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ABSTRACT: In order to solve the requirements of multi-channel communication applications, this paper proposes a miniaturized dual-
passband substrate integrated waveguide filter with asymmetric passband response. The design uses a half-mode substrate integrated
waveguide (HMSIW) cavity, which is loaded with a back-to-back complementary open resonant ring (CSRR) according to the vanishing
mode propagation theory to generate a passband response lower than the HMSIW basic mode TE101, further reducing the cavity size.
In addition, the band-resistive characteristics of the single-ring structure of the CSRR resonator are analyzed, and a C-slot is added at
the feeder to improve the out-of-band characteristics of the second passband. Through simulation optimization and testing, the center
frequency of the dual-passband filter is 4.05 GHz/8.64 GHz; the relative bandwidth is 16%/44%, the insertion loss of both passbands is
better than 0.8 dB; the physical test results are consistent with the simulation ones; and the size of the filter is only 0.42\, x 0.14\,. It
shows that the proposed filter has the characteristics of small size and low loss, and can be widely used in multi-channel RF front-end

systems in the field of wireless communication.

1. INTRODUCTION

ith the rapid development of wireless communication, the
Wcompetition for a large number of various radio tech-
nologies and applications has become more and more fierce,
and communication systems need to work in two different fre-
quency bands, such as Global Positioning System (GPS) and
4G communication and 5G communication. Filters are an
important part of RF/microwave systems, and in dual-band
transceiver systems, using dual-band filters instead of two sep-
arate single-band filters can not only reduce the volume of the
communication system but also save costs compared to design-
ing a separate filter in each corresponding frequency band. In
addition, higher requirements are put forward for the miniatur-
ization, high selectivity, low loss, and multi-channel transmis-
sion capability of dual-passband filters. To meet the needs of
modern communication scenarios, a new type of transmission
line structure, a substrate integrated waveguide (SIW) struc-
ture, has been gradually developed and utilized. SIW structure
not only has the advantages of flattening the microstrip struc-
ture and low cost, but also has the advantages of low loss and
high performance of the traditional metal waveguide structure,
which is very suitable for multi-channel RF front-end systems
in the field of wireless communication. In recent years, many
high-quality substrate-integrated filters with dual-passbands or
multi-passbands have been researched and designed [1-14].

In order to achieve miniaturized and high-performance dual-
passband filters, the most common methods used by scholars
are: (1) loading metamaterial structures such as Complemen-
tary Split Ring Resonators (CSRRs) and Composite Right/Left-
Hand (CRLH) on the cavity surface. The dual passbands are
achieved by loading this electromagnetic structure in the SIW
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structure to generate a resonant frequency lower than the ba-
sic mode of the SIW structure [2, 15-19]; (2) Load slow-wave
structures such as Defected Ground Structure (DGS) and Elec-
tromagnetic Bandgap (EBG) on the cavity surface. By etching
the surface of the SIW structure to destroy the surface standard
current distribution, an obvious band-stop or resonant effect is
formed, to achieve dual passbands [3,4]; (3) Add disturbed
metal holes in the standard SIW cavity to change the pattern
distribution in the cavity and realize the separation of differ-
ent resonant modes to form dual passbands [5]; (4) Cascade
coupling of resonators, etc. Different resonant cavities provide
different resonant frequencies, and under the action of cascade
coupling, dual passbands are formed [6, 7].

In [8], a dual-passband filter is designed using an asymmetric
complementary open resonant ring. By loading a pair of asym-
metric complementary resonant rings into the SIW resonator,
the position parameters of the two resonant rings are changed to
achieve dual passbands. However, the volume and return loss
of the filter are large. Papers [9, 10] propose a method for load-
ing groove line disturbance to form dual passbands. By loading
slot line disturbance in the resonator, a new coupling structure
is formed, and the overall size and stopband performance are
good, but the relative bandwidth of the two passbands is small.
Although a multi-resonant mode is used to implement a dual-
passband filter, their bandwidth is difficult to control indepen-
dently. Papers [11, 12] form dual passbands by connecting res-
onators of different frequencies in parallel. The resonant cavity
of different frequencies makes the center frequency of the filter
flexible and adjustable, but the out-of-band rejection character-
istics of the filter are poor, and the volume is large. Paper [20]
designs a dual-band evanescent-mode bandpass filter (BPF) on
a single-layer SIW to take advantages of reduced complexity,
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but higher loss and size are not favorable for signal transmis-
sion as well as system integration. In paper [21], microstrip
open/short structures are used to design a dual-passband filter,
but the microstrip short structures require metal vias to be re-
alized, which will add unnecessary parasitic effects and affect
the performance and stability of the filters.

