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Abstract: In this paper, a compact bandpass filter with improved band stop and band pass character-
istics for wireless applications is built with four internal conductive poles in a single resonating cavity,
which adds novel quad-resonating modes to the realization of band pass filter. This paper covers
the design and testing of the S-band combline coaxial cavity filter which is beneficial in efficient
filtering functions in wireless communication system design. The metallic cavity high Q coaxial
resonators have the advantages of narrowband, low loss, better selectivity and high potential for
power handling, as compared to microstrip filter in the application to determine the quality factor of
motor oils. Furthermore, the tuning of coupling screws in the combline filter allows in frequency
and bandwidth adjustments. An impedance bandwidth of 500 MHz (fractional bandwidth of 12.8%)
has been achieved with an insertion loss of less than 2.5 dB and return loss of 18 dB at the resonant
frequency. Four-pole resonating cavity filters have been developed with the center frequency of
4.5 GHz. Insert loss at 0 dB and estimated bandwidth at 850 MHz and a quality factor of 4.3 for the
band pass frequencies between 4 and 8 GHz is seen in the simulated result.

Keywords: band pass filter; quadruple-mode; insertion loss; iris structure; unloaded Q-factor;
duplexer; diplexer

1. Introduction

In signal processing, filter is a device, that processes frequency-dependent way of
signals. The size of a filter is usually determined by resonators, which are fundamental
elements in a filter [1,2]. Reducing the dimensions of the resonator is a better way to reduce
the size of the filter. In most cases, to reduce the resonator size, two approaches are used.
Changing the physical structures [3,4] is one of the strategy, another approach is to change
the traditional resonator to produce additional modes that will make the resonator work as
a multimode resonator. As a result, one physical resonator can be modelled as a series of
electrical resonators [5].

Furthermore, multiple filters at various stages are present in a single transceiver. Some
of them require minimal losses, especially when it is positioned at the front end of the
receiver [6]. In this situation, for achieving better Q-factors, waveguide technology is
used. Unfortunately, waveguides are bulky and lead to the usage of heavy components.
Therefore, substantial efforts have been made to alleviate this problem.

Using a modified coaxial cavity resonator with four connected conductive posts, a
unique quad-mode band pass filter is proposed in this study. Conventional designs need
for a coupling window to control coupling between the inner posts. To maximize space
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utilization and achieve a high factor, no metallic walls are required to enclose the hollow
in the suggested filter. Compared to typical coaxial filters, the suggested filter structure
allows for a more compact construction while improving the resonator unloaded Q. It is
also possible to modify inductive or capacitive sequential and cross-coupling which is
thank to the cavity’s variable mix of electric and magnetic coupling.

Consequently, numerous controllable transmission zeros with variable passband
characteristics can be easily realized. Although multimode filters have benefits such as low
insertion loss and smaller size, designing a higher order multimode filter is difficult due to
its design complexity of the coupling with the degenerated modes in a single multimode
resonator. Literature shows that there are many papers describing a single multimode
resonator, but only a few papers focusing on manifold multimode filters or resonators [7,8].
It is also difficult to build a multimode resonator filter with a broad stopband because
their parasitic resonances or modes and multiple degenerate modes operates nearer to the
fundamental mode [9,10]. The stated stopband bandwidth is insufficient to reject anything
beyond the third parasitic spurious harmonics.

In this paper, an efficient method for designing high order multimode filters is used.
The proposed method aids in achieving effective multimode operation with an ultra-wide
stopband at the same time.

The remaining of this paper is organized as following: Section 2 presents the related
works. Section 3 presents the proposed combline filter structure. Section 4 presents the
results and discussions and Section 5 outlines the conclusion.

2. Related Works

The quad mode bandpass filter, is equivalent to a parallel-tuned circuit and most
frequently used with or without amplification for general transmitter sharpening of a
single front end receiver selectivity. In order to accommodate the rapid development
of mobile communication systems, the requirements for efficient improvement and size
reduction have become increasingly stringent. Dielectric loading [11], dual and multimode
techniques [12] can meet filter size and performance requirements. However, the majority
of these waveguide-based methods are not practically realistic to coaxial cavity combline
structures filters, which are favored in base-stations. Although they have a high power
capability and a very high selectivity (Q-factor), combline structure based coaxial cavity
filters are widely used in telecommunication sectors for many years [13]. They are widely
used, particularly in wireless base-station applications, due to their advantages of compact
size, relatively high-factor, and low production cost [9,10].

