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ABSTRACT: A metalized through-hole perturbation structure is proposed to effectively control multiple modes of substrate-integrated
waveguide (SIW) filters. The method manipulates six modes (TE101, TE201, TE102, TE202, TE301, and TE401), result in the formation
of three passbands. Subsequently, two symmetrical parallel complementary split ring resonators (CSRRs) are introduced without altering
the filter’s size. These rings generate resonances primarily excited by TE201 and TE102, allowing the filter to produce a fourth passband.
Additionally, extra transmission zeros (TZs) are added, creating a perturbing effect on other modes. This further aids in controlling the
resonances of these modes. The filter exhibits flexibility and controllability in terms of center frequency, bandwidth, and transmission
zeros. The center frequencies of the four passbands are measured at 7.47GHz, 9.84GHz, 11.02GHz, and 12.65GHz, with return losses
exceeding 18 dB. Additionally, there are six TZs, with the highest frequency point reaching −56.58 dB, indicating good in-band and
out-of-band rejection. The measured and simulated results demonstrate satisfactory performance and applicability to multi-channel
transmission in radar and satellite communication systems.

1. INTRODUCTION

Over the past century, communications technology has
rapidly been developed and led to significant changes [1].

Modern communication, surveillance, and navigation systems
are crucial due to the continuous advancement of radar and
satellite communication technologies. Radar technology
enables the detection and monitor of objects and substances
from a distance, even in challenging visibility conditions. Con-
versely, satellite communication technologies enable global
communication over long distances, regardless of whether it is
in urban, rural, or remote areas. They provide fast, reliable tele-
phone, Internet, and data transmission services for applications
across various fields, including aviation, military operations,
meteorology, and law enforcement. For instance, radar and
satellite communication systems in aviation play a pivotal
role in aircraft detection, tracking, and air traffic control [2].
Moreover, in meteorology, radar and satellite systems detect
weather phenomena like rainfall, snowfall, and hurricanes,
assisting scientists and meteorologists in conducting climate
analyses and forecasts to provide precise weather forecasts and
warnings for the protection of lives and property [3]. In radar
and satellite communication systems, a fundamental aspect
of signal processing is filter technology, with a particular
emphasis on multi-passband filters. Multi-passband filters are
essential for transmitting signals within a specific frequency
range, and their applications encompass various crucial aspects
of radar and communication systems [4, 5].
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The predominant approach in designing multi-passband fil-
ters involves the utilization of stepped impedance resonators
(SIRs) [6, 7]. Although the used SIR microstrip structure fil-
ter has low cost and high interband isolation, it is difficult to
meet the requirements of most radar and satellite communica-
tion systems due to its low figure of merit. This is because the
complexity of the SIR filter structure and the resonance mode
can lead to limitations in energy loss and isolation, especially
in high-frequency applications. The design of SIW filter al-
lows for precise control of the distribution and coupling of the
electromagnetic field. By optimizing the design, the coupling
between adjacent modes can be minimized, and mutual inter-
ference can be reduced, resulting in higher Q values. The Q
factor of a SIW filter can be many times higher than that of a
SIR filter, depending on the specific design and manufacturing
process [8]. To enhance the selectivity and out-of-band rejec-
tion of multipass band-pass filters, scholars have conducted ex-
tensive research. As a result, several design methods for multi-
passband substrate-integrated waveguide filters have been pro-
posed.
A comprehensive design method for substrate-integrated

waveguide (SIW) multiband band-pass filters is proposed
in [9]. The method is based on various combinations of
split dual- or triple-band symmetric frequency responses
of two virtual wide bands, composed of TE101 and TE201

