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ABSTRACT:A band-pass filter utilizing a dual-mode Substrate IntegratedWaveguide (SIW) cavity, enhanced by a novel Defected Ground
Structure (DGS) is proposed in this paper. The SIW cavity operates in TE110 and TE120 modes, and the electric field of TE110 is
modified by introducing a series of metallized disturbance holes at the center of SIW cavity to increase the resonant frequency of TE110

mode to that of TE120 mode, thereby forming a passband with two transmission poles. A DGS that combines a dumbbell structure with a
Complementary Split Ring Resonator (CSRR) is employed on the ground plane of the filter to improve the stopband rejection and suppress
the parasitic passband. EM simulation and measurement results suggest that the center frequency of the filter is 4.8GHz. It achieves a
3 dB-bandwidth of 300MHz, with its insertion loss in the passband up to 0.5 dB and return loss greater than 20 dB. The designed DGS
introduces a transmission zero near 7.2GHz to suppress the parasitic passband and enhance the selectivity of the filter, while maintaining
the original insertion loss and return loss within the passband. Its overall layout is simple and innovative. The designed filter is specifically
engineered for application in the receiver of Nonlinear Junction Detection (NLJD) systems, aiming to suppress interference signals and
allow only the second harmonic to pass through, which holds certain practical significance in RF engineering.

1. INTRODUCTION

With the swift advancement of wireless communication
systems and microwave passive devices, microwave fil-

ters featuring high performance, high efficiency, and minia-
turization have drawn increasing attention. In Radio Fre-
quency (RF) transceiver systems, radar systems, 5G commu-
nications, and other domains, microwave filters play an irre-
placeable role in frequency selection and interference suppres-
sion. Consequently, the exploration regarding the performance
enhancement and structural innovation of microwave filters has
emerged as a popular subject in recent years [1–3].
As a novel planar structure, Substrate Integrated Waveg-

uide (SIW) has been extensively adopted in the design of mi-
crowave filters and microwave circuit systems in recent years.
In comparison with microstrip structure, SIW has the advan-
tages of low insertion loss, ease of integration, and strong
anti-interference capability [4–7]. Meanwhile, as a novel ap-
proach in the design of microwave passive devices, Defected
Ground Structure (DGS) has been commonly employed to en-
hance stopband suppression, eliminate parasitic passbands, and
inhibit higher-order modes [8–11]. At the same time, with the
development of sub-wavelength artificial materials, metamate-
rials which can realize electromagnetic properties that do not
exist in nature, such as negative permittivity and negative per-
meability, are constantly being applied to the design of mi-
crowave filters [12–15].
Over the recent years, a considerable number of high-

performance microwave filter designs have utilized SIW and
DGS technology [16–19]. Ref. [16] presents a SIW filter
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with mushroom-shaped metallized resonators, generating a
quasi-elliptic response and four transmission poles in the
passband. The resonant frequency is controlled by adjusting
the distance of stalk shift and stalk diameter; however, the
parasitic passband is close, and the insertion loss in the pass-
band has room for improvement. Ref. [17] introduces a series
of quarter-mode SIW cavity filters, considering side coupling
and corner coupling to achieve high-performance and compact
filters, but the out-of-band rejection performance requires
enhancement, and the parasitic passband is close. Ref. [18]
provides an in-line port-fed SIW filter with a dual-mode
response, applying metallized perturbation holes near the SIW
cavity to separate uncoupled modes TE102 and TE201. Thus,
a passband with two transmission poles is formed, and the
transmission zeros are adjusted by changing the position of
the perturbation holes. Three types of filters are designed
based on this principle, but their stopband performance is
unsatisfactory. In [19], a SIW filter using a mixed coupling
technique to enhance selectivity is proposed to generate
transmission zeros without compromising the advantages of
SIW. The filter produces a flat passband with excellent return
loss and insertion loss performance, while its out-of-band
rejection is outstanding, and the parasitic passband is distant.
In previous studies, many SIW band-pass filters were de-

signed by disrupting the resonant mode in the cavity and adding
multiple DGSs to form a passband. From the results of simula-
tion and measurement, it can be seen that these filters generally
have close parasitic passband or unsatisfactory stopband sup-
pression. For these filters, the introduction of DGS typically
resolves these problems. However, such introduction usually
leads to the degradation of the performance regarding in-band

