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ABSTRACT: This paper proposes a hybrid cross-coupled filter that utilizes a coplanar waveguide (CPW) resonator and a hybrid electro-
magnetic coupling structure. The filter features a flexible and controllable position of transmission zeros and a quasi-elliptical response.
It is composed of two CPW structures etched within the upper metal surface of a second-order substrate-integrated waveguide (SIW)
resonant cavity. By adjusting the dimensions of the two CPW structures between the SIW resonant cavities and the width of the inductive
coupling window, the strengths of the electric and magnetic couplings can be easily controlled to achieve a controllable hybrid cross-
coupling effect in order to adjust the position of the transmission zeros and ultimately to realize the third-order filter with quasi-elliptical
response characteristics. Simulation and test results indicate that the filter has a center frequency of 4.55GHz, a −3 dB bandwidth of
180MHz, a relative bandwidth of 4%, an insertion loss of −0.9 dB in the passband, a return loss of over 15 dB, and two transmission
zeros located at 4.4GHz and 4.7GHz, respectively. The filter has several advantages, including a simple structure, low insertion loss,
small circuit size, good frequency selectivity, and flexible and controllable transmission zeros. These features make it suitable for the
use in 5G (sub-6GHz) wireless communication systems.

1. INTRODUCTION

Filters are essential in wireless transceiver systems to elimi-
nate noise and maintain radio frequency (RF) system stabil-

ity, significantly impacting wireless communication transmis-
sion quality. Substrate-integrated waveguides have become a
popular choice for filter design due to their high-quality fac-
tor, low cost, low loss, and easy planar integration [1–6]. With
the rapid development of modern microwave and wireless com-
munication systems, hybrid cross-coupling techniques have be-
come widely used in microwave filters to meet performance
specifications such as miniaturization, low cost, high selectiv-
ity, and strong out-of-band rejection of filters [7–17].
Ref. [7] describes a hybrid electromagnetic coupling method

that uses open coplanar probes. This method can introduce two
transmission zeros on a linearly aligned substrate-integrated
waveguide (SIW) resonant cavity, resulting in a fourth-order
filter with quasi-elliptical response characteristics. However,
this structure has a large radiation loss and a narrow bandwidth
for the filter. Ref. [8] proposes a 6th-order cross-coupled fil-
ter that achieves negative coupling through slots on the top
wide walls of the two resonant cavities. The filter introduces
two transmission zeros and realizes a quasi-elliptical response.
However, the filter’s size is large and not easily scalable.
In [9], a new implementation of a frequency-dependent cou-
pling (FDC) structure is presented. This structure is composed
of two coupled stepped-impedance grounded coplanar waveg-
uides with open ends. A fourth-order linear hybrid electro-
magnetic coupling filter is designed using this structure. How-
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ever, the filter only has one transmission zero and exhibits a
large insertion loss. Ref. [10] presents a quasi-elliptic filter
with controllable electric and magnetic mixed-coupling. The
filter is based on substrate-integrated waveguide cavity res-
onators and uses a two-layer printed circuit board process. 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 control-
lable transmission zero can be produced below or above the
passband. However, this filter has a double-layer structure,
which increases the filter’s size and manufacturing difficulty.
Refs. [11] and [12] introduce a transmission zero outside the
passband of the filter through hybrid electromagnetic coupling
between SIW resonant cavities. This extends the filter’s stop-
band width. However, the double-layer structure of this filter
results in a larger size and higher insertion loss. In [13], two
pairs of electrically mutually coupled uniform impedance res-
onators (UIRs) are etched between two rectangular SIW reso-
nant cavities, realizing hybrid cross-coupling between the res-
onators and quasi-elliptical correspondence of the filter. How-
ever, the shape of this impedance resonator is complex, which
increases its fabrication difficulty and limits its application.
Ref. [14] describes a hybrid cross-coupling technique between
resonators by integrating two quarter-wavelength microstrip
resonators into two back-to-back quarter-mode substrate in-
tegrated waveguide (QMSIW) resonators. The resulting fil-
ter has four poles and two transmission zeros. However, the
unique shape of the filter restricts its application to some ex-
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FIGURE 1. Structure of the filter. FIGURE 2. Dimensional drawing of the upper metal surface of the filter.