modes in Substrate Integrated Resonant Cavities (SIRC).
This theoretical framework enables the realization of SIW
triple/quad/quintuple/hexa-band bandpass filters with en-
hanced frequency and bandwidth allocation. The implemen-
tation method integrates coupled matrix splitting techniques
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and the use of dual-mode resonators to provide an effective
solution for multiband bandpass filters in substrate-integrated
waveguides. While this approach yields a perfectly symmetric
frequency response, the subpassbands are often closely adja-
cent, posing challenges for independent assignment or control.
A novel dual-band filter was proposed in [10, 11] by combining
substrate-integrated waveguide (SIW) and microstrip tech-
niques to achieve a quasi-elliptical response in both passbands.
However, the design may lead to some flexibility limitations
despite combining the two techniques. It will be challenging
to tune or optimize the performance for a specific frequency
band, and the adaptability for different application scenarios
may be affected. Refs. [12, 13] divide a wide passband
into multiple sub-passbands by inserting transmission zeros
(TZs), but only a limited number of frequency ratios can be
achieved. In [14–17], three-mode band-pass filters (BPFs)
were proposed based on three-mode BPFs with symmetric
perturbation cavities. However, due to the symmetric structure
of the three-mode cavities, the second-order and third-order
modes are merged, making independent tuning impossible.
Additionally, more perturbations must be added to separate
them, resulting in a more complex structure. To address issues
related to the excessive size and design flexibility of the filter,
[18–21] proposed a multilayer filter structure, incorporating
two vertically stacked SIW resonators. The coupling between
these resonant cavities is established through grooved lines
on their respective contact surfaces, working in conjunction
with the resonant modes of these lines. Passbands can emerge
through the coupling of multiple modes. The design features a
simple structure, compact size, and ease of integration. How-
ever, the passbands lack independence, and the copper layer on
the contact surfaces of the upper and lower resonant cavities
may impact the coupling effect, rendering the processing both
costly and challenging [22, 23].
In this paper, we propose a flexible and controllable

substrate-integrated waveguide structure to address the
shortcomings of the existing literature. Additionally, a
four-passband filter with effective in-band and out-of-band
rejection is designed based on this structure. Introducing a
metallized through-hole perturbation structure at the center of
the substrate-integrated waveguide cavity enables independent
tunability of the resonance frequencies for six modes: TE101,
TE201, TE102, TE202, TE301, and TE401. This demonstrates
the flexibility of the multi-passband design. At the same time,
while maintaining the overall size of the cavity, a pair of
symmetrical circular Complementary Split-Ring Resonator
(CSRRs) is integrated into the upper metal plate using the pro-
posed disturbance multimode substrate integrated waveguide
cavity. The ring structure serves both as a resonator and as
a micro-perturbation element, and an additional transmission
zero is introduced to achieve the desired bandwidth and
isolation. The final designed four-passband filter structure
allows for flexible adjustment of the resonant frequency,
bandwidth, stopband width between bands, and the position
of the transmission zero, while providing excellent in-band
and out-of-band suppression. This makes the filter well
suited for multi-channel transmission in radar and satellite
communication systems.

2. PERTURBATIVE MULTIMODE STRUCTURES FOR
SUBSTRATE-INTEGRATED WAVEGUIDES
In general, the resonant mode of a single substrate-integrated
waveguide resonator can be initially tuned using its two sides
to estimate the approximate frequencies ofmultiplemodes. The
resonant frequency Equation (1) for the TEm0n mode is as fol-
lows:

FTEm0n
=

c

2
√
µrϵr

√
m2

Weff
+

n2

Leff
(1)

where c is the speed of light in vacuum; µr and ϵr are the rela-
tive permeability and relative permittivity, respectively;m and
n are the mode indices along the cavity in both directions, re-
spectively, with m,n = 0, 1, 2 . . .; and Weff and Leff are the
width and length equivalent to the metal rectangular waveg-
uide, respectively.
This paper proposes a multimode substrate-integrated

