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ABSTRACT: This paper proposes a cross-coupled filter that utilizes a coplanar waveguide (CPW) resonator and triangular substrate-
integrated waveguide (TSIW) resonant cavities. The filter consists of a CPW resonator etched on the upper metal surface of a second-order
triangular SIW resonant cavity. By adjusting the dimensions of the CPW resonator and optimizing the width of the inductive coupling
window, precise control can be achieved over cross-coupling between resonators, enabling fine-tuning of both filter bandwidth and
transmission zero placement. Simulation and test results indicate that the filter has a center frequency of 11.85 GHz, a —3 dB bandwidth
of 1.82 GHz, a relative bandwidth of 15.4%, an insertion loss of —0.9 dB in the passband, a return loss over 15 dB, and a transmission
zero point located at 15 GHz. The filter has a simple structure, wide bandwidth, low insertion loss, small circuit size, and a flexible and
controllable transmission zero point, making it potentially valuable for various applications.

1. INTRODUCTION

ilters are essential in wireless transceiver systems to elim-
Finate noise and maintain RF system stability, thereby sig-
nificantly impacting wireless communication system transmis-
sion quality. Substrate integrated waveguides (SIWs) have be-
come a popular choice for filter design due to their high-quality
factor, low cost, low loss, and easy planar integration [1-6].
With the rapid development of modern microwave communi-
cation systems, cross-coupling technology is widely used in mi-
crowave filters to meet the requirements of miniaturization, low
cost, high selectivity, strong out-of-band rejection, flexible and
controllable transmission zero position, and other performance
specifications. SIW cross-coupled filter has gained the atten-
tion of many researchers [7—13] due to its ability to meet the
aforementioned requirements while retaining the advantages of
SIW.

Re. [7] demonstrated the negative coupling between two SIW
resonator cavities in a single layer by etching an S-slot be-
tween them. This structure was utilized to create a 4th-order
cross-coupled filter using four SIW resonators, resulting in
quasi-elliptical characteristics. However, the proposed struc-
ture does not aid in filter miniaturization. In [8], the nega-
tive coupling between two resonant cavities was achieved by
etching grounded coplanar lines on the upper metal surface of
a circular substrate integrated waveguide (SIW) resonant cav-
ity. This structure was utilized to create a third-order cross-
coupled filter using three circular SIW resonators, resulting
in one transmission zero. However, the shape of the filter is
unique, and its proposed structure did not aid in the miniaturiza-
tion of the filter. Ref. [9] describes a method for achieving the
hybrid electromagnetic coupling between adjacent SIW cavi-
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ties by combining three slot lines on the top metal plane of the
SIW with inductive windows between adjacent SIW cavities.
This structure was used to realize a third-order cross-coupled
filter with two transmission zeros and improved selectivity. It
is important to note that the order of the filter must be con-
sistent with the number of resonant cavities used. Ref. [10]
implemented mixed-coupling (MC) in the design of substrate-
integrated waveguide (SIW) cross-coupled filters with novel
inter-digital slot lines (ISL). The filter exhibits two transmission
zeros and quasi-elliptical characteristics. However, the number
of resonant cavities cannot be reduced. Ref. [11] proposes a
post-loaded electric coupling-enhanced structure that improves
the electric coupling between two SIW resonators. A 4th-order
cross-coupled filter is designed using this structure, which has
two transmission zeros and quasi-elliptic characteristics. How-
ever, the filter has a high insertion loss. Ref. [12] reports a novel
realization of a frequency-dependent coupling (FDC) structure
that can achieve both positive and negative slopes. The FDC
consists of two coupled, stepped-impedance grounded coplanar
waveguides with open ends. This structure is used to design a
third-order triplet cross-coupled filter. The filter has two trans-
mission zeros in the upper rejection band, but its insertion loss
is also high. In [13], a quasi-elliptic filter with controllable elec-
tric and magnetic mixed-coupling based on substrate-integrated
waveguide cavity resonators using a two-layer printed circuit
board process is presented. The design scheme combines an
embedded short-ended strip line with a conventional inductive
window between two cavities to create mixed-coupling. This
allows for separate control of electric and magnetic coupling by
adjusting the width of the strip line and the inductive window.
Additionally, a controllable transmission zero can be produced
below or above the passband. However, this filter has a double-
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layer structure, which increases the filter’s size and manufactur-
ing difficulty.

Most of the filters proposed in the above literature use con-
ventional rectangular SIW resonant cavities for filter design,
which have a fixed structural form and are not suitable for some
occasions with special circuit shapes. The proposed coupling
structures mainly achieve hybrid or electrical coupling, which
cannot reduce the number of resonant cavities used and can-
not realize filter miniaturization. This study proposes a cross-
coupled filter based on a CPW structure and a triangular SIW
resonant cavity. The filter enriches the structural form of cross-
coupled filters and realizes a third-order filter with control-
lable transmission zero using only two resonance cavities. This
reduces the number of resonance cavities used and achieves
miniaturization of the filter to some extent. The filter devel-
oped in this study has a simple structure, wide bandwidth, low
insertion loss, small circuit size, and flexible and controllable
transmission zero, making it suitable for various applications.