Since the 1980s, a large number of studies on the analysis and design of coaxial cavity
filters have been carried out [11–15]. In recent years, most researchers, have centered on the
filter coupling topology for improving stopband characteristics with a reduced resonator
count [16–18]. Some researchers realized an adjustable stop band at a specific frequency by
preselecting and/or presetting a distinct inductive and capacitive coupling between two
coaxial resonators, one instantly following the other on a signal path. More as of late, a few
investigations consider with respect to the compact combline coaxial cavity bandpass filters
have been focused. By investigating controllable blended electric and magnetic coupling, a
combline coaxial cavity filter with a diminished resonator count and filter dimensions was
presented [19]. By modifying the focusing angle of a few of its coaxial depth resonators, the
longitudinal length of the filter can be decreased to a certain degree, and different tolerable
transmission zeros can be produced due to the nearness of cross-coupling across the longer
distance resonators [20]. In any case, the size-reduced bandpass channels based on the
coaxial depth resonator and the joint channel topology have once in a while been detailed.

The resonance characteristics of the proposed compact coaxial quad-mode filter shows
a high Q-factor. The filter can be designed for a specification with the adequate dimensions.
The filter size is small and the bandwidth is less than 1% [21,22]. For broader bandwidths,
resonator coupling is compact and are closely spaced. Coaxial cavity resonating filter is
widely used in communication and radar systems with the advent of microwave com-
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munications. The filter can be defined by the cavity structure as a standard filter and a
coaxial square cavity filter. The high Q value feature of the coaxial cavity filter is easy to
physically understand and is applicable to the low insertion loss, narrow band and great
suppression of sidebands. Using the proposed concept, four and eight-pole bandpass
filters are equipped with various filtering functions. Combline cavity filters are available
in single, double, and triple mode bandpass configurations. In satellite communications,
four-pole or six-pole double (dual) mode filters are commonly used in output multiplexers,
and eight-pole double mode filters are commonly used in input multiplexers. Output mul-
tiplexers have at least two or three cascaded waveguide cavities, while input multiplexers
have at least four cascaded waveguide cavities [23–27].

Any weight or volume savings achieved in satellite communications are extremely
important [28,29]. Nowadays, filters used for multiplexers are heavier and bulky one than
filters designed in accordance with current development. Furthermore, it is known that two or
three triple mode cavities can be used as a six-pole filter in the output multiplexer. Tragically,
this sort of six-pole filter can be propelled onto a multiple input lines of the multiplexer
at a sidewall of the triple (multi) mode cavities [30–32]. This side-wall propelling can be
much larger than an end-wall propelling. If a filter has been made to create more number
of transmission zeros, then the response of that filter can be improved. With past filters, the
maximum quantity of transmission zeros that can be delivered is rise to the arrange of the
channel minus two. A six-pole earlier art decides dual mode filter can be made to generate
four transmission zeros, and such a filter produces an elliptic function response.

A bandpass filter with exactly one more four mode cavity along with coupling and
tuning screws in the filter resonates at its resonant frequency in four different independent
orthogonal radiating modes at the same time. Any additional cavities with four mode
coupling cavity are adjacent to each other. Any immediate adjacent cavities can be coupled
to one another and resonates at their resonant frequency, with an input and output [33].

The filter of the present invention preferably has at least two cavities, one of which
is a quadruple mode cavity and the other of which is either a single mode cavity, a dual
mode cavity, a triple mode cavity, or a quadruple mode cavity. Even better, the present
invention’s filter is operated in such a way that the number of transmission zeros equals
the order of the filter. Preferably, to a filter with at least one cavity resonating in four
independent orthogonal modes at the same time. Resonating coaxial cavity, consisting of
four conductive couplings. Rather than using couplings, coupling windows, can be used
to accomplish sufficient control between the inner posts [34].

The proposed filter maximizes the metallic walls within the cavity. The use of space,
achieves an optimal filter. The suggested filter configuration enables compact configuration
with a resonator enhancement. Furthermore, because of the controllable electric and
magnetic combination, the dominant sequential (inline) coupling, in the cavity is required
to change cross-coupling to inductive or capacitive effect in the range of 40 MHz to 960 MHz
spectrum ranges. A high quality factor, Q, improved efficiency with better stability and
narrowly spaced (up to 75 kHz) frequencies is attained [35]. To increase the internal
capacity of the resonating filter cavities, physical dimensions of traditional cavity filters can
be varied. It ranges from 85 in the 40 MHz range to less than 11 in the 40 MHz range. The
cavity filters become more realistic in the range of 900 MHz, where Q-factor is substantially
higher than the resonators and filters for the lumped part [36].