57doi:10.2528/PIERC24110501 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERC24110501


Zhang et al.

insertion loss and return loss, thereby causing the SIW struc-
ture to partially lose its original advantages. In order to solve
the problem above, a microwave band-pass filter based on SIW
is designed in this paper, in combination with the application
requirements of the receiver module of the Nonlinear Junction
Detection (NLJD) system to receive and process the second har-
monic signal reflected by the nonlinear node [20]. The pro-
posed filter operates in TE110 and TE120 modes, and the elec-
tric field of TE110 mode is disturbed to increase its resonant fre-
quency to that of TE120 to form the desired passband. The DGS
adopted in this paper enhances the selectivity of the filter, sup-
presses the parasitic passband, and has negligible effect on the
insertion loss and return loss within the passband, whose lay-
out is both simple and innovative. Simulated and experimental
results indicate that the filter proposed in this paper exhibits ex-
cellent performance in desired frequency selection and parasitic
passband suppression. The designed filter is specifically engi-
neered for application in the receiver of NLJD systems, aiming
to suppress interference signals and allow only the second har-
monic to pass through.
The contents of each section in this paper are as follows. Sec-

tion 1 gives the background of the proposed filter. Section 2
introduces the structure and layout of the proposed filter. Sec-
tion 3 introduces the working principle of each filter structure.
In Section 4, Electromagnetic (EM) simulation results, mea-
sured results, and correlated analysis are given. Section 5 gives
the conclusion of the paper.

2. FILTER STRUCTURE
The proposed filter adopts a single-layer SIW structure, and its
3D geometrical structure is presented in Fig. 1. The filter is
composed of metal layers on both the top and bottom sides of
the dielectric plate. Meanwhile, the thickness of the dielectric
plate and both metal layers are 1mm and 35µm, respectively.
The substrate material is Taconic TLY-5, with a relative permit-
tivity of εr = 2.2 and a loss tangent of tan δ = 0.0009. In this
design, the shape of the SIW cavity assumes a rectangular form,
and the primary transmission modes of the EM wave are TE110

and TE120. A series of metallized via-holes are positioned
along the x-axis direction at the center of the proposed SIW
cavity to disturb the electric field of the TE110 mode, thereby

FIGURE 1. The composition of the proposed filter.

enabling the resonant frequency of the TE110 mode to be closer
to that of the TE120 mode. The input and output ports of the
proposed filter are fed by microstrip lines with a characteristic
impedance of 50Ω. Meanwhile, the impedance matching from
the microstrip to the SIW cavity is achieved through coplanar
waveguide transition and is adjusted by the penetration depth
of the feedline into the cavity. A DGS is etched on the bottom
metal layer of the proposed filter, which adopts a combination
of a dumbbell structure and a Complementary Spilt Ring Res-
onator (CSRR), in order to introduce a transmission zero into
the high-frequency area and thereby enhance the stopband re-
jection of the filter. The layout of each layer is shown in Fig. 2,
and the dimensional parameters after optimization using High
Frequency Structure Simulator (HFSS) are shown in Table 1.

TABLE 1. Geometrical dimensions of the proposed filter (Units: mm).

d L L1 s s1 W W1 gt

2 48 14 3 6.3 41.5 3.3 2.1
s2 g gi go Ld Lo Wd

12 0.7 0.5 1.4 3 4 0.3

(a)

(b)

FIGURE 2. Geometrical layout of each layer. (a) Top layer; (b) Ground
layer with DGS structure.

3. WORKING PRINCIPLE OF THE DESIGNED FILTER
The Substrate Integrated Waveguide (SIW) has evolved from
the conventional dielectric-filled rectangular waveguide. By
substituting the metal walls on both sides of the rectangular
waveguide with metallized through-holes, the SIW is formed.
In this manner, a planar transmission line structure with waveg-
uide characteristics can be achieved on a Printed Circuit Board
(PCB). As a novel waveguide-like structure, the EM wave
transmission characteristic of the SIW is nearly the same as
that of the rectangular waveguide. Since the periodic metal-
lized via-holes at the edge of the SIW cavity cut off the surface
current along the x-axis, the SIW cavity is unable to transmit
EM waves in TM mode and can only be used for transmitting
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TE mode. The resonant frequency fTEmn0 corresponding to the
TEmn0 mode is determined by the geometrical parameters of
the SIW cavity, which is

fTEmn0
=

c

2
√
εr

·

√(
m

Weff

)2

+

(
n

Leff

)2

(1)

