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Abstract — In this paper, a miniaturized cavity filter
with wide-stopband and wide-passband is proposed.
Because of the bended stub-loaded resonator (BSLR),
the proposed cavity filter successfully excites three TEM
modes, namely TEM-I, TEM-II and TEM-III. The low-
frequency transmission zero (LFTZ) is generated by the
lateral probe, and the high-frequency transmission zero
(HFTZ) is generated by the lateral stub. The lateral metal
cylinder can concentrate the electric field of the stray
mode, leading to a high suppression level. The asymmet-
ric vertical arrangement of the probes can suppress the
fundamental TE¢; mode and several high-order modes.
Therefore, a stopband with a bandwidth of 2.02 times
the center frequency is formed. The proposed cavity
filter has a bandwidth of 42% and an electrical size
of 0.264,%x0.251,%0.224,. It has several advantages
applied to the 5G communication system.

Index Terms — Cavity filter, miniaturization, wide-band,
wide-stopband.

L. INTRODUCTION

With the development of modern communication
technology, cavity filters have become an indispensable
part of microwave systems. Cavity filters are gradu-
ally moving towards wide-stopband, high-power capac-
ity and low insertion loss.

Nowadays, researchers and engineers are exploring
ways to design multi-mode cavity filters. The first way is
to cascade several single cavities whose resonant modes
are generally TE or TM modes [1-3]. In [4], a rectan-
gular cavity filter is proposed. This cavity filter uses two
pairs of degenerate modes to excite a quadruple-mode
passband response. The proposed cavity has a relative
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bandwidth of 1.35% and a high-quality factor of 14500.
In [5], a cross-coupled cavity filter is proposed. A thin
cavity is used to introduce a cross coupling between two
main resonant cavities, the TEy; mode of this thin cavity
has been set away from the center frequency. The pro-
posed cavity filter realizes a bandwidth of 1.84% and
a stopband with a bandwidth of 1.68 times the center
frequency. It is worth noting that the first way can also
be used to design the filtering antennas. In [6], several
cavities with TE;9; modes are cascaded as the horn of
the proposed filtering antenna. The proposed filtering
antenna has a bandwidth of 4% and a directional real-
ized gain of 13.5 dBi.

The second way of designing cavity filters is to load
multi-mode resonators into the resonant cavity [7-10]. In
[11], several short-circuited metal cylinders are loaded
inside the cavity to realize a triple-TEM-mode response.
Although the performance of the cavity filter proposed
in [11] is mediocre, it fully proves the feasibility of the
second way. In [12] and [13], the method of cascad-
ing several resonators has been used to achieve multi-
ple resonances. They all achieve high-selectivity and a
high stopband suppression level. In [14], the ring-shaped
microstrip lines are used to couple several coaxial res-
onators. The proposed cavity filter has 2% bandwidth
and extremely low return loss. The dielectric coaxial
resonators can also be used in cavity filters. In [15], a
pair of dielectric coaxial resonators are used to make a
wide-stopband and a high suppression level. The pro-
posed cavity filter realizes a bandwidth of 9.6% and a
stopband with a bandwidth of 4.5 times the center fre-
quency. Like the first way, the second way can also be
used to design filtering antennas. In [16], a coaxial filter-
ing antenna is proposed with extreme high-selectivity of
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2300 dB/GHz. The proposed filtering antenna uses dual-
post coaxial resonators to transversely cascade. In [17], a
filtering antenna is successfully designed by combining
the first way and the second way. The proposed filtering
antenna uses a main resonant cavity with a TE;g, mode,
a TEg;2 mode and a TEM mode.