waveguide cavity with a perturbed structure to achieve inde-
pendently controllable multimode resonant modes. Metalized
apertures are loaded at the center of the structure to constitute
a multimode resonant cavity. Figure 1(a) illustrates a circular
metalized perforation with a radius R1 at the center of the rect-
angular substrate-integrated waveguide. Additional metallized
perforations are also positioned at the horizontal sides of the
structure to further regulate the variation of the multimode
resonance. The paper presents the electric field distributions of
six modes, as illustrated in Figure 1(b). The metal perforated
structure is positioned at TE101, TE102, and TE301, where the
electric field strengths are larger and are significantly affected
by the perturbation effect of the metal perforations. However,
these modes experience only slight perturbation since the
structure is almost at zero electric fields for TE201, TE202, and
TE401.
The analysis of the structure’s parameters aimed to illustrate

the effects ofmetal perforations onmodes and frequencies. Fig-
ure 2(a) portrays the relationship between the magnitude of R1

and the change in frequency. The resonant frequencies of TE101

and TE201 gradually increase with an increase inR1, approach-
ing each other, thereby forming a passband. Likewise, the res-
onant frequency of TE102 gradually increases with an increase
in R1, approaching TE202, forming a passband. Changes in
R1 minimally affect the frequency of TE202 due to the distri-
bution of the electric field position. Meanwhile, the frequen-
cies of TE301 and TE401 gradually increase with an increase in
R1, but their resonant frequencies are not closely aligned with
each other. Figures 2(b) and (c) demonstrate the impact of the
external metal through-hole on the modes’ characteristics. As
P1 increases from 0 to 4mm while P2 remains fixed and un-
changed, the resonance frequencies of TE101, TE102, and TE301

shift towards the resonance frequencies of TE201, TE202, and
TE401 modes, respectively. Similarly, when P2 is increased to
3mm while P1 remains unchanged, the resonance frequencies
of TE101, TE102, and TE301 gradually move towards the reso-
nance frequencies of TE201, TE202, and TE401 modes, respec-
tively. As both P1 and P2 continue to increase, the resonant
frequencies of TE101, TE102, and TE401 modes decrease.
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(a) (b)

FIGURE 1. Substrate integrated waveguide metal perturbation structure. (a) Geometry. (b) The electric field pattern from left to right from top to
bottom is TE101, TE201, TE102, TE202, TE301 and TE401.

(a) (b) (c)

FIGURE 2. Effects of metal vias on the resonant mode. (a)R1 and on the resonant mode. (b) P1 and on the resonant mode. (c) P2 and on the resonant
mode.

Figure 3(a) displays the S-curve of R1, illustrating that the
structure can be manipulated to generate three passbands. With
the increase ofR1, the frequency of the first passband gradually
rises, whereas the frequency of the second passband initially
increases before reaching stability. The relative bandwidths of
the initial two passbands gradually diminish. The TE301 and
TE401 modes gradually combine to create the third passband,
accompanied by increasing relative bandwidths and transmis-
sion zeros shifting to the right. Figure 3(b) illustrates that as
P1 and P2 increase, the center frequencies of the three gener-
ated passbands initially ascend and subsequently descend con-
currently. The relative bandwidth initially diminishes and then
enlarges concurrently, while the transmission zeros shift to the
right.
The quality factor of the filter can be influenced by the metal

vias of the substrate-integrated waveguide. Consequently, cor-
relation curves were derived between the parameters of the per-
turbed metal vias and quality factor, as depicted in Figure 4.

3. FOUR-PASS BAND FILTER DESIGN BASED ON
RESONANT RING STRUCTURE
Split ring resonator (SRR) technology was initially applied to
structural units of left-handed materials. These units comprise
two square metal ring openings that are nested relative to each
other. The complementary SRR (CSRR) is achieved by etch-
ing the SRR structure shape into the metal plane, producing
results similar to those of left-handed materials. This is when
both the dielectric constant and the magnetic permeability are
negative simultaneously [24, 25]. Figure 5(a) illustrates the cir-
cular CSRR, with the metal part in orange and CSRR structure
in white. The metal layer on the dielectric substrate is etched
to form the CSRR structure. The outer ring has a radius of R2;
the etched line’s width is Wd; the ring spacing is Wg; and the
ring opening isWc.
The circular complementary resonant ring possesses a unique

resonance property, and its resonant frequency can be tuned
by modifying its geometrical parameters within a specified mi-

19 www.jpier.org



Gao et al.

