accurately described as a

FIGURE 3. Simplified equivalent electrical circuit of the inset resonator.

capacitively-loaded stepped-impedance half-wavelength res-
onator. To extract the equivalent transmission line model,
we begin with an equivalent conventional λ/2 uniform
impedance resonator (UIR) as depicted in Fig. 2(a). The
resonator has a uniform impedance Z1 and a total electrical
length θT = 2·(θ1+θ2) = π , where 2·θ1 is the height of the
metallic housing (HH ) and Z1 is the characteristic impedance
of the coaxial resonator structure excluding the cap sections
and can be calculated using [24] and [25]:

Z1 =
60

√
ϵr

· ln (1.079 ·
HW /2
RD/2

) (1)

where ϵr is the relative permittivity (equals 1 in vacuum
mediums),HW is the squaremetallic housingwidth, andRD is
the coaxial resonator diameter. The next spurious resonance
of the UIRs normally appears at 2·f0 (refer to upcoming
equation (7)). Then, the length of the open-end λ/2 UIR can
be shortened and the spurious performance can be enhanced
using lumped-element capacitors as depicted in Fig. 2(b).
Here, the capacitor-loaded UIR (L-UIR) is more compact
than the UIR by a length equal to 2 · θ2. The loaded lumped-
element capacitors (C1) can be extracted thru [24]:

C1 =
tan θ2

Z1 · ω0
(2)

where ω0 is the angular resonant frequency (=2 · π · f0),
and θ2 = π/2 − θ1. Here, C1 capacitors represent the cap
sections including the inserted parts of the coaxial resonator
inside them, while 2 · θ1 and Z1 remain unchanged. Alter-
natively, as the lumped-element capacitors are not conve-
nient for frequencies above 1 GHz, they can be replaced by
equivalent transmission line sections representing a stepped
impedance resonator (SIR) as can be seen in Fig. 2(c). The
SIRs are commonly favorable in a wide range of appli-
cations due to their distinct advantage of adjusting the
resonator length (hence, frequency), and the spurious reso-
nances with high flexibility and degree of freedom [24], [26].
Similarly, the inset resonator can be modeled as a SIR with
two different impedances Z1 (the metallic housing part) and
Z2 (the caps sections). Whereas Z1 is known from (1) similar
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to the UIR and L-UIR models, Z2 can be found using [24]
and [25]:

Z2 =
60

√
ϵr

· ln (
CD/2
RD/2

) (3)

where CD is the diameter of sidewall caps. From this point,
the equivalent electrical length of the cap sections θ3 (and
accordingly the overall SIR length θT = 2 · (θ1 + θ3) can
be calculated based on the impedance ratio ZR (Z2/Z1), and
θ1 as follows:

tan θ3 =
ZR

tan θ1
(4)

Also, the SIR total length θT can be extracted from [26]:

tan
θT

2
=

1
1 − ZR

· (
ZR

tan θ1
+ tan θ1) (5)

From this equation, it can be seen clearly the dependence of
resonator length on the impedance ratio. When ZR = 1, this is
the UIR case where θT = π . Then, the smaller the impedance
ratio than 1 (Z2 < Z1), the shorter will be the resonator.
In addition to the SIR model, the inset resonator can be
represented more thoroughly as a loaded SIR where the caps
sections and the inserted parts of the coaxial resonator can
be regarded as a capacitively-loaded combline posts. Accord-
ingly, the capacitance gap at both ends (C2) shortens the inset
resonator further by a length of 2 · (θ3 − θ4) where θ3 is
known from (4), and θ4 is the length of the inserted part of
the coaxial resonator inside the sidewall caps ((RH −HH )/2).
Similar to (2), C2 can be expressed as:

C2 =
tan(θ3 − θ4)
Z2 · ω0

(6)

Besides the contribution to the inset resonator length adjust-
ment, the impedance ratio also incorporates in controlling
the frequency ratio of the first spurious (fS /f0) and improving
the spurious performance. This relation can be seen clearly
in equation (7) below which tells that the frequency ratio
increases with the decrease of the impedance ratio [24], [26].