For the cavity filters, the above works can hardly
realize wide-passband and wide-stopband simultane-
ously. In this paper, a compact cavity filter with wide-
passband and wide-stopband is proposed. The proposed
filter uses three TEM modes to form a 42% passband.
A special lateral metal cylinder and the asymmetric ver-
tical arrangement of two probes are used to generate a
stopband with a bandwidth of 2.02 times the center fre-
quency. Due to the resonant frequencies of the TEM
modes being lower than the resonant frequency of the
fundamental TE;9; mode, the proposed cavity filter can
also achieve miniaturization. Moreover, the equivalent
circuit is also proposed [ 18] for engineering applications.

I1. DESIGN AND ANALYSIS

A. Physical structure of the proposed cavity filter

The structure of the proposed cavity filter is shown
in Fig. 1. The proposed cavity filter is composed of
a rectangular cavity, a bended stub-loaded resonator
(BSLR), a perturbed metal cylinder and two stepped
probes. The BSLR consists of a lateral stub and a lon-
gitudinal stub. Two mutually perpendicular probes are
loaded inside the cavity to couple with the BSLR. The
stepped metal cylinders are loaded onto the terminals of
the probes. A lateral perturbed metal cylinder is loaded
onto the sidewall of the cavity.
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Fig. 1. Physical structure of the proposed cavity band-
pass filter: (a) Three-dimensional view and (b) xoy plane
(unit: mm): h =40, w =45,1=48, D) =2.5, D, =2,
D3 =4.2, Dy =45, dy =17, dy = 20.1, d3 = 25.5,
dy=114,H =17, Hy =57, H3 =13.5, Hy = 17.7,
Hs =229,L =223,L, =29.1.

B. Evolution steps of the proposed cavity filter
In order to describe more clearly the design process
of the proposed cavity filter, the evolution steps of the
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proposed cavity filter are displayed in Fig. 2. The reflec-
tion coefficients and the insertion losses are displayed in
Figs. 3 (a) and (b), respectively.

The interior of the BPFI is loaded with a longi-
tudinal SLR and two mutually perpendicular probes.
The BPFEI has two TEM modes and a low-frequency
transmission zero (LFTZ) The stopband is narrow and
the high-frequency selectivity is poor. Moreover, the
impedance matching greatly needs to be improved.
Figure 6 (c) shows the electric-field distribution of the
LFTZ. At the LFTZ, the electric-field energy concen-
trates on the lateral probe, so the transmission is almost
Zero.

BPF. 1 BPF. 11 BPF. 111

Fig. 2. Evolution steps of the proposed cavity filter.

Frequency (GHz)

(a) (b)

Frequency (GHz)

Fig. 3. S-parameters of the cavity filter mentioned in the
evolution steps: (a) Reflection coefficients and (b) inser-
tion losses.

After connecting a lateral stub to the longitudi-
nal stub to form the BSLR, and loading stepped metal
cylinders onto the terminals of two probes, the BPF.II
is formed. Since the equivalent electrical length of the
BSLR is smaller than the equivalent electrical length of
the SLR in BPFEI, the center frequency of the passband
moves towards low-frequency. The impedance match-
ing has improved significantly because of the stepped
impedance characteristics. Three TEM modes, namely
TEM-I, TEM-II and TEM-III, are successfully gener-
ated at 1.46 GHz, 1.58 GHz and 1.87 GHz, respectively.
Figure 4 shows the electric-field distribution of TEM-I,
TEM-II and TEM-III in the xoz and yoz planes. Selec-
tivity is improved significantly by introducing a new

452



453

high-frequency transmission zero (HFTZ) at 2.38 GHz.
However, the stopband of BPE.II is still narrow because a
stray mode, namely TEM-1V, is generated at 3.98 GHz.
Figure 6 (d) shows the electric-field distribution of the
HFTZ. At the HFTZ, the electric-field energy concen-
trates on the lateral metal cylinder, so the transmission is
almost zero.