(a) (b)

FIGURE 3. Effects of metal vias on S parameters. (a) Effects of R1 on S parameters. (b) Effects of P1 and P2 on S parameters.

(a) (b)

FIGURE 4. Relationship between metal vias and quality factor. (a) Relationship between R1 and quality factor Q. (b) Relationship between P1 and
P2 and quality factor Q.

(a)

(b)

FIGURE 5. The structure of the complementary opening resonant ring.
(a) The basic structure. (b) The equivalent topology.

crowave or radio frequency (RF) range. The metal-to-metal
contact within the ring results in a capacitance denoted as Cc,
and the metal situated between the inner and outer rings gives
rise to an induced inductance denoted as Lc. The equivalent
topology is depicted in Figure 5(b), wherein L0 can be ex-
pressed as:

L0 = 2πrLpul (2)
where Lpul is the inductance per unit length between the rings,
and r is the inner ring radius, expressed as:

r = R2 −Wd −Wg (3)

and the expression for Cc is:

Cc =
4ϵ0Ls

µ0
(4)

Ls denotes the total equivalent inductance of the complemen-
tary structure SRR corresponding to the CSRR, which is the
sum of the intrinsic inductance Lp of the SRR double ring and
the mutual inductance Lm between the double rings, respec-
tively:

Lp = µ0

[(
1 +

3ξ2

4

)
log

4

ξ
− 2

]
(5)

Therefore, the resonant frequency of CSRR is:

FCSRR =
1

2π
√
L0C0

(6)

The paper introduces a band-pass filter design employing
two-ring CSRRs with opposite openings on the upper metal
plate. The geometry and topology of the proposed quad-band
filter are illustrated in Figure 6. Node 1 and node 2 represent
the TE101 and TE201 modes, forming the first passband collec-
tively. Figure 6(c) illustrates the resonant electric field mode
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(a)

(b)

(c)

FIGURE 6. Four-passband filter structure. (a) Geometry. (b) Coupling topology. (c) The electric field distribution of the second passband.

(a) (b)
(c)

FIGURE 7. Effect of the CSRRs etching ring radius R2 on the filter. (a) S parameters when R2 is less than 1.75mm. (b) S parameters when R2 is
more than 1.75mm. (c) R2 versus frequency variation.

for the second passband, which is produced by the resonant fre-
quency of the CSRRs functioning between the TE201 and TE102

modes. Nodes 7 and 8 denote the resonant modes of the two
CSRRs. Nodes 3 and 4 represent the TE102 and TE202 modes,
respectively. The TE102 mode shifts towards the TE202 mode
to form a third passband. Nodes 5 and 6 represent the TE301

and TE401 modes, respectively; these modes shift to form the
fourth passband. The CSRRs are positioned at the zero electric
field distribution of the TE102 and TE202 modes, causing slight
changes in the resonant frequencies of these modes. This struc-
ture achieves four passbands and improves out-of-band rejec-
tion by incorporating additional transmission zeros. It also en-
hances the performance of microwave circuits without increas-
ing their footprint, achieving device miniaturization.
According to the provided equation and theory, it is evident

that the resonant frequency generated by the CSRRs is con-
trollable based on its dimensions. Based on calculations and
the utilization of three-dimensional electromagnetic simulation
software, Ansys Electronics Desktop, the results are as follows:

if the radius (R2) of the CSRRs is less than 1.75mm, the reso-
nant point that it generates merges with the third passband. Fig-
ure 7(a) and Table 1 illustrate that with an increase in R2, the
center frequencies of the three bands shift towards lower fre-
quencies; the relative bandwidths decrease; and the three trans-
mission zeros relocate to lower frequencies. Consequently, the
primary effect of the CSRRs is to induce a minor perturbation
in the passbands. When the radius (R2) of the CSRRs exceeds
1.75mm, the resonance point produced by the CSRRs contin-
ues shifting towards lower frequencies. Consequently, it di-
verges from the third passband, resulting in the presence of four
passbands in the filter, as depicted in Figure 7(b) and Table 1.
AsR2 increases, the center frequency of these four bands shifts
to lower frequencies, accompanied by a corresponding move-
ment of the resulting transmission zeros. At this stage, the pri-
mary function of the CSRRs is to induce resonance and induce
a minor perturbation in the remaining passbands. It is note-
worthy that if the etch radius (R2) becomes excessively large,
the transmission zeros located to the right of the first passband
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TABLE 1. Effect of CSRRs etch ring radius R2 on filter parameters.

Cases R2 (mm) Passband Frequency (GHz) FBW (%)

Case 1 1
The first passband 7.94 2.64

The second passband 11.62 4.39
The third passband 13.04 5.52

Case 2 1.5
The first passband 7.90 2.28

The second passband 11.44 4.02
The third passband 12.44 4.82

Case 3 1.75

The first passband 7.76 1.93
The second passband 11.04 1.18
The third passband 11.36 3.00
The fourth passband 13.14 3.04

Case 4 1.9

The first passband 7.58 1.45
The second passband 10.02 1.80
The third passband 11.24 4.27
The fourth passband 12.90 3.80

Case 5 2.2

The first passband 6.76 IL (dB) < −3 dB
The second passband 9.04 2.65
The third passband 11.10 3.87
The fourth passband 12.58 4.05

(a)
(b)

FIGURE 8. The influence of the internal parameters of the etching ring on the filter. (a) The relationship between the internal parameters of the
etching ring and the frequency of each mode. (b) The relationship between the internal parameters of the etching ring and the corresponding S.

shift towards lower frequencies, leading to an excessive sup-
pression beyond the passband and significantly impacting the
performance of the first passband.
This paper focuses on four-passband filters, driven by the

societal demand for multi-passband transmission systems. Fig-
ure 7(c) illustrates the frequency change characteristics of pa-
rameter R2 and the relationship between its ratios. With an
increase in R2, the center frequency of the second passband
shifts to lower frequencies, and the remaining three passbands
are perturbed slightly to lower frequencies. The ratio of fre-
quencies between the second and first passbands initially de-
creases before stabilizing. The ratio between the frequencies of
the third and second passbands increases gradually. The ratio
between the frequencies of the fourth and third passbands re-
mains almost unchanged. This is due to the electric fields of

the TE102 and TE202 modes being zero along the perpendicular
center line, resulting in the center frequency of the third pass-
band being almost unaffected by the CSRR.
Figure 8 illustrates that increasing the line width (Wg) and

ring spacing (Wd) of the etched ring decreases the value of the
shunt resonant capacitance, thereby shifting the resonant fre-
quency point and transmission zero towards higher frequencies,
thus enhancing out-of-band rejection. Adjusting Wc has a mi-
nor effect on the filter compared to adjusting Wg and Wd. In-
creasingWc reduces the shunt resonant inductance and slightly
shifts the zero point towards higher frequencies. The internal
parameters of the etch ring primarily affect the second passband
and perturb the first and fourth passbands. Since the etched ring
is positioned at the point of the weakest electric field pattern in
the third passband, internal parameters have minimal impact.
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(a) (b)

FIGURE 9. Effect of offset Ly on the filter. (a) Effect of Ly on resonance modes and coupling coefficients. (b) Frequency and relative bandwidth of
Ly vs.

(a)

(b)
(c)

FIGURE 10. Physical measurement results. (a) Physical drawing. (b) Vector-net analyzer test drawing. (c) Filter simulation and measurement results.