tent. Ref. [15] presents a SIW hybrid coupling filter based on
through-silicon-via (TSV) technology. The filter is a second-
order one-eighth mode SIW and has the advantages of being
small and having low insertion loss. However, its transmission
zero is too far away from the passband, making it less selective
outside the passband. Ref. [16] proposes a SIW filter based on a
silicon substrate. The filter is a quarter-mode (QM) and eighth-
mode (EM) SIW filter. The filter adds a transmission zero out
of band due to the electromagnetic hybrid coupling between the
two resonators. However, the filter’s special shape restricts its
application. In [17], a novel miniaturized bandpass filter (BPF)
with high stopband rejection is proposed. The filter is based on
a hybrid structure that employs QMSIW and microstrip tech-
nologies. This filter demonstrates flexible response with four
poles and two controllable transmission zeros by integrating
two quarter-wavelength microstrip resonators into two back-to-
back QMSIW resonators. The filter is advantageous due to its
small size and wide stopband. However, adjusting its transmis-
sion zeros is not easy.
The filters proposed in the literature have a problem achiev-

ing a comprehensive balance among several aspects, such as
structural simplicity, low insertion loss, and flexible and con-
trollable transmission zero positions. Based on the hybrid
cross-coupling theory, this study presents a third-order filter
with quasi-elliptical response characteristics. The filter is re-
alized by etching two CPW structures within the upper metal
surface of a second-order SIW resonant cavity. The proposed
filter design scheme reduces complexity and provides excellent
performance for potential applications.

2. STRUCTURE OF THE FILTER
The filter utilizes a substrate-integrated waveguide structure
with a single layer. Figure 1 displays the three-dimensional
structure of the filter, which consists of two metal layers and a
dielectric 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 0.762mm. The filter has two SIW resonant
cavities that operate in TE101 mode. The resonant cavities are
coupled through three components. The first component is an
inductive coupling window, commonly used in the co-layer pla-
nar coupling design of SIW filters to providemagnetic coupling
(MC). The second component is a short-circuited CPW struc-

ture with a length of approximately half a wavelength. Its end
is connected to the center region of the two adjacent SIW res-
onant cavities to provide electrical coupling (EC). The third
component is a 2-shaped CPW resonator with a length of ap-
proximately 1/4 wavelength. It is situated between the two
SIW resonant cavities and the hybrid electromagnetic coupling
structure and is isolated from the inductive coupling window.
The coupling structure achieves hybrid cross-coupling in a lin-
ear manner, resulting in more transmission zeros and quasi-
elliptical responses. Additionally, it reduces the filter’s design
size. The filter’s input and output ports are constructed with
coplanar waveguide transition structures to ensure impedance
matching with the source or load. The dimensions of the upper
metal surface of the filter are shown in Figure 2. To determine
the dimensions of the filter, we first calculated the preliminary
dimensions of the SIW resonator cavity based on the center fre-
quency of the filter (4.5GHz) and the dielectric constant of the
substrate used. Then, we determined the preliminary dimen-
sions of the short-circuited CPW structure and 2-shaped CPW
resonator with respect to the wavelength. Finally, the filter was
simulated and optimized using HFSS software to determine its
final dimensions. Table 1 presents the final structural parame-
ters of the filter after simulation and optimization using HFSS
software.

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

L = 28 P = 2 d = 1.5 W = 26

m = 6 g = 0.8 W1 = 1.88 W2 = 7

W3 = 18.72 W4 = 3.2 L1 = 29.8 L2 = 14

s = 0.3 b = 0.2

3. FILTER DESIGN AND PRINCIPLE ANALYSIS

3.1. SIW Resonant Cavity Theory
The SIW is a waveguide-like structure that exhibits similar
electromagnetic field transmission characteristics in the reso-
nant cavity as a rectangular waveguide. However, the period-
ically spaced metalized vias in the sidewalls of the SIW pre-
vent the current component from propagating in the longitudi-
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nal direction, resulting in a radiation effect. Consequently, the
transverse magnetic wave TMm0n mode cannot propagate in
the SIW. The SIW rectangular resonant cavity can only trans-
mit TEm0n modes, as the transverse electric wave TEm0n mode
has only a magnetic field component in the longitudinal propa-
gation direction and no electric field component. The resonant
frequency is given by Eq. (1):

fTEmn0
=

c0
2
√
εr

√(
m

Weff

)2

+

(
n

Leff

)2

(1)

where c0 is the speed of light in vacuum; εr is the dielectric
constant of the dielectric substrate; m and n are the number of
modes along the width and length directions, respectively; weff
and leff are the equivalent width and length of the SIW structure,
which are defined as follows:

Weff = W − d2

0.95P
, Leff = L− d2

0.95P
(2)

The center distance between two rows of circular holes on
the wide side of the cavity is denoted by W , the center dis-
tance between two columns of circular holes on the long side
of the cavity denoted by L, the diameter of the circular holes
denoted by d, and the circumcentric distance between adjacent
circular holes denoted byP . To prevent electromagnetic energy
from leaking out of the metal wall, it is necessary to satisfy the
design rule of Eq. (3) when designing filters for various SIW
structures.

d ≤ λ/10, P ≤ 2d (3)
The study’s filter operates within the 5G FR1 band, with an

initial resonant frequency of 4.5GHz for the TE101 mode. Set-
ting P = 2mm and d = 1.5mm, the dimensions of the cavity
can be initially calculated according to Eqs. (1) and (2).