In this paper, a filter design method for loading back-to-
back CSRR and C-slot on HMSIW cavity is proposed. The
back-to-back CSRR structure is composed of two identical and
reverse-arranged CSRRs, which are used to provide the first
passband lower than the cutoff frequency of the HMSIW struc-
ture, and the resonance frequency and coupling coefficient of
the back-to-back CSRR are calculated by parity-mode analy-
sis method. The corresponding coupling effect transmission
curve is obtained, and two transmission zeros are formed in
the lower stopband of the first passband, which realizes the de-
gree of miniaturization and increases the frequency selectivity
of the filter. The second passband is provided by the coupling
of the first three modes in the HMSIW cavity, and in order to
improve the out-of-band characteristics of the second passband,
the resonator C-slot is etched on the top layer of the filter, and
the C-slot is a single-loop structure of CSRR with band-reject
characteristics, which can add an additional transmission zero
point at the edge of the second passband. The test results show
that the proposed design method not only reduces the size of the
filter, simplifies the structural complexity, but also has high se-
lectivity, which is very suitable for modern multi-channel com-
munication applications.

2. THEORETICAL DESIGN AND THE PRINCIPLE OF
OPERATION

2.1. HMSIW Resonator Analysis

Cutting along the midline on the SIW structure can obtain HM-
SIW, which has the same working mode as the SIW, but the
size can be reduced by half. Therefore, HMSIW has the advan-
tages of small size, convenient production, low cost, and easy
integration in microwave millimeter wave circuits.

SIW is synthesized on a dielectric substrate using a periodic
array of metallized vias, and only TE mode exists. Since the
wave propagation in the SIW and rectangular metal waveguides
is similar, the resonant frequency of the HMSIW cavity is:

mim nm

c 2 2
fe=5 Ve \/<2Lef/> - (QWeﬁ>

where (1): m,n = 1,2,3...; cis the propagation speed of elec-
tromagnetic waves in a vacuum; € and p are the dielectric con-
stant and permeability of the dielectric substrate, respectively;
Ly and Wy are the equivalent length and equivalent width of
HMSIW, respectively, as follows:
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In Equations (2) and (3): p, d and L, W are, respectively,
the spacing, diameter and length, width of the SIW structure of
the metalized vias. When, d/p > 0.5, d/A < 0.1 satisfied, the
magnetic wall composed of metal vias hardly causes electro-
magnetic leakage.

Figure 1 shows the structure diagram of the initial half-mode
substrate integrated waveguide (HMSIW). To study the trans-
mission characteristics of the HMSIW structure, the eigenmode
simulation of the structure by the simulation software HFSS is
used, and the electric field distribution of the first three resonant
modes in the HMSIW cavity is given in Fig. 2. In Fig. 2(a), the
resonant frequency corresponding to the main mode TE;¢; of
the HMSIW cavity is 5.97 GHz, and it is also the cutoff fre-
quency of the HMSIW structure. Figs. 2(b) and (c) show the
two higher-order modes TE5p; and TEq(3, corresponding to
7.68 GHz and 9.12 GHz, respectively, and at this time, the three
mode resonance points in the HMSIW cavity are close to each
other and can be used to provide a passband of the filter.
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FIGURE 1. HMSIW structure.
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FIGURE 2. HMSIW cavity electric field distribution. (a) 5.97 GHz
(the TE101 mode). (b) 7.68 GHz (the TE201 mode). (c) 9.12 GHz (the
TE103 mode).
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2.2. Back-to-Back CSRR Resonator Structure

Using the low-frequency bandpass transmission characteristics
of conventional CSRR, it is possible to add a passband at a low
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frequency without increasing the filter volume, and realize a
miniaturized design. Compared with the traditional coupled
CSRR, the coupling strength of the back-to-back CSRR struc-
ture is more controllable, which can greatly affect the electric
field distribution in the resonant cavity and is convenient for
the design and adjustment of the passband.
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FIGURE 3. Back-to-back CSRR unit structure.