3. Proposed Filter Structure

The novelty of this paper is to build a compact bandpass filter with improved stop
band and bandpass characteristics with four internal conductive poles in a single resonating
cavity, which adds novel quad-resonating modes. This proposed concept is used to design,
manufacture, and test four- and eight-pole bandpass filters with various filtering functions.
The measured results predict that an excellent factor can be obtained while maintaining
a small size. Normally, the proposed coaxial cavity filter (resonator) design concept
can provide an unloaded filter characteristics improvement of approximately 15% for a
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given volume. This means that a volume savings of 30% to 35% can be achieved while
maintaining a comparable factor value with conventional coaxial models. It should be
noted that a similar resonator configuration based on the substrate integrated waveguide
(SIW) technique was reported in [21]. However, only the first three resonant modes are
used to design the dual-band filter, with the last mode considered spurious due to the
lack of multiple transmission zero investigations. A standard combline filter is the basic
filter structure, with a number of resonators situated between two ground planes in a
straight line [6] and its equivalent circuit is as shown in Figure 1. In the equivalent circuit,
LC shunt and series combination depicts a bandpass type filter to select the desired band
of frequencies.
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Figure 1. (a) General combline cavity filter and (b) Combline filter-equivalent circuit model.

4. Quadruple-Mode Resonator

Four pole bandpass filters with various filtering functions are constructed using
this suggested definition. The calculated results indicate that, with a compact scale, an
outstanding element can be achieved [12]. As shown in Figure 1, coupling between
neighbouring resonators is performed by the use of a coupling window, which is regulated
by the size of the window and/or a coupling screw piercing into the cavity from the top
cover. Transmission zeros are frequently introduced into the stopband in order to increase
filter selectivity by cross-coupling across non-adjacent resonators.

5. Proposed Configurations and Characteristics

The physical setup of the quad-mode resonator that has been implemented, consisting
of four different inner conductive poles within a single resonating cavity. Its side dimen-
sions include length and height define the size of the square cavity. The mathematical
formulations for the normalized capacitances per unit element, between resonators and
ground for combline filter [7], are given in Equations (1)–(5). The physical configuration
of the proposed quad resonator, which consists of four shaped inner conductor poles in
a single cavity, is seen in Figure 2. On the bottom of the metallic housing, all four of the
inner posts are short-circuited and open-circuited at the other end. Figure 2 and Table 1
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also show the key dimensions characteristics. The side length L and height H of the square
cavity describe its dimensions. The cavity corner is filled with round R, and d represents
the distance between the post centre and the cavity centre. The radius and height of each
post are denoted by r and h, respectively. Instead of the traditional coaxial resonator plugs,
the internal poles are folded 90◦ and extended towards the center of the cavity to improve
the electric connection between them. T and L are the thickness and length of the bended
portion (hence referred to as the head). To refine the electrical connector, both sides of
each pole are chamfered with c at the open end. The total distance between the centre of
the cavity and the open edge of the head is shown by g, so that the distance between two
diagonal posts is 2 g. More specifically, Figure 2 shows a four-pole second elliptical filter
with Cavity 4, resonates at its resonance frequency in four distinct orthogonal modes at the
same time. In Cavity 4, TE113 mode, TM110 mode, TM110 mode, and TE113 modes are made
to resonate successively. Electromagnetic energy is introduced into Cavity 4 through the
input coupling Probe 6, resulting in the activation of the first TE113 mode’s electric field.
Coupling Screw 8 is responsible for transferring energy from the first TE113 mode to the
second TM110 mode. Through Coupling Screws 10 and 12, energy is transmitted to the
second TM110 mode, then to the third TM110 mode and finally to the fourth TE113 mode. A
magnetic field transfer via Iris 16’s Aperture 14 couples energy out of the Cavity 4.
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Table 1. Dimensional parameters of four-pole quad-mode resonator.