2. STRUCTURE OF THE FILTER

The filter utilizes a substrate-integrated waveguide structure
with a single layer. Fig. 1 displays the three-dimensional struc-
ture of the filter, which consists of two metal layers and a dielec-
tric layer. The dielectric layer is made of ZYF300CA-P, which
has a relative permittivity of 3, a loss tangent of 0.0018, and a
thickness of 0.762 mm. The filter has two isosceles right-angled
triangular SIW (TSIW) resonance cavities, both of which op-
erate in the TM1990/TMs219 mode. In the co-layer planar cou-
pling design of SIW filters, the resonant cavities are connected
through an inductive coupling window. Additionally, a CPW
structure is etched between the two SIW resonant cavities to
form a new resonator that cross-couples with the two cavities.
The filter utilizes a coplanar waveguide transition structure at
both input and output ports to ensure impedance matching with
the source and load. The upper metal surface dimensions of the
filter are shown in Fig. 2. After optimizing the simulation using
HFSS software, the final structural parameters of the filter are
presented in Table 1.

CPW resonator E

Excitation Port 1 xcitation Port 2

oooooo

Coupling window

FIGURE 1. Structure of the filter.

TABLE 1. Structural parameters of the filter (unit: mm).

a=1655 | W1, =188 | P=1.84 d=1
m =2 g=209 Wo =4 c=3.7
L =839 | Ws=0.68 s=0.2

60

FIGURE 3. Schematic structure of isosceles right-angle TSTW resonant
cavity.

3. FILTER DESIGN AND PRINCIPLE ANALYSIS

3.1. Isosceles Right-Angle Triangle SIW Resonant Cavity The-
ory

Figure 3 displays a schematic diagram of an isosceles right-
angled TSIW resonant cavity. The dimensions of the cavity are
determined by the right-angled edge dimension a. Resonant
cavities can generally excite TE,,,; and TM,,,,; modes, and
their field components in each direction can be expressed as
follows:

. _ Jwe OFE. _ _ _Jwe OE. _
T™: H, = pf25, 08 j, = — o=, 08 j, =0
_ _ _Jjk. OE, _ _ _Jjk: OE.

B, = B2—k2 Oz Ey = k2—k2 0y °
E, = AT cos (k,2)
. _ _ _Jjwp OH. _ _Jjwp OH. _
TE: E,=—pdto0L g = ool p =
_ _ _Jjk. 0H, _ _ _jk. 0H.
Hy = E2—k2 Oz ° Hy = E2—k2 0y °
H, = By Tsin (k. z)
(1)

where A,,,,,; and B,,,,,; represent arbitrary amplitude constants;
T is the wave function to be solved; k is the wave number
in the resonant cavity; and k. is the component of the wave
number in the z-direction. The variables i and ¢ represent the
magnetic permeability and dielectric constant of the propaga-
tion medium, respectively, and are defined as u = pou, and
€ = eo&r. In this paper, the thickness of the resonant cavity
studied is much smaller than its side length. Since the resonant
cavity’s length in the z-direction is very small, we can assume
that there is no change in the field pattern along that direction.
Therefore, the wave number component in the z-direction, &,
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can be considered zero. By substituting k£, = 0 into the for-
mula for the TE mode in Eq. (1), we can calculate the magnetic
field in the z-direction of the TE mode, which is H, =0. Since
all other field components are also calculated from H,, there
are no TE modes in the resonant cavity under study. Therefore,
only TM,,,,,0 modes exist in the resonant cavity at this point.
Similarly, by substituting k£, = 0 into the formula for the TM
mode in Eq. (1), the field components of the TM,,,,,0 mode in
each direction can be obtained as:

Ez - Am,n,OT (‘Ta y)

— J 9B,

H, = wp Oy
; (2

H = —Jj OFE.