As shown in Fig. 3, back-to-back CSRR is formed by a pair of
identical CSRR structures arranged side by side in reverse, and
CSRR can be achieved by nesting two open rings of different
sizes, whose equivalent circuit is shown in Fig. 4. Since there is
no gap between back-to-back CSRRs, they can be tightly cou-
pled to each other, and the coupling between two independent
CSRRs is electromagnetic coupling. Electrical coupling and
magnetic coupling work together as a pair of electric dipoles
under axial electric field excitation and work near the resonant
frequency. In Fig. 4, the self-inductance and self-capacitance
equivalent to two independent CSRR structures are equivalent
to the mutual inductance and mutual capacitance between back-
to-back CSRRs [15-18].
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FIGURE 4. Back-to-back CSRR equivalent circuit.

3. BACK-TO-BACK CSRR-HMSIW TRANSMISSION
RESPONSE

The back-to-back CSRR is loaded onto the upper metal surface
of the HMSIW cavity to form a back-to-back CSRR-HMSIW
structure, as shown in Fig. 5.
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FIGURE 5. Back-to-back CSRR-HMSIW structure.

The diameter of HMSIW waveguide metal vias is 0.8 mm,
and the distance between adjacent vias is 1.2 mm. The elec-
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tromagnetic field simulation software HFSS 15.0 was used to
analyze the back-to-back CSRR-HMSIW resonator structure
and the transmission characteristics of HMSIW structure, and
the corresponding transmission characteristic curve is shown in

Fig. 6.
m H
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FIGURE 6. Back-to-back CSRR-HMSIW transmission characteristic
curve.

As can be seen from Fig. 6, the HMSIW cavity is loaded
with back-to-back CSRRs, forming another passband below
the HMSIW cavity cutoff frequency. The back-to-back CSRR
structure produces a passband center frequency of 4.25 GHz, a
relative bandwidth of 18%, and an in-passband insertion loss of
less than 0.3 dB.

Since there are no gaps between the two CSRR structures,
this configuration can result in transmission zero points on each
side of the passband. It is clear that there are two pathways
from the input to the output through the two CSRRs, which act
as two resonators in this filter. Two transmission zeros emerge
from the two pathways’ opposing phase shifts. At the same
time, there is a higher level of out-of-band inhibition. Since
the waveguide has a cutoff frequency of 5.97 GHz and the res-
onant frequency shifts to a lower frequency after adopting a
back-to-back CSRR structure, the conventional HMSIW filter
is miniaturized by 42.6%.

SIW metal vias are equivalent to inductors by array model-
ing Lg4. Input coupling includes electrical coupling and mag-
netic coupling, which are expressed as L,. and C).. The equiva-
lent circuit model diagram of the resulting back-to-back CSRR-
HMSIW filter is shown in Fig. 7(a). The resonance characteris-
tics of odd mode and even mode analysis were studied, and the
odd mode and even-mode equivalent circuit diagrams shown
in Figs. 7(b) and (c) were used to derive odd mode and even-
mode input admittance Yj,, and Y, as shown in Equations (4)
and (5).

j . (—ﬁ +ij’T) (—ﬁ +ij’z->

Yino = Wl i (1 1 .
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FIGURE 7. (a) Equivalent circuit of Back to back CSRR filter; (b) Odd
mode Equivalent circuit; (¢) Even mode Equivalent circuit. (L. =