To illustrate the effect of the offset Ly on the filter, Fig-
ure 9(a) displays the resonant frequencies of the CSRRs and
their coupling coefficients with respect to Ly . As Ly increases,
the resonant frequencies of TE101 and TE201 gradually rise,
whereas those of the CSRRs gradually decline. Consequently,
the first passband shifts to a higher frequency, while the sec-
ond passband shifts to a lower one. The coupling coefficients
M17 andM27 decrease with increasing Ly . As Ly continues to
increase, the coupling coefficients weaken, thereby preventing
the excitation of CSRRs modes by the TE101 or TE201 modes,
resulting in the inability to form a four-band response. Since the
CSRRs are not coupled to the TE102 and TE202 modes, the third
passband is nearly unaffected by Ly . The coupling coefficient
Mij (j > i) can be calculated using Equation (7).

Mij =
f2
j − f2

i

f2
j + f2

i

(7)

where fj and fi (j>i) denote the corresponding frequencies
of the proposed resonant cavity. Figure 9(b) displays the 3 dB
bandwidth and resonant frequencies of the four passbands in-
fluenced by the offset Ly . With an increase in the value of
Ly from 7.0mm to 9.5mm, the resonant frequency of the third
passband remains constant. Nonetheless, the resonant frequen-
cies of the remaining passbands are slightly disturbed. Specif-
ically, the resonant frequency of the first and fourth passbands

increases, whereas the resonant frequency of the second pass-
band decreases. The relative bandwidths of the first three pass-
bands undergo slight changes, while the fourth passband starts
to decrease and stabilize. This theory can be applied to com-
pensate changes in bandwidth.

4. PROCESSING AND TESTING OF CONTROLLABLE
MULTIMODE FOUR-PASS BAND FILTERS
The paper proposes a four-passband filter utilizing a Rogers
RT/Duroid 5880 substrate with specific parameters: a substrate
thickness of 0.508mm, a dielectric constant of 2.2, and a loss
angle tangent of 0.0009. The optimized parameters, as delin-
eated in Table 2, were derived through simulation and optimiza-
tion employing the three-dimensional electromagnetic simula-
tion software, Ansys Electronics Desktop.
The results of the actual filter, simulations, and measure-

ments are presented in Figure 10. The vector network analyzer
was employed for measurements, and the simulation results
were found to be consistent with the measured results. As
the filter designed in this study is a passive filter, only the
S-parameters were tested, and no signal-to-noise ratio (SNR)
test was required. The sources of measurement error include
transmission line inaccuracies and physical joint discrepancies;
however, temperature and humidity were found to have
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TABLE 2. Filter size parameters.

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)
L1 20 W1 34 R1 1.1 P1 2.5 Wg 0.4
Ls 2.3 Ws 0.8 R2 3.8 P2 1.0 Wc 0.6
Ly 8.1 Wd 0.4 P 1.0 d 0.6 ti 4.0

TABLE 3. Parameter comparison between this paper and other multi-passband filters.

Ref. Passbands F0 (GHz) IL (dB) RL (dB) FBW (%) TZs Size λ2
g

SIR microstrip line structure filter
[1] 3 1.85/2.59/3.43 1.24/1.72/1.80 > 15 8.5/4.1/6.5 6 0.19
[4] 2 2.79/3.90 0.96/3.00 > 18 5.6/6.7 3 0.34
[6] 4 2.22/3.66/5.63/7.52 0.32/0.41/1.38/0.43 > 20 10/8/4/10 2 0.02
[7] 2 4.26/6.26 1.09/1.61 > 21 7.3/2.4 3 -
[27] 4 5.75/7.58/9.56/12.14 2.44/2.28/2.33/2.78 > 20 1.65/2.44/1.78/3.65 4 -

Double-layer substrate integrated waveguide filter
[8] 2 9.01/11.77 1.47/1.02 > 30 10.22/8.81 2 1.21
[9] 4 11.63/12.47/13.51/14.35 0.89/1.27/1.45/1.79 > 15 1.71/1.68/1.38/1.22 6 1.56
[20] 3 11.92/13.23/14.1 1.81/2.35/1.93 > 15 2.85/1.29/1.42 6 2.72
[21] 3 1.83/2.1/2.47 2.31/2.25/3.01 > 15 3.01/2.86/2.31 6 0.05
[23] 4 7.92/8.61/10.24/11.54 2.18/2.39/1.84/1.61 > 15 1.64/1.5/2.34/1.99 6 1.06