In Equation (1), c represents the speed of light; εr denotes
the relative dielectric constant of the substrate;m and n respec-
tively stand for the number of nodal points along the x and y-
axis, whileWeff andLeff respectively signify the effective width
and length of the SIW cavity. The effective width and length
are determined by the physical dimensions of SIW cavity [3]

Weff = W +
d2

0.95s
(2)

Leff = L+
d2

0.95s
(3)

In Equations (2) and (3), parameters L and W denote the
physical length of the proposed SIW cavity, while d stands for
the diameter of cylindrical metallized via-holes, and s repre-
sents the distance between the adjacent holes. During the pro-
cess of designing the SIW cavity, the parameters of the through-
hole diameter d and spacing s are of great significance. This is
because these two parameters will directly determine the ra-
diation loss of the SIW cavity. Excessive radiation loss will
undoubtedly lead to a severe degradation of the passband per-
formance of the SIW filter. To minimize the radiation loss, pa-
rameters d and s should satisfy the following inequalities

s ≤ 2d and d <
λg

5
(4)

where λg represents the waveguide wavelength in SIW [3].
Subsequently, the SIW cavity filter can be designed by employ-
ing the method of analyzing conventional rectangular waveg-
uide.
The proposed band-pass filter is designed to operate at the

frequency of the second harmonic. Since the NLJD transmit-
ter is configured to transmit at 2.4GHz, the center frequency
of the proposed filter is set at 4.8GHz, which will also be the
resonant frequency of the TE120 mode. Based on the Equa-
tions (1), (2) and (3), the size of the proposed SIW cavity is
anticipated to be L = 48mm and W = 41.5mm. EM sim-
ulation was performed on the SIW cavity (whose structure is
presented in Fig. 3) of determined size. The S-parameter plot

FIGURE 3. Structure of the designed SIW cavity.

and E-field distribution at different frequencies are respectively
presented in Fig. 4 and Fig. 5. The S-parameter plot indicates
that the designed SIW cavity resonates at 3.25GHz, 4.8GHz,
6.72GHz, and 7.88GHz, while the E-field distribution reveals
that the transmission modes at these frequencies are TE110,
TE120, TE130, and TE310, respectively.

FIGURE 4. Simulated S-parameter of the designed SIW cavity.

To form a passband at the desired frequency, three metal-
lized via-holes are uniformly positioned at the center of the SIW
cavity along the x-axis direction to perturb the electric field of
the TE110 mode. In this manner, the equivalent cavity size of
TE110 mode is reduced, and its resonant frequency shifts to-
wards the high-frequency direction. Since these perturbation
holes are placed in the region where the electric field intensity
of TE120 mode is minimal, the influence of these holes on the
TE120 mode is limited, thus its resonant frequency will not be
changed. It is noteworthy that the perturbation holes also have
an impact on the electric fields of the TE130 and TE310 modes,
and similarly, the resonant frequencies of these two modes shift
towards the direction of higher frequencies.
The structure and EM simulation of the SIW cavity with dis-

turbance holes (referred to as BPF1 hereinafter) are conducted
in Fig. 6 and Fig. 7, respectively. It can be observed that the
BPF1 forms a passband at 4.8GHz. The return loss within
the passband is greater than 24.02 dB, and the insertion loss
amounts to 0.30 dB. There are two transmission poles in the
passband, corresponding to TE110 and TE120 modes, respec-
tively. The E-field distribution of BPF1 at different frequen-
cies is shown in Fig. 8. Fig. 8 indicates that TE110 and TE120

modes have a higher electric field intensity at the input and out-
put ports; therefore, these two modes can be excited in the cav-
ity. However, the high-order mode TE220 can also be transmit-
ted in the cavity, which causes the filter to generate a parasitic
passband at 7.78GHz. The parasitic passband should be sup-
pressed appropriately; otherwise, it will affect the selectivity
and stopband attenuation performance of the filter.
To address the issue of performance deterioration resulting

from the parasitic passband, DGS is incorporated into the de-
signed filter. DGS alters the transmission characteristics of
microwave circuits by etching a specific shape on the ground
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(a) (b)

(c) (d)

FIGURE 5. E-field distribution of the designed SIW cavity at different frequencies. (a) 3.25GHz; (b) 4.8GHz; (c) 6.72GHz; (d) 7.88GHz.