1.36nH, C. = 0.613pF, L; = 0.565nH, C; = 1.48pF, L, =
0.496 nH, C, = 0.492 pF).
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When the odd mode and even mode transmission poles are
close to infinity, the resonant frequencies foqq and feyen of 0dd
mode and even mode are shown in Equations (6) and (7):

v L;+ L,
Joad = (6)
2m\/LyL; (Cy + C)
\/Lch + LT'LC + 2L7Ll
feven = (7)

27‘1’\/LTLZ‘Lc (Cr +C; + 200)

From Equations (6) and (7), it can be seen that only the even-
mode resonant frequency is affected by the intercoupling ele-
ments L. and C.. The electromagnetic simulation method is
used to study, and the coupling coefficient is extracted as shown
in Equation (8):

.f even |
f even

According to the strength of the coupling coefficient between
the two resonant elements, the resulting coupling effect can
strengthen or weaken the energy storage of the resonant ring at
the operating frequency. From Equation (7) and Equation (8),
it can be seen that the coupling coefficient K between back-to-
back CSRRs is mainly affected by the mutual capacitance C.
between the two CSRRs. As can be seen from Fig. 7(a), the
larger the width of the gap g between the back-to-back CSRRs

\ odd (8)

odd
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is, the greater the mutual capacitance C.. of the equivalent cir-
cuit is.

Figure 8 shows the influence of adjusting the width of the gap
g between back-to-back CSRRs on the coupling coefficient K
and odd-mode and even-mode resonant frequencies. As shown
in Fig. 8, as the gap g width between back-to-back CSRRs in-
creases, the coupling coefficient K gradually decreases, and the
even-mode resonant frequency gradually increases. It is veri-
fied that the even-mode resonant frequency is more sensitive
to the change of mutual capacitance C., while the change of
odd-mode resonant frequency is negligible.
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FIGURE 8. Influence of g on odd and even mode frequency and cou-
pling coefficient.

When Y, = Yjpe, transmitting the zero point, as shown in
Equations (9) and (10):
Zy = —r ©)
" oryL.C.
Ty = L (10)
? 27/ L,.C,

4. LOAD THE C-SLOT

In order to improve the lower stopband suppression characteris-
tics of the second passband, two symmetrical C-slots are loaded
on the back-to-back CSRR-HMSIW structure. The structure is
shown in Fig. 9.

FIGURE 9. Back-to-back CSRR-HMSIW structure.

CSRR as a duality argument for an open resonant ring (SRR)
has been shown to have a negative permittivity constant. Since
the signal cannot propagate near its resonant frequency, CSRR
has stopband performance. The C-slot designed in this section
adopts a CSRR single-ring structure, and the induced current
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TABLE 1. Filter size parameters (unit: mm).

Parameters Value (mm) Parameters Value (mm) Parameters Value (mm)
L 31.2 w 10.4 g 0.60
Ly 11.2 W1 5.60 h 0.40
Lo 3.40 Wa 2.80 o 0.40
a 0.40 b 0.40 P 1.20
0.20 0.80 s 6.00
generated under the action of the electromagnetic field will also 0
change the original magnetic field distribution, to suppress a
certain frequency, so the C-slot also has the same stopband per- 101
formance. ~504
In the simulation software, the opening length of the C-slot Sfé,
has a great influence on the stop-band suppression characteris- £-307
tics under the second passband, and the size of the C-slot open- g 404
ing length is changed. The corresponding transmission charac- ;5
teristic curve is shown in Fig. 10. v 50
- = -Mea-S21
60+ - - -Mea-Sl1
_70 i | - — % = . .
2 4 6 8 10 12
Frequency(GHz)

S,4(dB)

.Y J S S T T R i
1 2 3 4 5 6 7 8 9 10 11

Frequency(GHz)

12
FIGURE 10. Influence of ¢ on out-of-band suppression.

When the C-slot opening length ¢ becomes larger, its reso-
nant frequency becomes higher, creating a parasitic passband
outside the second passband. When c is 0.2 mm, the resonant
frequency is located at the high frequency of the passband range
generated by the HMSIW structure, and the out-of-band char-
acteristic of the C-slot structure itself will generate a new trans-
mission zero TZ3 at the lower resistance band of the second
passband. The final C-slot opening length c is determined to be
0.2 mm.

