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Abstract—In this brief, two compact tri-band substrate inte-
grated waveguide (SIW) bandpass filters (BPFs) with high
selectivity and controllable center frequencies are presented
based on the proposed tri-mode SIW resonant cavity perturbed
by metallized vias. The resonant characteristics of the tri-mode
SIW cavity are first analyzed, and the impacts of some key
parameters on the resonant frequency are comparatively ana-
lyzed to further elucidate the flexible controlling of the vias
perturbated SIW cavity structure. For demonstrating the superi-
ority of the proposed tri-mode SIW cavity, a prototype of tri-band
SIW BPF, centered at 11.18, 12.61 and 13.33GHz, is designed
using one-layer substrate. In order to further reduce the occupied
size, a tri-band SIW BPF with controllable center frequencies of
11.93, 13.21 and 14.12GHz, is constructed based on electric and
magnetic coupling structure using two layers substrates. Both of
the proposed tri-band BPF's exhibit six transmission zeros (TZs),
resulting in good out-of-band rejections. The measured results
agree well with the simulated ones.

Index Terms—Substrate integrated waveguide (SIW), bandpass
filter (BPF), perturbation structure, transmission zeros.

I. INTRODUCTION

S an essential component of the RF front-end, band-
pass filters (BPFs) play key roles of the entire wireless
system. The traditional single passband BPFs cannot meet
the requirements of miniaturization, integration, and multi-
standard communication systems, and the multi-band filter is a
good solution, attracting much of attention of scholars [1], [2].
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SIW has the advantages of high Q value, low insertion loss
and easy integration, which is widely used in the miniatur-
ization of microwave and millimeter wave active and passive
devices designs [3], [4], [5].

For the SIW multi-band BPF, its design methods can be
divided into the following three categories. Firstly, combin-
ing some single-band SIW BPFs into multi-band one is the
straightforward approach. In [6], the dual-band BPF is realized
by combining two BPFs through a dedicated impedance-
matching network, however, a large circuit size is achieved.
In [7], [8], multi-band BPFs are constructed by etching split-
ring resonators (CSRRs) on the SIW cavity, but this method is
more suitable for lower microwave frequency band. Secondly,
dividing a broad passband into two or more sub-passbands
through inserting transmission zeros (TZs) can also be used
to design multi-band BPFs [9], [10], [11]. Although per-
fect symmetrical frequency responses can be obtained, the
sub-passbands are usually closely adjacent and cannot be
independently assigned or controlled. Thirdly, multiple bands
BPF can be obtained using multi-mode resonant cavities.
In [12], the SIW dual-band BPF is implemented using the
TE101 and TEp9; modes in a SIW cavity. Furthermore, fan-
shaped SIW cavity [13], circular cavity [14], and half-mode
SIW cavity [15], [16] are chosen to realize dual/tri-band
BPFs. In [17], a tri-mode SIW cavity is proposed based on
a perturbed structure, but lack of tunability of the resonant
cavity.

In this brief, a single-layer and a double-layer SIW tri-
band BPFs with different coupling topologies are implemented
based on a novel tri-mode SIW resonant cavity. By loading
metallized vias on the rectangle SIW cavity, the proposed tri-
mode SIW cavity with three independent controllable resonant
modes of TE g1, TE 92 and TEj(; can be achieved, which are
validated from the electric field distribution as well as numer-
ical analysis of the cavity. For demonstrating the superiority
of the proposed tri-mode SIW cavity, a prototype of tri-band
SIW BPF designed on one-layer substrate has six TZs which
improve the passbands’ selectivity and stopband suppressions
greatly. Furthermore, for further realizing the circuit minia-
turization, another tri-band SIW BPF is constructed based on
electrical and magnetic coupling structure using two layers
substrates. The two BPFs are designed, fabricated, and mea-
sured. The measured and simulated results agree well with
each other.

This brief is organized as follows: Section II investigates
the characteristics of the proposed tri-mode SIW resonator.
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Fig. 1. (a) Geometric configuration of cavity I and cavity II, and the E-field
comparison. (b) The impacts of p, and p3 on frequency.

Section IIT demonstrates a compact tri-band SIW BPF based
on the proposed tri-mode SIW cavity. In order to further realize
the filter miniaturization, another tri-band SIW BPF configu-
rations using two-layer substrates are analyzed and designed
in Section IV. The conclusions are drawn in Section V.

II. DESIGN AND ANALYSIS OF PROPOSED
SIW RESONATOR

In this brief, the first three resonant modes of a rectan-
gle SIW cavity are TEjg;, TEj92 and TEjp; modes, shown
in Fig. 1(a), respectively. However, the three resonant modes
cannot be effectively controlled, which is not easy to use in
filter designs, especially in the multi-band BPF.