a L h r d

33 mm 15 mm 18 mm 3 mm 10 mm

A filter built in accordance with this invention might contain at least two cavities,
one of which resonates at its resonant frequency in four separate orthogonal modes at the
same time, and therefore, the other of which is either one, dual, triple, or quadruple mode
cavity. Likewise, a two-cavity combline filter built in accordance with the present invention
could have a quadrature mode cavity in addition to a single, dual, triple, or quadruple
mode cavity. A coupling screw may be added in each of these quadruple mode cavities to
provide a negative feedback coupling between a first mode and a fourth mode, resulting in
two transmissible zeroes. When the filter contains more than two quadruple mode cavity, a
negative feedback coupling forms between the first and fourth modes of each cavity. When
each cavity resonates at its resonance frequency in four separate orthogonal modes at the
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same time in a two-cavity filter, for example, the negative feedback coupling in the first
cavity is M14 and M58 in the second cavity. In other words, the fifth mode matches the
first mode, and the eighth mode matches the fourth mode of the second cavity.

New resonant modes are revealed by this innovative post arrangement. The elec-
tromagnetic (EM) full-wave simulator ANSYS HFSS (eigenmode) [22] is used for simula-
tion. The suggested coaxial resonator generates four distinct resonant: (a) fundamental,
(b) differential, and (c and d) a pair of orthogonal degenerate modes. The resonant modes
are studied in the following explanation using basic thoughts on the orientation of their
electric and magnetic fields, but the same results may be drawn by considering the electric
fields as well. The magnetic field looping around all four posts has the same direction for
the basic mode (named Mode 1). As a result, it creates a huge magnetic field loop in the
designed cavity while appearing to have only one conductive post at the cavity centre. In
the differential mode (also known as Mode 2), the magnetic field orientations circulating
around the four inner conductive posts diverge from one another. As a result, it seems to be
four tiny independently resonated cavities, similar to a normal coaxial resonator with inner
metallic walls. Both degenerative modes (3 and 4) are orthogonal in space. The magnetic
field only focuses in the volume surrounding two diagonal posts for each one, resulting in
the fulfillment of the boundary condition.

Accordingly, the resonance frequency of each mode is governed not only by the
dimensions of the column and cavity, but also by the position of the column, which is
primarily determined by the parameter. Consider a square cavity with dimensions of
a = 33 mm, H = 17 mm, and R = 3 mm. The aforementioned cavity dimensions remain
constant for all four-pole resonators and filters described below. The inner post’s additional
dimensions are as follows: r = 2.3 mm, h = 14.9 mm, L = 11 mm, T = 3 mm, c = 1.5 mm and
g = 2.3 mm as shown in Figure 3. The corner of the cavity has a round R fillet. On each post
of its side edges of each post are chamfered at the open end for the fine tuning of electric
wave coupling. The spacing distance between two diagonal posts and distance between
cavity center and open edge of head is one unit length.
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Let us consider a square cavity, the cavity dimensions is same for subsequent four-pole
filters and the quadruple-mode resonators as shown in Figures 4 and 5. The dimensions of
the inner poles are as follows: R = 3 mm, L = 9 mm, r = 2 mm, c = 1 mm.
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Figure 5. Perspective view of the cascaded coaxial quadruplet filter (top view).

The cascaded pair of degenerate orthogonal modes created in the coaxial resonator
is designed. The four inner posts are placed in a single cavity, its equivalent circuit for
resonant space will differ according to the resonating mode, and it is possible to satisfy the
boundary condition of the post location. The resonating frequency of each mode is therefore
defined by the cavity dimensions of the post and cavity and is primarily correlated with
the parameter.

6. Cavity Filter Design

Resonating modes are chosen based on the pass-band spectrum, coupling structure,
response modulation frequency tuning, band stop/pass-band tuning, and standing wave
modulation are fully taken for consideration. The measurement of the eigen mode resonant
unit is selected on the basis of the filter’s pass-band. The single cavity is designed having
the same size as the mode. By using the eigen mode solver created on the Euclidean finite
element algorithm. In the frequency range of 30 MHz to 40 GHz and with bandwidth
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choices from less than 0.5% to over 66%, cavity filter designs are available [36]. Cavity
filters provides the consumer with very low loss of insertion, steep skirt selectivity, and
narrower bandwidths than discrete filters of components. The efficiency of the cavity filter
is dependent on the selection of components and the physical configuration of the helical
coils, resonators, and the shape and size of the cavity housing. Using aluminum as the base
metal, standard cavity filters are typically constructed.