Y wp Oz

H.=E,=E,=0

In the theoretical derivation, the upper and lower metals of
the TSIW resonant cavity can be regarded as ideal electric
walls, and the metalized through-hole can also be approximated
as an electric wall, so the boundary conditions to be satisfied for
this resonant cavity are:

Ez|m:0 =0, =0 (3)

r=a—y

E.|,_,=0, E.|

By solving the Helmholtz equation V2T + k2T = 0 sat-
isfying the boundary condition (3), the wave function of the
TM, ..o mode can be obtained as follows:

. Ny . NTT . mmy
sin — sin sin

4)
Goff — Geff Goff — Oefy

Zrm,,n,O (l‘y) = sin

where ais the equivalent length of the right-angled side of the
isosceles right-angle TSIW resonant cavity, and m and n need
to satisfy the conditions of m # 0, n # 0, and m # n. It should
be noted that the m and n here are different from the frequency
calculation formula of the rectangular cavity, and the exchange
of the m and n numbers will not produce a new mode, i.c.,
the TM,,,,0 and TM,,,,,0 denote the same mode in the isosceles
right-angle TSIW resonant cavity. The transverse field compo-
nent of the isosceles right-angle TSIW resonant cavity can be
obtained by solving Eq. (2) as:

E.=An o0 (sin MTL gin 2TY — gin 72 gin m”,y)
e gy gy aef aep

T A . - ' . o '
H,=1""mm0 (1 gin ™TE oo 7Y — gy gin 272 cos Y
WA Aeff Aeff Aeff Aeff
—jmA . .
H,=="tmno (m sin 4 cos L — psin Y cos "’”?)
wpa Qeff Ceff Qeff Aeff

(%)
After obtaining the wave function expression, the resonant
wavelength of the resonant cavity can also be found as:

- 20

Ultimately, the resonant frequency of the isosceles right-
angle TSIW resonant cavity with electric walls on all three sides
of the desired solution is:

(6)

vm?2 + n?

_ 7
Ty )

f’m n0 —

wherem =1,2,3,...,n=1,2,3,...,and m # n.

It can be seen that the main mode of the isosceles right-angled
TSIW resonant cavity is TM129/TMa19 mode, which resonates
at the frequency:

V5
20\ /E I

The equivalent edge length a5 in Eq. (8) can be obtained by
the following equation [2]:

®)

f120 = f120 =

d2
el =@~ o5p ©)

where d represents the diameter of the metal via hole, and P
represents the distance between two metal via holes. The filter
designed in this study is based on the main mode of an isosceles
right-angle TSIW resonant cavity. The center frequency of the
filter is initially taken as 11.8 GHz and set to d = 1 mm and
P =1.84mm, and a ~ 17 mm is calculated using Eqgs. (8) and

9).

3.2. Cross-Coupling Theory

Figure 4 shows the coupling topology of the filter, which con-
sists of three resonators. Resonators 1 and 3 are SIW resonators,
while resonator 2 is the CPW resonator etched on the metal up-
per surface of the SIW resonant cavity.

O Source/Load
0 CPW resonator

o o SIW resonator

—— Positive coupling

FIGURE 4. Coupling topology of the filter.

The coupling matrix of the filter can be expressed as:

0 Mg 0 0 0
Ms1 My My Mz 0
0 Mz My My 0 (10)
0 Mz Mz DMzz Msg
0 0 0 Msy, 0

The filter’s coupling matrix was extracted using the Couple-
Fil software, based on its final S-parameter profile. The matrix
is presented below:

0 0973 0 0 0
0973 0.044 0892 0.189 0
0 0.892 —0.202 0.892 0 (11)
0 0180 0892 0.044 0.973
0 0 0 0973 0

According to the theory of related literature [6], the position
of the transmission zero point can be determined by the follow-
ing equation:

Q = =
Mis — Mss  FBW

Mo M. 1
124423 (UJ wo ) (12)
wo w
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where () represents the normalized angular frequency, and FBW
represents the relative bandwidth.

If Q is less than zero and w less than wg, the CPW resonator
will be coupled to the two SIW resonators in the opposite state.
One resonator will be positively coupled and the other nega-
tively coupled, resulting in M2 Ma3 being less than zero. As a
result, a transmission zero will be located on the left side of the
filter’s passband.

If Q is greater than zero and w greater than w, the CPW res-
onator is coupled to the same state as the two SIW resonators,
resulting in positive coupling (M12Mo3 > 0). This leads to a
transmission zero located on the right side of the filter’s pass-
band.

In our design, the CPW resonator is positively coupled to
both SIW resonators. Therefore, a transmission zero will be
located to the right of the filter’s passband.

According to the theory presented above, the filter structure
proposed in this study can more effectively achieve a third-
order filter with a single transmission zero.

4. RESULTS AND ANALYSIS

4.1. Effect of W3 Variation on Filter Performance

Figure 5 shows the filter S-parameter curves for different W3
sizes. It is evident that the transmission zeros on the right side
of the filter passband shift towards higher frequencies as the
W size increases. The increase in W3 size causes a decrease
in magnetic coupling (M;3) between the two TSIWs and an in-
crease in coupling (M2 and Ms3) between the CPW resonator
and the two TSIW resonators. Therefore, the position of the
transmission zeros of the filter can be adjusted by resizing W.