In order to realize the independent controllable resonant
modes, a modified tri-mode SIW cavity is proposed by load-
ing the metallized vias in the center of the structure, which is
shown in Fig. 1(a). The vias are arranged along the two diag-
onals of the cavity with the lengths of p, and p3. Firstly, the
resonant frequencies of the tri-mode resonant cavity presented
in Fig. 1(a) named Cavity I, can be changed by the cross-
shaped metallized vias in the center of the structure. By
changing the values of p, and p3, the E-field distributions of
the corresponding modes can be impacted. From the numeri-
cal analysis displayed in Fig. 1(b), when p; is fixed, the TE¢;
and TE»p; modes can be altered by changing the value of p3,
and the TE g2 mode remains invariable. Similarly, when p3 is
fixed, the TEjo; and TE 92 modes can be altered by changing
the value of p, and the TE(p; mode remains unchanged. When
p3 is fixed and pp=2%p3, the resonant frequencies of the TEg
and TE»p; modes are almost the same, which would affect the
realization of the tri-band response.

For further improving the adjustability of the resonant
frequencies, a pair of perturbed metallized vias are added
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Fig. 2. Effects of pp on resonant frequency with or without metallized vias.

at both corners diagonally using s_via to mark the location,
whose geometric configuration is shown in Fig. 1(a) labeled
as Cavity II. From E-field distributions, it can be seen that the
perturbed metallized vias are loaded at the place where the
E-field distribution of TE(p; is weakest. So, the vias mainly
affect TE g; and TEj;p; modes, but no effect on the TE
mode. As shown in Fig. 2, when the value of s_via and p3 are
fixed and the value of p; is increased, the resonant frequencies
of TEj9; and TE,g; modes are increased, whereas the reso-
nant frequency of TE|g, mode remains unchanged. Compared
with the case without and with the vias, the TE{p» mode is
unaffected, and the result is consistent with the E-field dis-
tribution analysis of Cavity II, while the resonant frequencies
of TE g1 and TEyq; are shifted about 200MHz and 800MHz,
respectively, because of the perturbation vias. Therefore, by
diagonally loading a pair of perturbed metallized vias on the
cavity, the adjustability of the TE9; model is improved. In
summary, by combining the above key parameters including
P2, p3, and s_via, the resonant frequencies of TEj9; TEj¢p2
and TEjg; modes in the single SIW cavity can be controlled
independently.

III. SINGLE-LAYER SIW TRI-BAND BPF DESIGN
A. Filter Configuration

The configuration of the proposed SIW tri-band BPF by
cascading two tri-mode cavities with a single-layer substrate
is shown in Fig. 3(a). Fig. 3(b) illustrates the correspond-
ing coupling topology diagram, where A, B and C represent
TE101, TE102 and TE3p; modes, separately. Two transmission
zeros beside the two sides of each passband are introduced
by source-load coupling (SLC) structure, resulting in high
selectivity and high rejection. The comparison of the proposed
BPF with and without SLC structure is illustrated in Fig. 4, it
can be found that three additional transmission zeros can be
introduced.

B. Parameters Analysis

The couplings of the three modes in each cavity can be
adjusted by two coupling windows shown in Fig. 3(a). wy and
w3 donate the width of the upper and lower coupling windows.
From the E-field distributions in Fig. 1(a), the upper window
is designed for mutual couplings of TE{9; and TE;o; modes,
while the lower window is used for controlling the couplings
of TEjo; and TEp; modes. The coupling coefficient Kj; (j>i)
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Fig. 3. Proposed single-layer SIW tri-band BPF. (a) Geometric configura-
tion, (W=20, s_via=3.45, d=0.6, p1=0.9, pr=1.2, p3=0.6, Ig1=1.5, w;=0.7,
wp=3.8, w3=4.7, [=9.36, s;=1.52. Unit.mm). (b) Coupling topology.
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Fig. 5. Extracted coupling coefficients of the cascaded SIW tri-mode cavities.
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where f; and f; (j>i) denote the corresponding resonant
frequencies of proposed tri-band SIW cavity.

Fig. 5 shows the impacts of w, and w3 on the cou-
pling coefficients. K(I), K(I), and K(III) denote the coupling
coefficients of TE g1, TEj92 and TE;9; modes between the
two cascaded SIW cavities, respectively. It can be observed
that K(I) and K(II) increase as w» increases, while K(III)
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Fig. 7. (a) Photograph of the fabricated single-layer SIW BPF. (b) Simulated
and measured S-parameters of the proposed BPF.

remains almost unchanged. When ws3 increases, K(I) and
K(IIT) increase with little influence on K(II). Thus, the cou-
pling coefficients of TEj9; and TEjg» modes are attributed
to the upper coupling window, and the coupling coefficients
of TEjo; and TEjp; modes are mainly affected by the lower
coupling window.