fS
f0

=
π

2 · tan−1
√
ZR

(7)

The simplified equivalent electrical circuit of the inset
resonator is provided in Fig. 3. The resonant frequency (f0)
can be found based on the cavity inductance (L1) and the total
capacitance (CT ) as follows:

f 0 ≈
1

2 · π ·
√
L1 · CT

(8)

The inductance of the caps sections is relatively small and can
be neglected, for simplification. On the other hand, the total
capacitance depends on the resonator-housing capacitance
(C1) and the series loading capacitances of the two sidewall
caps (C2, C3, C4, C5):

CT ≈ C1 + ((C2 + C3) ∥ (C4 + C5)) (9)

where C2 and C4 represent the resonator-cap capacitance at
each side and C3, C5 are the loading capacitances of the gap

TABLE 1. Comparison of the inset resonator with the conventional
half-wavelength and combline resonators at 2.5 GHz.

between the resonator and the top and bottom surfaces of the
caps, respectively. Then, equation (8) can be re-written as:

f 0 ≈
1

2 · π ·

√
L1 · (C1 + ( (C2+C3)·(C4+C5)

C2+C3+C4+C5
)

(10)

For simplicity, we assume that the two cap sections are sym-
metrical, and accordingly, C2=C4, C3=C5. Then, the induc-
tance (L1), and the different capacitance components can be
found as follows [25] and [27]:

L1 ≈
1

6 · π · 108
·

√
µ0

ϵ0
· ln (1.079 ·

HW /2
RD/2

) · HH (11)

C1 ≈
2 · π · HH

6 · 108 ·

√
µ0
ϵ0

· ln (1.079 ·
HW /2
RD/2 )

(12)

C2,C4 ≈
2 · π · PH

6 · 108 ·

√
µ0
ϵ0

· ln (HW /2
RD/2 )

(13)

C3,C5 ≈
ϵ0 · π · (RD/2)2

CH − PH
(14)

To further validate and confirm the aforementioned con-
ceptualization and models of the proposed inset resonator
configuration, a single resonator example is designed, and
its different parameters are investigated in detail. The res-
onator is designed to operate at a resonant frequency of
2.5 GHz. An EM-based model is built and analyzed using
the Eigenmode solver in CST microwave studio, while the
various transmission line (TL) models and equivalent elec-
trical circuit are calculated using the provided equations and
then implemented in ADS circuit simulation environment.
The results in Fig. 4 show quite well agreement between the
different models in both the resonant frequency at 2.5 GHz
and the next spurious resonance at around 8 GHz. The inset
resonator is then compared with the conventional combline
(reported in [28]) and half-wavelength resonators as summa-
rized in TABLE 1. The coaxial resonator length is 50 mm
(≈λ/2) in the half-wavelength resonator case, and 25 mm
(≈λ/4) in the combline and inset configurations. The chosen
metal for all components is copper (σ = 5.8×107 S/m).
As is shown, the inset resonator yields a better spurious
performance (3.2 · f0), up to more than 60% volume-saving,
and a comparable highQ factor with the bestQu/volume ratio.
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FIGURE 4. Transmission coefficient responses of various inset resonator
TL models and equivalent electrical circuit at 2.5 GHz. The corresponding
physical dimensions are in TABLE 1. Black line: uniform impedance
resonator (Z1 = 59.54 �, θ1 = 63o, θ2 = 58.5o). Violet line:
loaded-uniform impedance resonator (C1 = 1.75 pF). Green line: stepped
impedance resonator (Z2 = 7.066 �, θ3 = 10.99o). Red line:
loaded-stepped impedance resonator (θ4 = 6o, C2 = 0.787 pF). Blue line:
equivalent electrical circuit (L1 = 4.153 nH, C1 = 0.59 pF, C2,
C4 = 0.472 pF, C3, C5 = 0.222 pF).

FIGURE 5. Dependence of the fundamental frequency, 1st spurious
resonance, and unloaded quality factor on the height of the metallic
housing (HH ). The corresponding physical dimensions are in TABLE 1.