0
10k
~20F o0
S
30
& |
g 40 ——S,, W=6.0 mm
=5 [ S, W;=6.8nm
w50 —— 8, W;=7.6 mm |
L S, W=6.0mm *
-60 | ——S, W=6.8mm
I —— 8, W,=7.6 mm
270 1 1 1 1 1
6 8 10 12 14 16 18
Frequency (GHz)

FIGURE 5. S-parameter curves of the filter for different W5 dimen-
sions.

4.2. Effect of L Variation on Filter Performance

Figure 6 shows the S-parameter curves of the filter for different
L dimensions. It is evident that the passband and transmission
zeros of the filter shift towards the low-frequency direction as
the L size increases. This is due to the decrease in the resonant
frequency of the CPW resonator caused by the increase in L
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FIGURE 6. S-parameter curves of the filter for different L dimensions.

size. Therefore, adjusting the L size can modify the passband
and transmission zero positions of the filter.

4.3. Effect of W, Variation on Filter Performance

Figure 7 shows the S-parameter curves of the filter with vary-
ing Wy dimensions. The position of the transmission zero on
the right side of the filter passband and the passband itself both
shift towards the high-frequency direction as the W size de-
creases. This is due to the decrease in magnetic coupling M3
between the two TSIWs caused by the reduction in W5 size.
Thus, adjusting the size of W5 allows for the adjustment of both
the passband position and the position of the transmission zero
point of the filter.

0
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FIGURE 7. S-parameter curves of the filter for different W5 dimen-
sions.

4.4. Group Time Delay Characterization and Phase Characteri-
zation of the Filter

Figure 8 displays the phase characteristic curves of the So; pa-
rameter of the filter. It is evident that the linearity of the phase
characteristic of the filter is superior in the passband. Fig. 9
displays the group delay curves of the filter. It is evident that
the group delay of the filter is less than 0.75 ns in the passband,
and the maximum group delay variation is only 0.24 ns. At the
same time, the filter exhibits a negative time delay at the trans-
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FIGURE 8. The phase characteristic curves of the Sa2; parameter.
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FIGURE 9. The group delay curve of the filter.

TABLE 2. Comparison with similar filters in the literature.

Refs. Single layer | fo (GHz) | FBW (%) | Order | Insertion Loss (dB) | Size (Ag?) | TZ below, above fo
[7] Vv 20.5 34 4 0.9 2.16 1,1
[8] Vv 14.3 1.5 3 2.9 1.56 1,0
[9] Vv 10 8.9 3 1.6 1.87 1,1
[10] N4 5.25 5.8 3 1.2 1.95 1,1
[11] Vv 5.8 2.5 4 6.4 2.28 1,1
[12] v 10 4.1 3 1.7 1.61 0,2
[13] X 27 7.4 4 2.1 241 1,2
This work Vv 11.85 15.4 3 0.9 1.3 0,1
mission zero point, which is consistent with the characteristics 0

of an asymmetric frequency response filter.

4.5. Test Results of the Filter

Based on the dimensions listed in Table 1, the physical fil-
ter underwent processing using the PCB method. To conduct
the physical test, SMA-KHD coaxial connectors must be sol-
dered onto the input and output ports of the filter and then con-
nected to an Agilent E8363C model network vector analyzer
for measurement. The simulated and measured results of the .S-
parameters of the filter are presented in Fig. 10. The measured
and simulated S-parameter curves show a consistent overall
trend. The filter has a center frequency of 11.85 GHz, a —3dB
bandwidth of 1.82 GHz, a relative bandwidth of 15.4%, a re-
turn loss over 15 dB, and a transmission zero located at 15 GHz.
The simulation shows an insertion loss in the passband about
—0.3 dB, while the measurement shows a 0.6 dB lower inser-
tion loss than the simulation. The disparity between the mea-
sured and simulated values is primarily due to processing errors,
dielectric loss, and conversion structure loss.

4.6. Comparison with Similar Filters in the Literature

Table 2 compares the performance of the filter proposed in this
paper with the SIW filters in references. The proposed filter
exhibits advantages in insertion loss, relative bandwidth, size,
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FIGURE 10. Simulation results and test results of the S-parameters of
the filter.

and controllability of transmission zeros. Additionally, the used
design methodology is simple and easy to implement.

5. CONCLUSIONS

This study proposes a cross-coupled filter based on a CPW
structure and a triangular SIW resonant cavity. The filter en-
riches the structural form of cross-coupled filters and realizes
a third-order filter with controllable transmission zero using
only two resonant cavities. This reduces the number of reso-

WWwWw.jpier.org



rPlER Letters

Yan and Guo

nant cavities used and achieves miniaturization of the filter to
some extent. The filter designed in this study has several ad-
vantages, including a simple structure, low insertion loss, wide
relative bandwidth, small circuit size, and flexible and control-
lable transmission zeros. These features make it suitable for a
variety of potential applications.
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