3.2. Hybrid Cross-Coupling Theory
Figure 3 shows the coupling topology of the filter, which in-
cludes three resonators. Resonators 1 and 3 are SIW resonators,
while resonator 2 is a 2-shaped CPW resonator etched into the
metal upper surface of the SIW resonator cavity. The coupling
between the SIW resonators is a hybrid electromagnetic cou-
pling. Magnetic coupling (MC) is provided by the inductive
coupling window between the two SIW cavities, and electric
coupling (EC) is provided by the short-circuited CPW struc-
ture with a length of approximately half wavelength. The cou-
pling between the SIW resonator and 2-shaped CPW resonator
is direct coupling.

FIGURE 3. Coupling topology of the filter.

The coupling matrix of the filter can be expressed as:
0 MS1 0 0 0

MS1 M11 M12 M13(ω) 0

0 M12 M22 M23 0

0 M13(ω) M23 M33 M3L

0 0 0 M3L 0

 (4)

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

M12 ·M23

M13(ω)
=

1

FBW

(
ω

ω0
− ω0

ω

)
(5)

When the electric coupling coefficient EC = 0, the hybrid
cross-coupling coefficient can be expressed as:

M13(ω) =
ωM13(ω0)

ω0
(6)

In the given equation,M13(ω0) represents the coupling coef-
ficient between resonances 1 and 3 when the input signal’s an-
gular frequency is the center angular frequency ω0 of the filter.
When the magnetic coupling coefficient MC = 0, the hybrid
cross-coupling coefficient can be expressed as:

M13(ω) =
ω0M13(ω0)

ω
(7)

When neither the electric coupling coefficient EC nor the
magnetic coupling coefficient MC is zero, the hybrid cross-
coupling coefficient can be expressed as:

M13(ω) =
ω0M13(ω0)(ω

2 − ω2
m)

ω(ω2
0 − ω2

m)
(8)

where FBW represents the relative bandwidth of the filter, and
ω0 and ωm represent the resonant frequency of the resonator
and the frequency of the transmission zero point, respectively.
If the cross-coupling is purely electric or magnetic, Eqs. (5),
(6), and (7) indicate that only one transmission zero will be pro-
duced, which will appear on the left or right side of the pass-
band. When both electric andmagnetic couplings exist in cross-
coupling, i.e., under the condition of mixed cross-coupling, the
equation will produce two transmission zeros, as determined by
Eqs. (5) and (8).
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 1.083 0 0 0

1.083 0 0.932 0.514/-0.489 0

0 0.932 0 0.932 0

0 0.514/-0.489 0.932 0 1.083

0 0 0 1.083 0

 (9)

Based on the theory presented above, the filter structure pro-
posed in this study can more effectively achieve a quasi-elliptic
third-order filter with two transmission zeros.
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FIGURE 4. S-parameter curves of the filter for differentW3 dimensions. FIGURE 5. S-parameter curves of the filter for differentW4 dimensions.

FIGURE 6. S-parameter curves of the filter for different L1 dimensions. FIGURE 7. S-parameter curves of the filter for different L2 dimensions.

4. RESULTS AND ANALYSIS

4.1. Effect ofW3 Variation on Filter Performance
Figure 4 shows the S-parameter curves of the filter with vary-
ingW3 dimensions. The results indicate that decreasing theW3

size causes the transmission zero on the right side of the pass-
band to shift towards higher frequencies more significantly than
the transmission zero on the left side. As a result, the passband
of the filter widens. The reduction of the size ofW3 causes the
magnetic coupling coefficientMC in the hybrid cross-coupling
to decrease, resulting in the above phenomenon. Therefore, ad-
justing the size ofW3 can adjust the bandwidth of the filter and
the position of the transmission zero on the right side of the
filter.