7. Normalized Capacitance between Resonators and Ground

This section presents the capacitances needed for the calculation of resonator ‘d’. The
resonator is first thought to be rectangular and then transformed into a cylindrical structure
with a diameter of ‘d’. The width ‘w’, length ‘L’, and thickness ‘t’ are the rectangular
resonator. The resonator impedance is taken as 70 ohm in order to achieve a high unloaded
‘Q’ for filter. Mathematical formulations are given in Equations (1)–(6) for the standardized
capacitances per unit element between resonators and ground for combline filter [7].

C0

ε
=

376.7YA√
εr

(
1 −

√
GT1

YA

)
(1)

Cn

ε
=

376.7YA√
εr

[
Yan

YA
− 1 +

GTn

YA
−

Jn−1,n

YA
tan θ0

]
+

Cn+1

ε
(2)

Cn+1

ε
=

376.7YA√
εr

(
1 −

√
GTn

YA

)
(3)

C01

ε
=

376.7YA√
εr
− C0

ε
(4)

Cj,j+1

ε
|j=1 to n−1 =

(
376.7YA√

εr

)( Jj,j+1

YA

)
tan θ0 (5)

Cn,n+1

ε
=

376.7YA√
εr
− Cn+1

ε
(6)

where, ε is the permittivity, εr = 1, ‘n’—order of filter, Yaj is the resonator admittance = 1/70,
YA = 1/50 and θ0 = 45◦ for λ/8 resonators. All the mathematical calculations for normalized
capacitances are done using SCILAB 6.1.1 (ESI Group, Rungis, France) generated codes.

8. Physical Filter Dimensions

In this work, the cavity width selected for the design is b = 16 mm. ∆C/ε [7], for t/b = 0.4,
where ∆C/ε = Cj,j+1/ε, derived in Equation (7) gives the normalized width ‘wj’ [8] of
rectangular resonators.

Wj

b
|j=1 to n =

1
2

(
1− t

b

)[
1
2

Cj

ε
−

(
C′fe

)
j−1,j

ε
−

(
C′fe

)
j,j+1

ε

]
(7)

where, C′fe
ε is the normalized even-mode fringing capacitance. By equating the diameter of

both types of resonators, as shown in Equation (8), the rectangular cavity resonators are
converted to cylindrical ones.

∏ dj = 2
(
Wj+t

)
(8)

The diameter of each resonator is set equal to the average diameter value given by
Equation (9) for the simplicity and symmetry of the physical structure.

d =
n

∑
j=1

dj

n
(9)
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Hole ‘d1’ is drilled into a resonator creating a coaxial structure with a diameter ‘D’
tuning screw inserted into this hole. Using the coaxial capacitance formula given in
Equation (10), the values of ‘d1’ and ‘W’ are computed.

Cr = W× 0.02414× εr

log( d1
D )

pF (10)

Using the distributed capacitance ‘Cr’ built at the free end of resonators, the resonators
are tuned to resonate. The capacitance Cr Equation (11) is as follows:

Cr = (YA)

(
Yaj

YA

)(
cot θ0

ω0

)
(11)

where, ε is the permittivity, ε = 1, ‘n’ is the order of filter, Yaj is the resonator admittance

(1/70) and YA = 1
50 . The factors GT

YA
and

Jj,j+1
YA

are calculated. Where, b
YA

= 0.918 for λ/8
resonators [8], with impedance equal to 70 Ω. Filter housings are silver plated for enhanced
electrical characteristics and current flow, as most raw metals are inherently loss. To
minimize frequency drift over temperature, brass, copper, aluminum or bi-metal resonators
are used. The basic circuitry of cavity and duplexer filters are highly tuned resonance
circuits that can pass through only certain frequencies. A cavity filter is a resonator at the
input and output inside a conducting ‘box’ with resonating coupling loops. The frequency
ranges widely used is from 40 MHz to 960 MHz. A better Q quality factor is obtained
by increasing the stability efficiency at closely spaced frequencies (down to 75 kHz) and
increasing the internal filter cavity length. Filters based on cavity resonators, in comparison
to filters built on lumped-passive element LC resonators or planar cavity resonators, has
better power handling capability and better insertion loss. It is popular to use cavity
resonator filters in wireless and satellite applications.