FIGURE 6. Structure of BPF1.

FIGURE 7. Simulated S-parameter of BPF1.

plane. The geometrical structure of DGS typically makes it
equivalent to a parallel LC circuit, which implies that it pos-
sesses stopband characteristics and can be utilized to introduce
a transmission zero at specific frequencies to suppress the par-
asitic passband and enhance the stopband rejection. The DGS
proposed in this design is a combination of dumbbell structure
and Complementary Split Ring Resonator (CSRR), whose lay-
out is depicted in Fig. 2(b). CSRR prolongs the current flow
path by etching two open resonant rings with opposite openings
on the ground plane, thereby increasing the equivalent induc-

tance and equivalent capacitance. Furthermore, in comparison
with spiral DGS, the geometric parameters of the CSRR struc-
ture are more adjustable, facilitating the attainment of trans-
mission zero at a specific frequency and thereby enhancing the
selectivity of the filter.
For a typical CSRR structure, as depicted in Fig. 9, the exci-

tation from the vertical axial direction causes it to behave like
a pair of electric dipoles. Hence, the CSRR can be regarded as
a parallel LC circuit and can be utilized to generate a transmis-
sion zero. The self capacitance Cr and mutual inductance Lr

of CSRR are given by

Cr = (4lo − go)Cout + (4li − gi)Cin (5)
Lr = (4lo − go)Lout + (4li − gi)Lin (6)

where Cout and Lout are the unit capacitance and unit induc-
tance of the outer ring, whileCin andLin are the corresponding
parameters of the inner ring. From the above parameters, the
resonant frequency of CSRR, i.e., the frequency point of the
transmission zero, can be obtained as

fCSRR =
1

2π
√
LrCr

(7)

The equivalent circuit model of the proposed filter is de-
picted in Fig. 10. The two transmission modes in the SIW cav-
ity respectively correspond to the ground parallel RLC circuit,
both of which have band-pass characteristics. The DGS on the
ground plane can be equivalent to an RLC parallel resonant cir-
cuit, which functions as band-stop.

4. RESULTS & DISCUSSIONS

4.1. Filter EM Simuation Result & Analysis
The simulated S-parameters of the proposed filter (referred to as
BPF2 hereinafter) with a variation of parameterWd are shown
in Fig. 11. It can be observed from Fig. 11 that the designed
DGS generates a transmission zero near 7.2GHz, successfully
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(a) (b)

(c)

FIGURE 8. E-field distribution of BPF1 at different frequencies. (a) 2.4GHz; (b) 4.8GHz; (c) 7.78GHz.

FIGURE 9. Typical CSRR structure. FIGURE 10. The equivalent circuit model of the proposed filter.

FIGURE 11. Effect of parameterWd to the S-parameter of BPF2. FIGURE 12. Effect of parameter s1 to the S-parameter of BPF2.

suppressing the parasitic passband of BPF1. The return loss of
BPF2 in the passband deteriorates from 24.02 dB to 22.25 dB,
which is attributed to the EM energy leakage caused by DGS.
The left side of the passband of BPF2 possesses excellent out-
of-band attenuation, which can effectively suppress the inter-
ference caused by leaked fundamental waves.

As parameter Wd increases from 0.1mm to 0.3mm,
the transmission zero introduced by DGS decreases from
7.48GHz to 7.25GHz, and the forward transmission coef-
ficient dB(|S21|) at the transmission zero decreases from
−27.7 dB to −39.2 dB, as the variation of parameter Wd

modifies the equivalent capacitance and equivalent inductance
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(a) (b)

(c)

FIGURE 13. E-field distribution of BPF2 at different frequencies. (a) 2.4GHz; (b) 4.8GHz; (c) 7.2GHz.