Double-layer substrate integrated waveguide filter
[9] 4 11.53/12.51/14.7/15.22 1.33/1.22/1.43/1.53 > 14 1.43/1.42/1.14/1 7 2.73
[10] 3 2.33/5.08/29.6 0.75/0.89/2.8 > 20 17.6/11.81/7.7 1 0.10
[14] 3 13/14/15 1.71/1.80/2.29 > 16 4.06/3.31/2.82 3 4.03
[20] 3 11.18/12.6/13.33 0.55/1.56/1.78 > 19 3.93/1.91/1.43 6 3.04
[22] 4 11.96/12.96/13.95/14.94 1.72/1.09/1.65/1.24 > 15 - 3 2.19
[23] 3 7.55/9.3/10.81 2.8/2.5/2.15 > 16 1.19/1.83/3.15 4 1.06
This 4 7.47/9.84/11.02/12.65 2.47/2.41/1.32/1.96 > 18 0.80/1.32/4.17/3.32 6 0.49

Ref.: Reference; F0: center frequency; FBW: fractional bandwidth; TZs: Transmission zeros at lower and upper bandpass edges;
λg: the guided wavelength at 7.47GHz.

no significant effect [26, 27]. The simulated and measured
center frequencies are 7.56/7.47, 10.02/9.84, 11.22/11.02
and 12.92/12.65GHz, respectively, with corresponding rel-
ative bandwidths of 1.46/0.80, 1.80/1.32, 4.28/4.17, and
3.79/3.32%. Maximum in-band insertion losses are 0.92/2.47,
1.28/2.41, 0.50/1.32, and 0.63/1.96 dB, while return losses are
28.89/18.30, 21.89/27.32, 21.88/21.74, and 30.69/18.85 dB,
respectively. Filter dimensions are 0.91λg × 0.54λg . The
filter demonstrates robust out-of-band rejection, revealing
six transmission zeros outside the passband, with the highest
frequency point measured at −56.65 dB.
To demonstrate the advantages of the controllable four-

passband filter, we compare it with the multi-passband filter as
depicted in Table 3. Given the scarcity of journals and papers
concerning four-passband filters, we have conducted a compar-
ison with the multi-passband filter. The comparison of each
column in Table 3 shows that the four-passband filter designed
in this paper enables multi-passband transmission with a return
loss greater than 18 dB and six transmission zeros. Further-

more, the filter does not require complex physical processing
and has a dimensional accuracy of only one decimal place and
a size of only 0.49λ2

g .

5. CONCLUSION

This paper introduces a substrate-integrated waveguide cav-
ity perturbed by metal holes. Two complementary symmet-
ric open resonant rings are incorporated to formulate a four-
passband filter with adjustable frequency and bandwidth. The
filter can selectively transmit a specific signal frequency, facil-
itating the extraction of the target signal from the mixed sig-
nals received in the system, thereby suppressing unwanted fre-
quency components and mitigating the effects of interference.
The four-passband filter exhibits outstanding rejection within
both in-band and out-of-band frequencies, leading to height-
ened transmittance within a specific frequency range and an
elevated blocking rate at other frequencies. This characteris-
tic prevents interference from extraneous frequencies that may
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adversely impact the radar system’s performance. In the re-
ceiving phase, the filter can selectively eliminate noise. The
filter permits only the passage of the target signal, concurrently
suppressing noise and enhancing the signal-to-noise ratio. This
aspect is pivotal for precise target detection and tracking in
radar and satellite communication systems. To attain the req-
uisite high resolution for radar systems, the center frequency
and bandwidth of the four-passband filter must be meticulously
chosen. The narrow-band characteristics of the filter assist in
precisely discriminating between distinct targets and enhancing
the radar system’s target resolution.
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