After loading a lateral perturbed metal cylinder onto
the side wall of the cavity, the proposed cavity filter
named BPFEIII is formed. The TEM-IV is suppressed
greatly by the perturbed metal cylinder. The origin and
the suppressed TEM-IV are displayed in Figs. 6 (a) and
(b), respectively. It can be seen that the perturbed metal
cylinder can pull and focus most electric-field energy,
so the electric-field energy cannot be coupled well from
the lateral probe to the longitudinal probe. The stopband
range increases to 3.4 GHz (2.2-5.6 GHz). The maxi-
mum return loss is lower than -18 dB. It is obvious that
the proposed cavity filter has good impedance matching
and wide-stopband.
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Fig. 4. Electric-field distributions of the proposed cavity
filter: (a) TEM-I, (b) TEM-II, and (c) TEM-III.
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Fig. 5. Insertion losses, physical structure and electric-
field distributions of the BPEIII and BPE.IV.

C. Illustration of the arrangement of the probes
In order to explain the reason for the arrangement of
the mutually vertical probes in the proposed cavity filter,
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a comparison of the insertion loss of the proposed fil-
ter and BPEIV are displayed in Fig. 5. It can be seen
that several transmission modes with symmetric electric
field are successfully excited due to the parallel stepped
probes of BPEIV. Intuitively, these transmission modes
are destroyed by mutually perpendicular probes. In order
to quantitatively explain why these transmission modes
collapse in the proposed cavity filter, the coupling inten-
sity K is introduced, as shown in (1). E, represents the
electrical field distribution introduced by the probes. Ey,
represents the electrical field distribution of a certain
order mode in the cavity filter. V represents the volume
of the metal cavity. Clearly, the K of the proposed cavity
filter is significantly less than the K of BPEIV.
k- b EndV ___ g,
V/ITTER2dV - [[[[Em?dV
To further prove the accuracy of the above principle,
Figs. 6 (e) and (f) show the electric-field distribution of
the TE9; mode in the proposed cavity filter and BPEIV.
In the proposed cavity filter, the direction of the electric
field of the probe is perpendicular to the spatial distri-
bution of the electric field of the TE p; mode, resulting
in zero overlap integration of the two field distributions.
This phenomenon leads to discontinuities in the TE;q;
mode, making it not well excited.

D. Parameters analysis of the proposed cavity filter

The S-parameters of the proposed cavity filter with
different D5, d3 and H,4 are shown in Fig. 7. When the
diameter of the lateral cylinder of BSLR Ds increases
from 3.8 mm to 5.8 mm, the center frequency of the pass-
band moves to high-frequency. When the length of the
lateral probe increases from 25 mm to 26 mm, the LFTZ
moves to low-frequency. When the length of the lat-
eral cylinder of BSLR Hj increases, the HFTZ moves to
high-frequency. The quality factor Q of TEM-I increases,
the Q of TEM-II remains unchanged and the Q of TEM-
IIT decreases. The Q of TEM-II remains stable due to
the weak electric field around its lateral stub, where
length variations minimally affect the characteristics of
TEM-IL

E. Equivalent circuit of the proposed cavity filter

The equivalent circuit of the proposed cavity filter is
also analyzed. The electrical impedance Z of a cylinder
can be calculated by (2). The capacitor C can be calcu-
lated by (3). Parameter a denotes the axial length of the
cylindrical cavity. Parameter r denotes the radius of the
cylinder. The resonant frequency can be calculated by
(4). The parameter p denotes the order of the proposed
cavity filter. Parameters and denote the i-th inductor and
Jj-th capacitor, while m and n represent the total number
of inductors and capacitors, respectively.

Insertion loss and impedance matching of the pro-
posed cavity filter were simulated using the Advanced
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Fig. 6. Electric-field distributions of BPFE.II, the proposed cavity filter and BPEIV: (a) Electric field distribution of
TEM-IV of BPFEII, (b) electric-field distribution of TEM-IV of the proposed cavity filter, (c) electric-field distribution
at LFTZ, (d) electric-field distribution at HFTZ, (e) electric-field distribution of TE;9; mode of BPE.IV, and (f) electric-
field distribution of TEp; mode of the proposed cavity filter.
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Fig. 7. Relative parameters of the proposed cavity filter: (a) S-parameters with different Ds, (b) S-parameters with
different d3, (c) S-parameters with different H4, and (d) quality factor Q with different H.