FIGURE 6. Fundamental frequency, 1st spurious resonance, and unloaded
quality factor with respect to resonator height (RH ). The corresponding
physical dimensions are in TABLE 1.

Next, the different design parameters (the housing, resonator,
and sidewall caps) of the presented inset resonator are studied.
Fig. 5 and Fig. 6 depict the variation in the resonant frequency,
1st spurious resonance, and unloaded Q factor with respect to

FIGURE 7. Fundamental frequency, 1st spurious resonance, and unloaded
quality factor with respect to the caps’ diameter (CD).The corresponding
physical dimensions are in TABLE 1.

FIGURE 8. Fundamental frequency, 1st spurious resonance, and unloaded
quality factor with respect to the cap’s height (CH ). The corresponding
physical dimensions are in TABLE 1.

FIGURE 9. Center-frequency and power breakdown level with respect to
the cap’s diameter (CD). The corresponding physical dimensions are in
TABLE 1.

the housing height (HH ) and resonator length (RH ), respec-
tively. When the HH is reduced, this means more parts of
the resonator will be inserted into the sidewall caps. Con-
sequently, the corresponding capacitance components will
increase (C2, C3, C4, C5) and move the resonant frequency
lower based on equation (10). Besides, an improvement in
the spurious separation can be noticed. The same happens
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FIGURE 10. Fundamental frequency and unloaded quality factor variation
with respect to inset resonator displacement. The corresponding physical
dimensions are in TABLE 1 (CH = 8 mm).

when the resonator is elongated as can be seen in Fig. 6.
In both cases, this will be accompanied by a variation in
the quality factor. The sidewall caps are the most important
part of the inset resonators and should be designed prop-
erly based on the desired requirements. Fig. 7 describes the
impact of the caps’ diameter (CD) on the frequency and
the Q factor. The smaller the gap between the cap and the
resonator, the smaller the corresponding impedance Z2 (refer
to equation (3)) will be. Consequently, based on equations (5)
and (7), the resonant frequency will be shifted downwards,
and the spurious performance will improve. Fig. 8 relates
the frequency and quality factor to the change in the caps’
height (CH ). Since the contained fields inside the caps are
relatively small, we can see that the resonant frequency and
the Q factor remain almost constant and stable. This feature
is particularly useful for the design of tunable inset struc-
tures [21] where the caps are designed based on the required
room for the movable inset resonators to obtain the desired
tuning. Apart from that, the resonant frequency can still be
decreased by further reducing the capacitive gap between
the resonator and the caps, and increasing the corresponding
capacitances C3, C5. Since relatively small gaps are needed
between the resonator and the caps (i.e. 0.5 mm) for higher
miniaturization, some worries might be raised regarding the
power handling capabilities of the proposed inset resonator
configuration. Therefore, we have investigated this using the
Sparks3D tool in CST with different gaps sizes between the
caps and the resonator. It is evident in Fig. 9 that the resonator
can handle power levels of more than 2000 W while the gap
size is of only 0.5 mm. It can be further improved up to
6000Wby increasing the gap size. Additionally, it was shown
in [29] that lamination with a dielectric material (e.g., Teflon)
can further enhance the power handling capabilities.

One of the key advantages of the inset resonator config-
uration is the ability to tune the resonant frequency through
the displacement of the coaxial resonator without the need
for any additional tuning elements. As mentioned earlier this
so-called ‘‘self-tuning’’ simplifies the tuning process and is
able maintain a stable Q factor. Fig. 10 shows the tuning

capabilities of the presented inset resonator. Here, we
extended the height of the caps by 4 mm (CH=8 mm) to offer
more room for the resonator displacement and provide higher
tunability. When the resonator is displaced from the center,
the resonant frequency will increase due to the change in the
loading capacitances at both ends (refer to Fig. 3, eqs. (9)
and (10)). For post-tuning of microwave filters, we normally
require fine-tuning elements for a small frequency range.
Therefore, the designer can move the resonator slightly to
adjust the resonant frequency (e.g., within the shaded gray
box at Fig. 10, where the resonator is inside both caps).
Of course, further tuning can be obtained as can be seen,
which is useful for tunable filter applications as detailed
in [22]. Themost interesting feature of this tuningmechanism
is that the Q factor remains stable with minimum variation
throughout the tuning window.