9. Coaxial Resonator Cavity Filters

The volume of a coaxial resonator is achieved by adjusting its internal and external
drivers by taking into account the discharged Q factor and power capability of a coaxial
resonator as shown in Figure 6. In short the coaxial resonator cavity filter has many
advantages, such as a smaller length and a slimmer band-pass, higher slopes and greater
power capacity that are characteristic of Chebyshev’s general function.
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Tuning screws placed in the resonant cavities, which can be adjusted externally to the
waveguide, provides fine tuning of the resonant frequency by adding more or less thread to
the waveguide. Tuning screws in each cavity are sealed with jam nuts and thread-locking
compounds. The equivalent circuit is a shutter condenser with a value rising as the screw
is inserted for screws inserted at just a small distance as shown in Figures 7 and 8.
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Figure 8. Penetration depth of coupling screw.

The screw has been inserted at a distance of λ/4 which is equal to a sequence of LC
circuits. Inserting it further allows the impedance to change from capacitive to inductive,
i.e., the arithmetic sign shifts. Elliptic characteristic responses receive numerous with the
aid of using cross-couplings among non-adjoining cavities and the symptoms of those
couplings are decided with the aid of using the orientations of the tuning screws relative to
each other.
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Consider two separate size fusion resonators with the same resonator rods magneti-
cally coupled with an iris in the wall. The tuner height of each other does not, therefore,
create a synchronous resonance. Figure 9 shows proposed quadruple-mode band pass filter
including tap feeders. Figure 10 shows design model of eight-pole bandpass resonating
cavity filter by cascading two quadruple-mode resonators.

Electronics 2021, 10, x FOR PEER REVIEW 12 of 17 
 

 

 

Figure 9. Proposed quadruple-mode band pass filter including tap feeders. 

By considering two combline cavity resonators of diverse sizes with similar reso-

nator rods magnetically coupled to an iris in the common wall. Hence, it does not pro-

duce a synchronous resonance condition to set the tuner heights equal to other. 

 

Figure 10. Design model of eight-pole bandpass resonating cavity filter by cascading two quadru-

ple-mode resonators. 

A synchronously tuned state can be achieved by keeping tuning screw heights (say, 

Th1) constant and iteratively changing the other tuning screw height dimension (say, 

Th2) until a minimum value is reached by the different to two individual frequencies of 

Figure 9. Proposed quadruple-mode band pass filter including tap feeders.

Electronics 2021, 10, x FOR PEER REVIEW 12 of 17 
 

 

 

Figure 9. Proposed quadruple-mode band pass filter including tap feeders. 

By considering two combline cavity resonators of diverse sizes with similar reso-

nator rods magnetically coupled to an iris in the common wall. Hence, it does not pro-

duce a synchronous resonance condition to set the tuner heights equal to other. 

 

Figure 10. Design model of eight-pole bandpass resonating cavity filter by cascading two quadru-

ple-mode resonators. 

A synchronously tuned state can be achieved by keeping tuning screw heights (say, 

Th1) constant and iteratively changing the other tuning screw height dimension (say, 

Th2) until a minimum value is reached by the different to two individual frequencies of 

Figure 10. Design model of eight-pole bandpass resonating cavity filter by cascading two quadruple-
mode resonators.



Electronics 2021, 10, 2853 12 of 16

By considering two combline cavity resonators of diverse sizes with similar resonator
rods magnetically coupled to an iris in the common wall. Hence, it does not produce a
synchronous resonance condition to set the tuner heights equal to other.

A synchronously tuned state can be achieved by keeping tuning screw heights (say,
Th1) constant and iteratively changing the other tuning screw height dimension (say, Th2)
until a minimum value is reached by the different to two individual frequencies of the
entire structure. An eight-pole bandpass filter by cascading two quadrature mode cavity
filters is also designed for future work.

The quadrature mode cavity filter can be used as an elementary building block to
create higher order resonating filters with different responses. The four-pole single cavity
filter has been designed, the square with an outer-width = 26 mm side length and an outer-
length = 20 mm height. These tuning screws used suffers small changes to compensate for
manufacturing tolerances. The calculated centre frequency of the filter is 4.250 GHz, with a
bandwidth of 850 MHz. The configuration of the filter model is developed in the HFSS. A
simulation approach is used to model the entire design process of the cavity.

10. Results

Return loss compares the power reflected to the power fed from the transmission
line. It also expresses the mismatch of the signal. Comparative analysis of measured and
simulated return loss has been performed which shows resonating frequency at 4.250 GHz
produces measured maximum return loss of −26 dB and simulated return loss of −32 dB
as shown in Figure 11.
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Figure 11. Comparative analysis of measured and simulated return loss of resonance cavity resonator.