5. PROCESSING AND TEST RESULTS

In order to optimize the transmission characteristics of the de-
signed filter, the final size of the filter structure is shown in
Table 1 after simulation and optimization.

In order to verify the feasibility of back-to-back CSRR
miniaturized dual-passband filters, a standard printed circuit
board (PCB) process was used to make a substrate of Rogers
5880 material with a dielectric constant of 2.2 and a thickness
of 1.016 mm. Fig. 11 shows the actual processing diagram of
the filter, which has dimensions of 0.42), x 0.14),. Using the
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FIGURE 11. Comparison of test results and simulation results. (a) Front
view. (b) Back view.

Agilent N5242A vector network analyzer for testing, Fig. 11
displays the simulated findings as well as the measured data.

The measured center frequencies are 4.05GHz and
8.64 GHz, corresponding to relative bandwidths of 16% and
44%, respectively, and the maximum interpolation loss score
in the band.

The return loss is 23 dB and 16 dB, respectively. Three trans-
mission zeros are generated outside the passband, and the isola-
tion between the two passbands can approach 35 dB. The high
band’s 6.80 GHz ~ 10.67 GHz rejection is larger than 38 dB. As
can be observed from Fig. 11, there are three main explanations
for why the measured in-band insertion loss, return loss, and
isolation between the two passbands of the filter differ from
the simulation results. First, radiation takes place inside the
waveguide in a plane parallel to the ground, with through-wall
restriction. Second, because this research uses a structure with
slot coupling rather than a completely closed structure, the fil-
ter exhibits a significant radiation loss. The device’s processing
mistake, metal loss, loss of the SMA connector, etc. will also
have an effect to some degree on the measured data. The test
findings largely agree with the modeling, showing that the sug-
gested filter is capable of high selectivity and dual passbands.

The filter designed in this study is contrasted with some other
recent designs that are similar in order to highlight the proper-
ties of the filter’s small size and low loss in Table 2. It can be
shown from comparisons that the suggested filter offers a lot of
advantages in terms of construction size and transmission prop-
erties. The filter developed in this work performs well overall
and has a smaller size and higher selectivity than some previous
studies.
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TABLE 2. This filter is compared with those of other filters.

Ref. freuner(ilcl;e(rGHz) IL(dB) RL(B) FBW (%) NTO'Z‘s’f Size \2g &,
3] 5.83/18.1 1.62/639  20.0/35.0  9.77%/4.09% 4  0.86x 0.25 2.2
5] 13.0/14.0 2.86/3.37 22.0/10.0 2.14%/1.79% 3  3.32x1.16 238
[12] 5.30/8.50 202/1.82 150210 626%/7.75% 4  131x0.84 22
[22] 6.22/8.24 0.86/132 25.0/23.0 7.70%/3.90% 3  0.89 x 0.41 2.38
[23] 33.6/38.0 500220 120100 2.68%/3.68% 1  1.05x0.63 2.2
This work 4.05/8.64 0.80/0.60 23.0/16.0 16.0%/44.0% 3  042x0.14 22

6. CONCLUSION

In this paper, a back-to-back CSRR structure is studied. The
transmission characteristics of the back-to-back CSRR struc-
ture are systematically analyzed, and dual passbands com-
bined with the HMSIW structure to reduce the filter volume
by 46.6%. Three transmission zeros are generated, which en-
hances the filter’s frequency selectivity. In addition, accord-
ing to the band-resistive characteristics of the CSRR single-
ring structure, a symmetrical C-slot is designed to significantly
improve the out-of-band characteristics. In order to verify the
feasibility of the design method, a miniaturized dual-passband
SIW filter was designed, manufactured, and tested. The pro-
posed filter has the characteristics of small size, low insertion
loss, and high-frequency selectivity, which can be used in com-
munication equipment integrated circuits, and broadens the de-
sign path of multi-passband filters.
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