III. QUASI-ELLIPTIC INSET FILTERS
This section presents quasi-elliptic filter designs in planar and
longitudinal coupling configurations based on the proposed
inset-type resonator. In general, the filter design procedure
begins with the desired electrical and physical specifications
including the quality factor, spurious-free band, stopband
rejection level, maximum RF power, and volume. Then, the
inset resonator cavities are designed carefully to meet these
requirements as detailed in the previous section II, and the
filter unit is built with proper iris and input-output structures.

A. INSET FILTERS IN PLANAR CONFIGURATION
In this part, a compact fourth-order coaxial inset filter is
presented in a planar coupling configuration. The filter is built
in a folded topology to realize a cross-coupling and create
transmission zeros. Fig. 11 shows a perspective view of the
quasi-elliptic four-pole filter designed to operate at 2.8 GHz
with a bandwidth of 75 MHz, Qu of 3100 (with copper), and
two symmetrical transmission zeros. It is worth to note that
this filter is also designed for tunable applications, but, will
not discuss it here as we are only interested in its fixed version
(for tunable configurations, please refer to ref. [22]). Based
on the specifications, the corresponding coupling matrix is
extracted following the standard synthesis procedure [30]:



S 1 2 3 4 L
S 0 1.04 0 0 0 −0.0003
1 1.04 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 1.04
L −0.0003 0 0 0 1.04 0


(15)

Next, the required physical input-output (IO) and inter-
resonator couplings are realized. As shown in Fig. 11, the
IO couplings are obtained using inductive coupling posts fed
through Sub-Miniature version A (SMA) connectors. Simi-
larly, the required physical inter-resonator couplings are real-
ized by properly adjusting the dimensions of the iris sections.
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FIGURE 11. 3D structure of the proposed folded 4th-order coaxial inset
filter. All dimensions are in mm unit.

FIGURE 12. The fabricated folded four-pole inset filter (disassembled).

A capacitive coupling probe is used to realize a source-
load coupling path introducing two symmetrical transmission
zeros as exhibited in Fig. 13. A prototype is then manu-
factured and assembled as depicted in Fig. 12 and Fig. 13,
respectively. The metallic housing is made of aluminum,
while the coaxial resonators are milled out of brass metal. The
resonators are positioned using Polyetheretherketone (PEEK)
screws at one end (which are more durable than the Teflon
screws) with the aid of Teflon posts at the other end. The
overall volume of the filter prototype is 54×52×35 mm3.

The measured results of the proposed folded filter are
presented in Fig. 13 with and without the capacitive cou-
pling probe (with and without TZs). The filter is centered at
2.93 GHz with a mid-band insertion loss better than 0.73 dB,
a return loss higher than 18 dB, and extracted quality factor
of 1000. It is worth mentioning that no tuners are employed.
A 4.6% increase is noticed from the simulated operating
frequency (2.8 GHz). This is mainly due to manufacturing
tolerances, particularly in the caps’ sections which are the
most sensitive parts. Hence, the simulations were optimized
to resemble the measurements through decreasing the gap
between the coaxial resonators and the caps by 0.08 mm.

FIGURE 13. Simulated and measured results of the folded 4th-order inset
filter.

FIGURE 14. Wideband response of the four-pole inset filter.