To clearly indicate the impacts of perturbation vias, the rela-
tionships between the parameters s_via and p, and the resonant
frequencies are investigated, as shown in Fig. 6. By raising
the value of s_via, the center frequencies of the first pass-
band f.; and the third passband f.3 are increased, while the
center frequency of the second passband f., is not affected.
Moreover, when the value of p, becomes larger, the first and
second passbands are increased, while the third passband is not
influenced. Therefore, based on the aforementioned analysis,
the proposed BPF has controllable frequency ratios, operating
center frequencies and bandwidths.

C. Simulated and Measured Results

In order to validate the design approach, a prototype
of single-layer tri-band BPF is designed, fabricated and
measured. The photograph of the fabricated tri-band BPF
is shown in Fig. 7(a). The substrate used in this design is
Rogers RT/Duriod 5880 substrate with the relative dielectric
constant &,= 2.2, thickness # = 0.508 mm, and loss tangent
tand§ = 0.0009. Fig. 7(b) indicates the measured/simulated
results of the S-parameters of the tri-band BPF in the
frequency range from 10 to 14 GHz. The measured/simulated
results show that the center frequencies of the three pass-
bands of the proposed tri-band BPF are 11.18/11.20 GHz,
12.6/12.64 GHz and 13.33/13.36 GHz, respectively. The
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(W=20, L=20, s_via=3.9, d=0.6, p1=0.9, pp=1.2, p3=0.6, [;=3.1, w=1.2,
wi=1.2,wr=1.2,1) =22, R|=1.3, Ry=2.17, 51=2.2, 5p=2.7, stub2_I} =2.4,
stubl_[1=3.8. Unit.mm). (b) Coupling topology.

return losses of the passbands are better than 19.49/19.5 dB,
31.5/25.9 dB and 27.6/21.3 dB, respectively. The minimum
in-band insertion losses are 0.55/0.43 dB, 1.56/0.73 dB and
1.78/0.97 dB, separately. Six transmission zeros are located
at 10.81/10.8 GHz, 11.82/11.86 GHz, 12.1/12.08 GHz,
12.9/12.88 GHz, 13.04/13.06 GHz and 13.52/13.54 GHz,
improving the frequency skirt selectivity and out-of-band
rejection greatly. The measured fractional bandwidths (FBWs)
are 3.93%, 1.91% and 1.43%, respectively. The measured
results agree well with the simulation results.

IV. DOUBLE-LAYER SIW TRI-BAND BPF DESIGN

To further miniaturize the filter structure and verify the
performance of the resonant cavity, the configuration of
Fig. 3(a) is folded and coupled through different apertures to
realize a double-layer SIW tri-band BPF.

A. Filter Configuration

Fig. 8(a) shows the 3D View of the double-layer tri-band
SIW BPFE. The cavities are vertically coupled with mixed
electric and magnetic couplings through the apertures, and
the corresponding coupling topology is shown in Fig. 8(b).
According to the E-field distribution in Fig. 1(a), the first pass-
band consists of the TEjg; modes mainly coupled by electric
couplings through the R and R, circular and rectangle aper-
tures. Similarly, the third passband is composed of the TEjq;
modes coupled through the R, circular aperture. The TE g,

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 70, NO. 11, NOVEMBER 2023

L)
o\
\ b VoL
20} s \\ s
/ ‘ \ B
7 . . ] |
g Hf - /ng
= - ) {df S
S b N\ 4 TZ, 724 174 \_,’
i TZ,
\l 1z,
-80F N — -with short_stubs |
= = without short_stubs
-100
10 11 12 13 14 15
Frequency(GHz)

Fig. 9. Transmission coefficients of the proposed tri-band BPF with and
without shorted stubs.

VA
A e
4 & e
4" ‘ *\ z.ug
:‘? !I*—&P 16~
LTS e
A i & 1 —a— k(1) Y-

0.4 .4
0.005 0.010 0.015 0.020 0.025 0.030
Coupling coefficient

(b)

Fig. 10. Extracted coupling coefficients, (a) K(I), K(II) and K(III) against
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modes coupled through the R; circular apertures are utilized
to generate the second passband. Besides, a controllable trans-
mission zero (TZ;) is introduced by the canceling effect of
mixed electric and magnetic coupling through the circular and
rectangular apertures [19]. In addition, to further improve the
out-of-band rejection performance of the proposed tri-band
BPF, two pairs of quarter-wavelength shorted-stubs are loaded
at the input and output ports to generate two extra transmission
zeros (TZ; and TZg), as shown in Fig. 9.