(a) (b)

FIGURE 14. The physical filter. (a) Top side; (b) Bottom side.

of the designed DGS. However, as Wd continues to increase,
the performance of dB(|S21|) at the transmission zero begins
to deteriorate. Considering the above factors and the require-
ments to suppress the third harmonic transmission and parasitic
passband in the designed filter, the value of parameter Wd is
set at 0.3mm.
The simulated S-parameter with a variation of parameter s1

is presented in Fig. 12. It can be observed that with the in-
crease of s1, the resonant frequency of TE110 mode approaches
that of TE120 mode, and the transmission poles in the passband
change from two to one, which indicates that the degeneration
occurs between these two resonant modes in the filter. Simul-
taneously, the 3 dB-bandwidth of the passband starts to shrink
as s1 increases. Additionally, the transmission zero generated
by DGS is affected by the difference of s1. Considering the
above factors and design expectations, the parameter is set as
s1 = 6.3mm.
The E-field distribution of BPF2 at different frequencies is

shown in Fig. 13. It can be observed that at the center fre-
quency, the EM wave can pass through the filter smoothly, not
affected by DGS. At the low-frequency stopband, the EMwave
is basically reflected back to the input port due to the impedance
mismatch. The high-frequency wave is blocked by DGS and
thus cannot pass through the filter. These E-field diagrams are

in line with the simulated S-parameter plot of the designed fil-
ter.

4.2. Comparison of Simulation & Measurement Results
The physical filter, as shown in Fig. 14, is fabricated by using
PCB technology based on the optimized geometrical parame-
ters from Table 1. During the test, it is necessary to solder the
SMA-KHDconnectors to the input and output ports of the phys-
ical filter, and then connect it to the Vector Network Analyzer
(VNA) for measurement. The physical filter is connected to
Deviser NA7682B VNA for measurement, and the EM simula-
tion and VNA measurement results are both shown in Fig. 15.
It can be observed from Fig. 15 that the overall S-parameter
curve trends of the simulation and measurement are consistent.
The measurement results show that the center frequency of the
designed filter is 4.8GHz; the 3 dB-bandwidth is 300MHz; the
insertion loss in the passband is approximately 0.5 dB; and the
return loss in the passband is greater than 20 dB. Compared
with the simulation result, the measured insertion loss is 0.2 dB
greater; the measured return loss is 2.25 dB less than that of
the simulation; and the designed transmission zero is shifted to
the right in the frequency domain. The differences between the
simulated and measured results are mainly attributed to the fab-
rication error, dielectric loss, and the inherent error of the VNA.
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TABLE 2. Comparison with similar filters in the references.

Literatures
IL
(dB)

RL
(dB)

f0

(GHz)
BW3 dB

(MHz)

Parasitic
passband
distance

[16] 2.47 11 3.9 520 near
[17] 1.02 19 4.0 640 near
[18] 0.92 21 15 570 near
[19] 0.9 17 7.5 390 far
[21] 1.9 18 26.6 5650 far

This work 0.5 20 4.8 300 far

FIGURE 15. Simulated and measured S-parameters of designed filter.

A comparison of the performance of the designed filter with
similar works in the referenced articles is presented in Table 2.
The parasitic passband distance in the table refers to the dis-
tance between the center frequency of the filter passband and
that of the parasitic passband. It can be concluded from the
table that the proposed filter in this paper has lower insertion
loss, higher return loss in the passband, better stopband rejec-
tion, and better suppression of the parasitic passband.

5. CONCLUSION
In this paper, a band-pass filter utilizing a dual-mode SIW cav-
ity resonator with a novel DGS is proposed. The SIW cavity
resonator operates in TE110 and TE120 modes, and the elec-
tric field of TE110 is modified by arranging a series of metal-
lized disturbance holes at the center of the SIW cavity, to shift
its resonant frequency to that of TE120 and form a passband at
4.8GHz with two transmission poles. The DGS etched on the
ground plane adopts a combination of a dumbbell structure and
a CSRR. This DGS generates a transmission zero at 7.2GHz,
effectively suppressing the parasitic passband and enhancing
the filter selectivity while having no negative influence on pass-
band performance. Its overall layout is simple and innovative.
The simulated and measured results indicate that the center fre-
quency of the designed filter is 4.8GHz; the 3 dB-bandwidth
is 300MHz; the insertion loss in the passband is up to 0.5 dB;
and the return loss is greater than 20 dB. This paper combines

a SIW cavity with a novel DGS to design the filter, whose cen-
ter frequency, 3 dB-bandwidth, and transmission zero can be
easily adjusted by varying the size of SIW cavity and geomet-
rical dimensions of DGS based on diverse requirements. This
filter can be utilized in the receiver system of NLJD to receive
the second harmonic reflected by the nonlinear nodes and block
the remaining interference signals, which holds certain practi-
cal significance in RF engineering.
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