To compensate for this increase in frequency, tuning screws
can be introduced, however, this is not a favorable option
in many applications as discussed earlier. Alternatively, it is
more convenient for designers to consider the manufacturing
tolerances in advance to get an excellent agreement. For
example, a second version of this filter can be designed at
a 4.6% lower frequency (≈ 2.67 GHz). Then, if a further up-
tuning is required, the resonators can be displaced accord-
ingly. In this manner, the need for additional tuning screws
(to decrease the resonant frequency) can be eliminated.
Another possible option since that the coaxial resonators are
separated components, they can be simply replaced by longer
ones (could save cost and time). The wideband response of
the implemented filter is demonstrated in Fig. 14. The next
spurious frequency is at 3.5·f 0, while the iris resonances can
be noticed at≈3·f 0, which can be redesigned to suppress their
unwanted resonances.

B. INSET FILTERS IN LONGITUDINAL CONFIGURATION
As we earlier discussed, there is a fundamental need for
inline coaxial filter configurations that are able to introduce
TZs with flexible positioning. With regard to this, another
possible setup of the inset resonator filters is the inline lon-
gitudinal configuration. Besides to the more compact struc-
tures, compared with the aforementioned planar topology, the
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longitudinal inset configuration has the capability of obtain-
ing quasi-elliptic responses in inline arrangements. For
instance, Fig. 15 illustrates a 3rd-order inset filter that oper-
ates at 3.08 GHz with a bandwidth of 56 MHz and unloaded
quality factor about 2720 (with copper). The couplings
between the adjacent resonators (inter-resonator couplings)
are magnetic-based (inductive) couplings. In addition, there
is a transmission zero that can be seen relatively far away
from the passband at 2.55 GHz. This TZ is created through
a relatively weak electrically dominant (capacitive) coupling
path between the nonadjacent resonators (1 and 3). This
TZ can be moved closer to the passband by increasing the
electrical coupling strength between the resonators. Referring
to Fig. 1, we know that the E-field is mainly focused at
the ends of the inset resonators. Consequently, the E-field
coupling strength can be increased effectively by: 1) making
central openings in the irises, so, the adjacent resonators’ ends
face each other directly, and then, 2) moving the resonators
closer. Simultaneously, the irises and the resonant frequency
of each cavity must be re-optimised to provide the same
operating frequency and bandwidth. Fig. 16(a) presents a
design example which has similar passband specifications to
the above filter (i.e., f0=3.08 GHz, BW=56 MHz), but, the
TZ is moved and positioned very close to the passband at
2.98 GHz. Additionally, the TZ can be flexibly shifted to the
upper side by simply changing the sign of any inter-resonator
coupling pair (m12 or m23). This is realized by rotating the
respective coupling iris by 180o angle as can be seen in the
filter-2 example in Fig. 16(b). This advantage of introducing
flexibly controllable TZs distinguishes the proposed inset
configuration from similar longitudinally-coupled loaded-
waveguide filters available in the literature [12], [14], [31],
[32], [33]. While the inline coaxial filter in [12] and the
electrically-coupled TM-mode dielectric filters in [31], [32],
and [33] cannot introduce TZs, the TZ controllability was
not demonstrated in the additively-manufactured combline
filter in [14].

Regarding the realization of the longitudinal inset filters,
a common dielectric support element can be used to fix
all resonators in their required positions, simultaneously.
Alternatively, side support elements can be used to fix each
resonator independently as it shown in Fig. 15(a). The sup-
port element is preferably to be positioned at the middle of
the resonator where the E-field is minimum (almost zero).
Accordingly, the side support will have a minimum impact
on the resonant frequency and the quality factor, and can
be either dielectric or metallic. This could allow for mono-
lithic additive manufacturing which helps in reducing the
assembly-related errors and losses. This would be even more
beneficial as frequency tuning is more challenging in longi-
tudinal configurations than in the planar ones, because the
resonators cannot be displaced independently.

To experiment the feasibility of implementing such struc-
tures using the conventional CNC machining, a 3rd-order
filter is designed and manufactured. The filter shown in
Fig. 17 is designed to operate at 2.69 GHz with a bandwidth

FIGURE 15. Third-order inset filter in a longitudinal configuration. (a) 3D
structure (in mm unit) and (b) simulated (solid black line) and optimized
coupling matrix (dashed red line).