Design System software based on the equivalent circuit,
and the results are compared with those from electro-
magnetic (EM) wave simulation, as depicted in Fig. 8
(b). The center frequencies, the impedance matchings
and the insertion losses in the passband of the two sim-
ulation methods are basically the same. Each part of the
proposed cavity filter can be matched to the correspond-
0 ing impedance value in the equivalent circuit. Therefore,

1018l T e wave Simulation  1Sul {10 the equivalent circuit has good consistency with the pro-
—z0{dB) i\ 1220 posed EM model.
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III. RESULTS AND DISCUSSION
To verify the rationality of the design, the proposed
cavity filter is fabricated and then tested by the vector

Fig. 8. Relative information about the equivalent circuit
of the proposed cavity filter: (a) Equivalent circuit of the
proposed cavity filter and (b) S-parameters of the EM
wave simulation and circuit-based simulation.
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Fig. 9. Simulated and measured S-parameters (inset pho-
tograph of the fabrication).

Table 1: Comparison with previous works

Ref. Electrical Size BW SR

[4] 11Agx1.1A,x1.15A, 1.35% | 0.08f
[5] | 1.87A4%0.344,x0.754, | 1.84% | 1.68f
9] | 0.414,x0.24,x0.41A, 58% 0.63f9
[11] ] 0.1244x0.124,x0.081, | 4.64% | 0.25f
[15] | 0.7645x1.014,%x0.084, | 9.6% 4.5f¢
Pro. | 0.26A,x0.254,x0.224, | 42% 2.02f9

BW: relative bandwidth, SR: stopband range, f: center
frequency.

network analyzer. Figure 9 shows the simulated and
tested results, with a photograph of the fabricated cavity
filter. The material of the fabrication is aluminum-plated
silver. The proposed cavity filter achieves miniaturiza-
tion with a compact size of 0.26A,x0.254,x0.224,. Tt
can be seen that the tested results are roughly consis-
tent with the simulation ones. The measured impedance
matching deviates slightly from the simulated results,
which can be attributed to inaccuracies in the fabrica-
tion process and limitations of the testing equipment.
The measured S-parameters show that the proposed cav-
ity filter has three resonant frequencies (1.47 GHz, 1.65
GHz and 1.89 GHz). The operating bandwidth is 42%
from 1.33 GHz to 2.03 GHz and the insertion loss of the
passband is 0.6 dB. All stopband suppression levels are
higher than 15 dB. For the fabrication, the bandwidth of
the stopband is 3.8 GHz from 2.2 GHz to 6 GHz. Table 1
compares the proposed cavity filter and previous works.
It can be seen that the proposed cavity filter has good per-
formance in all aspects. Consequently, the proposed cav-
ity filter achieves miniaturization, demonstrating supe-
rior filtering response and wide-stopband characteristics.

IV. CONCLUSION
A compact wide-passband wide-stopband cavity fil-
ter is proposed in this paper. The proposed cavity filter
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utilizing a BSLR stimulates three TEM modes, with the
lateral probe creating LFTZ and the lateral stub generat-
ing HFTZ. Stray mode suppression is enhanced through
electric-field concentration via lateral metal cylinders,
while the asymmetric and vertical probes inhibit both
fundamental TEo; and higher-order modes, forming a
stopband with bandwidth of 2.02 times center frequen-
cies. Featuring a wide-bandwidth of 42% and com-
pact electrical dimensions, the design demonstrates engi-
neering reliability through its proposed equivalent cir-
cuit. This solution offers significant advantages for 5G
systems, including compact size, wide-stopband cover-
age and broad passband.
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