B. Parameters Analysis

Fig. 10(a) presents the variations of K(I), K(II) and K(III)
versus the key parameters R; and R;. As the value of R
increases, K(I) and K(II) rise as a whole, while K(III) is
almost unchanged, which is because the first and second pass-
bands are mainly coupled by R;. When the value of R;
increases, K(I) and K(III) become larger as a whole, while
K(I) decreases. This is because the E-field distribution of
the TEj92 mode would be impacted by the size of Ry cir-
cular aperture, shown in Fig. 1(a). In Fig. 10(b), when s; is
fixed, the larger of L, the greater of K(I), and the smaller
of K(III), while K(II) maintains almost unchanged. Moreover,
when L, is fixed and s, is increased, both the K(I) and K(II)
are increased, while K(III) almost keeps the same. Thus, the
couplings of the upper and lower cavities can be controlled by
combining the analysis of the coupling apertures parameters
R1, Ry, Ly and s5.

C. Simulated and Measured Results

For demonstration, a prototype of the proposed double-layer
tri-band BPF is designed, simulated, fabricated and measured.
Fig. 11(a) shows the photograph of the fabricated double-layer
tri-band BPF. Fig. 11(b) indicates the measured/simulated
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Fig. 11. (a) Photograph of the fabricated double-layer SIW BPF.
(b) Simulated and measured S-parameters of the proposed tri-band BPF.

TABLE I
COMPARISONS WITH OTHER REPORTED SIW BPFs

Ref | Structure fo*(GHz) TZ IL*(dB) Size(/g?)

131 ])12;136 1.83/2.1/2.47 6 | 2312253.01 | 022x0.22

[10] S1:;i1re 11.58/12.47/149 | 5 | 0.84/0.9/1.03 | 2.14x2.14

11 Triple 18.7/19.1/19.8 | 4 | 098/0.67/1.4 | 1.15x1.15
layer

[14] Slmgl"‘ 13/14/15 3 | 1711.802.29 | 3.38x1.19
ayer

) Single | 4, 18/12.61333 | 6 | 0551.56/1.78 | 2.20x1.38
This layer

i Dl‘;‘y‘:’r'e 11.92/1323/141 | 6 | 181235193 | 1.65x1.65

fo* denotes the center frequencies of the tri-band BPF; IL* represents insertion
loss.

results of the S-parameters of the double-layer tri-band SIW
BPF in the frequency range from 10 to 15.5 GHz. The
center frequencies of the three passbands of the proposed
tri-band SIW BPF are 11.92/11.93 GHz, 13.23/13.21 GHz
and 14.1/14.12 GHz, respectively. The minimum in-
band insertion losses are 1.81/1.31 dB, 2.35/1.09 dB and
1.93/1.30 dB, respectively. Six transmission zeros are located
at 11.04/11.06 GHz, 12.68/12.78 GHz, 13.03/12.95 GHz,
13.64/13.63 GHz, 14.57/14.55 GHz and 15.06/15.08 GHz.
The measured FBWs are 2.85%, 1.29% and 1.42%, respec-
tively. The measured results are consistent with the simulation
results.

The comparisons between our designs and some recent
reported SIW BPFs are listed in Table I. It can be concluded
from the comparison table that the proposed tri-band BPF
has lower in-band insertion loss and occupies a smaller size.
Moreover, six TZs can be obtained enabling the proposed tri-
band BPF to achieve better out-of-band rejection performance.
These comparisons reveal that the proposed ones are good
candidates for the wireless communication application.

V. CONCLUSION

This brief presents two compact SIW tri-band bandpass fil-
ters based on the proposed novel SIW tri-mode cavity. By
adjusting the perturbation structure, the resonant character-
istics of the multi-mode cavity can be easily controlled to
realize flexible adjustability. Based on the proposed tri-mode
SIW cavities, a single-layer SIW tri-band BPF with SLC struc-
ture is achieved. Moreover, to further improve the integration
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and miniaturization, the SIW tri-band BPF with shorted-stubs
using double-layer substrate is constructed. Both of the BPFs
have six TZs, which results in high selectivity and out-of-
band rejections. The proposed tri-band BPFs are fabricated and
measured, and the measured results agree well with simulated
values. Because of those merits, the designed two tri-band
BPFs are good candidates for multi-band transceiver systems.
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