Insertion loss is nothing but a loss of signal energy/power from the transmission line
and its usually represented in decibels (dB). In the S-parameter plot, it is upper portion of
S21 plot where it touches 0 dB or near to 0 dB. As much near to 0 dB, shows less amount of
insertion losses as shown in Figure 12.
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Figure 12. Insertion loss of cavity resonator.

The measured center frequency of the cavity resonator at 4.250 GHz, and the pass
band bandwidth is 850 MHz. Table 2 shows the comparative analysis of quality factor of
conventional and proposed quadrature mode bandpass filter.

Table 2. Comparative analysis of the conventional and proposed multimode resonating filters.

Filter Type Volume (mm3) Quality
Factor, Q

Bandwidth,
BW

Resonant
Frequency

Return Loss
(dB)

Insertion
Loss (dB)

Transmission
Zeros

Conventional
quadruple mode

BPF [25]

18,513
(33 mm × 33 mm
× 17 mm)

0.865 600 MHz 2566.8 MHz −20 −32 2

Two-pole
quadruple mode

BPF [26]

14510
(26 mm × 26 mm
× 20 mm)

2.1 850 MHz 4250 MHz ≥−12 −42 2

Compact
quad-mode

bandpass filter [27]

13,520
(24 mm × 24 mm
× 20 mm)

3.1 840 MHz 4350 MHz −27 −35 4

Proposed filter in
this paper
(four-pole
quadruple
mode BPF)

13,122
(27 mm × 27 mm
× 18 mm)

4.3 880 MHz 4250 MHz

−32
(simulated)
−26

(measured)

−62 4

11. Comparative Analysis of Conventional and Proposed Resonators

Table 2 summarizes the filter characteristics of conventional and proposed quadruple
mode bandpass filters. According to the results, the simulation results are extremely similar
to the design specification. The slight frequency difference was caused by the external
loading effect, which impacts the resonant frequencies and frequency ratio of the external
linked resonators. The observed frequency response corresponds well to the simulation and
design parameters. The presence of transmission zeros increases the filter’s Quality factor
of 4.3 at 4.2 GHz which induces better selectivity and band pass characteristics. Figure 13
shows the fabricated prototype of proposed quadrature coupled resonating filter. From



Electronics 2021, 10, 2853 14 of 16

Table 2, the proposed four-pole quadruple mode BPF has lesser substrate height which
results in better bandwidth of 880 MHz, for the resonating frequency of 4250 MHz. The
tradeoff between bandwidth and Insertion loss to be monitored seriously for better filter
characteristics, the proposed filter offers −62 dB insertion loss against 880 MHz which is
better trade off ratio among the existing conventional filters. These satisfy the requirements
of the design goals. The difference between simulation and measurement data is relatively
tiny, and they accord very well. Some of these variations may be the result of machining
faults and connectors with Sub-Miniature version A (SMA) pins.
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It is observed from the above comparative analysis that the simulated results are in
good agreement which validates the designed concept. The performance comparison of
the proposed four-pole quadruple mode bandpass filter with some other conventional
combline filter for the next generation of wireless technology indicates that there is vast
improvement in the bandwidth characteristics and selectivity. It is clear from the simulated
results that the proposed filter has a small size and much higher bandwidth compared to
other existing works.

12. Conclusions

The developed Quad-mode pass filters have 4 conductive posts inside a single cavity which
have no metal walls within the cavity for new resonant characteristics and high utilization
for 5G mid-band applications. In addition, the proposed resonator will give four versatile
controllers. Transmission of zeros by of multiple cross-coupling occurring inside the resonating
cavity. The mathematical model also emphasizes the ability to control the resonance frequencies
of the conductive posts. As a result, the 5G sub-band (3.7–4.2 GHz) may be perfectly covered
with a nearly flat passband. Over the desired bandwidth, a fractional bandwidth of 12.8%
(500 MHz impedance bandwidth) was attained at the resonance frequency with a return
loss of more than 18 dB and an insertion loss of less than 2.5 dB. Four-pole resonating
cavity filters have been developed and the centre frequency is 4.5 GHz. Insert loss at 0 dB
and estimated bandwidth at 850 MHz and Quality factor of 4.3. Co-efficient of reflection at
0 and return loss at −23 dB. The proposed design is appealing and ensures that low cost,
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better insertion loss, better bandwidth and quality factor and substantially miniaturized
filters for wireless base station applications are achieved for 5G mid-band applications.
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