FIGURE 16. Longitudinal inset filters with similar frequency and
bandwidth of the previous example in Fig. 15. (a) Filter-1: Close
transmission zero at the lower stopband. (b) Filter-2: Close transmission
zero at the upper stopband.

of 81 MHz and a lower transmission zero at 2.48 GHz with a
50 dB rejection level. The simulated quality factor is around
2820 when using copper metal (σ = 5.8×107 S/m) and
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TABLE 2. Comparison of the proposed tunable inset filters with similar state-of-the-art designs.

FIGURE 17. 3D structure of the proposed longitudinal three-pole coaxial
inset filter at 2.69 GHz. All dimensions are in mm unit.

1470 with brass (σ = 1.59×107 S/m). The resonators are
fixed in their positions usingM3 Teflon screws from one side,
while metallic M3 screws are introduced at the other side for
tuning purposes. Unlike the filter example in Fig. 15(a) with
single-sided irises, slots are made here at two sides to increase
the inter-resonator coupling strength for a wider bandwidth.
The filter prototype parts were manufactured using brass
alloy and then assembled as exhibited in Fig. 18. The filter
prototype has a compact volume of 55.7×33×33 mm3. The
measured results in Fig. 18(b) show that the filter is centered
at 2.53 GHz with a BW of 120MHz, a midband insertion loss
better than 0.45 dB, and a return loss higher than 12.5 dB.
The estimated unloaded quality factor is around 800 (54%
of simulated Q). Also, a 60 dB lower stopband transmission
zero is introduced at ≈ 2.11 GHz. A 160 MHz frequency
decrease from simulated results is noticed due to the manu-
facturing and assembly tolerances, mainly at the caps sections
(re-simulations estimate caps’ radii smaller by 0.09 mm).
As result, the electrical coupling decreases (hence, the TZ is
pushed further), and the inter-resonator (magnetic) couplings
increase (thus, the BW becomes wider). The response can

FIGURE 18. The fabricated longitudinal inset filter. (a) Disassembled
parts. (b) Measured vs. simulated results.

be conveniently recovered similar to the earlier prototype
in the above sub-section. Besides, silver-plated M3 screws
were added to provide additional tuning. The next spurious
resonance frequency is noticed at 7.43 GHz (≈3·f 0); it can
be suppressed further up to 8.89 GHz (≈3.5·f 0) with proper
design procedure.

A comparison between the proposed inset filters and simi-
lar quasi-elliptic coaxial BPFs is summarized in TABLE 2.
As apparent, the inset-based designs provide the merits of
volume miniaturization and enhanced spurious performance,
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in addition to the capability of obtaining flexibly controllable
quasi-elliptic responses. The first planar configuration in sec-
tion III-A follows the common folded topology to realize a
cross-coupling and create TZs, similar to [7], [11], and [15].
Also, as the inline structure is favourable in many applica-
tions, [17] and [18] used orthogonal combline resonators to
introduce TZs. Nevertheless, these designs are complex in
manufacturing and have a degraded spurious performance.
Whereas in [14], the compact vertical combline structure
allowed the cross-coupling between the non-adjacent res-
onators to happen and generate a single TZ. However, it has
a major limitation in controlling the TZ position. Contrary,
in the presented longitudinal inline configuration of the
inset filters, transmission zeros can be adjusted flexibly and
effectively.

IV. CONCLUSION
The design and analysis of a novel inset resonator configura-
tion are presented in this paper for coaxial filter applications.
The inset configuration has several desirable characteristics
including the miniaturized size, high-quality factor, ability to
handle relatively high levels of power, and very good spu-
rious performance (>3·f 0). Furthermore, the inset resonator
structure has a distinct feature of self-tuningwithout the need
for any auxiliary tuning elements, attributing stable high-Q
performance with minimum variation. Different coaxial inset
filters are reported using planar and longitudinal coupling
configurations with the capability of obtaining quasi-elliptic
responses in inline structures and flexible control of transmis-
sion zeros. All these competitivemerits promote the new inset
configuration in a wide range of coaxial filter applications
(e.g., cellular base stations and tunable filters).
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