4.2. Effect ofW4 Variation on Filter Performance
Figure 5 shows the S-parameter curves of the filter for different
W4 sizes. It is evident that as theW4 size increases, both trans-
mission zeros of the filter shift more significantly towards the
high-frequency direction, resulting in a shift of the filter’s pass-
band towards the high-frequency direction. The phenomenon
described above occurs because an increase in the size of W4

leads to an increase in the electric coupling coefficientEC in the
hybrid cross-coupling and a decrease in the inductive coupling
window, which in turn causes a decrease in the magnetic cou-

pling coefficientMC in the hybrid cross-coupling. As a result,
adjusting the size ofW4 allows for simultaneous adjustment of
the position of the two transmission zeros of the filter and the
position of the filter’s passband.

4.3. Effect of L1 Variation on Filter Performance

Figure 6 shows theS-parameter curves of the filter with varying
L1 dimensions. The results indicate that increasing the L1 size
causes the transmission zero on the right side of the passband
to shift more significantly towards the low-frequency direction,
while the transmission zero on the left side of the passband
shifts less. This results in a narrower passband for the filter.
The phenomenon described above occurs due to the increase in
the size of L1, which causes a decrease in the electrical cou-
pling coefficient EC in the hybrid cross-coupling. Therefore,
adjusting the size of L1 allows for the adjustment of the posi-
tion of the transmission zero on the right side of the filter and
the bandwidth of the filter.

4.4. Effect of L2 Variation on Filter Performance

Figure 7 shows theS-parameter curves of the filter with varying
L2 dimensions. The transmission zero on the left side of the
passband moves more significantly towards the low-frequency
direction as the L2 size increases. Conversely, the transmission
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FIGURE 8. The phase characteristic curves of the S21 parameter. FIGURE 9. The group delay curve of the filter.

FIGURE 10. Physical picture of the filter. FIGURE 11. Simulation results and test results of the S-parameters of
the filter.

zero on the right side of the passband moves less, resulting in a
wider passband and poorer performance within the passband of
the filter. The phenomenon described above occurs because the
increase in the size ofL2 reduces the resonance frequency of the
2-shaped CPW resonator. Therefore, adjusting the size of L2

allows for the adjustment of the position of the left transmission
zero of the filter and the bandwidth of the filter.

4.5. Group Time Delay Characterization and Phase Characteri-
zation of the Filter
Figure 8 displays the phase characteristic curves of the S21 pa-
rameter of the filter. It is evident that the linearity of the phase
characteristic of the filter is superior in the passband. Figure 9
displays the group delay curve of the filter. It is evident that
the group delay of the filter is less than 6.8 ns in the passband,
and the maximum group delay variation is only 3.8 ns. At the
same time, the filter exhibits a negative time delay at the trans-
mission zeros, which is consistent with the characteristics of
quasi-elliptical response filters.

4.6. Test Results of the Filter
Based on the dimensions listed in Table 1, the physical filter
underwent processing using the PCB method and is depicted
in Figure 10. To conduct the physical test, SMA-KHD coax-

ial connectors must be soldered onto the input and output ports
of the filter and then connected 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 Figure 11. The measured and simulated S-parameter curves
show a consistent overall trend. The filter has a center fre-
quency of 4.55GHz, a −3 dB bandwidth of 180MHz, a rela-
tive bandwidth of 4%, a return loss greater than 15 dB, and two
transmission zeros located at 4.4GHz and 4.69GHz, respec-
tively. The simulated insertion loss in the passband is approxi-
mately−0.4 dB, and themeasured insertion loss is 0.5 dB lower
than the simulated value. The disparity between the measured
and simulated values is primarily due to processing errors, di-
electric loss, and conversion structure loss.

4.7. Comparison with Similar Filters in the Literature

Table 2 compares the performances of the filter proposed in this
paper with the SIW filters in references. The proposed filter ex-
hibits advantages in terms of insertion loss, size, and controlla-
bility of transmission zeros. Additionally, the design methodol-
ogy used is simple and easy to implement. The proposed hybrid
cross-coupled structure can serve as a versatile and independent
unit module. It not only is suitable for linear SIW filters but also
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TABLE 2. Comparison with similar filters in the literature.

Refs. Single layer f0 (GHz) FBW (%) Order Insertion Loss (dB) Size (λ2
g) TZ below, above f0

[7]
√

5.75 1.8 4 3.6 0.74 1, 1
[8]

√
60 7.9 6 1.1 2.97 1, 1

[9]
√

10 4.1 3 1.7 1.61 0, 2
[10] × 27 7.4 4 2 2.43 1, 1
[11] × 3.2 2.9 2 2.3 1.25 1, 0
[12] × 3.7 1.7 2 2.3 1.31 0, 1
[13]

√
8.8 6.1 4 2.2 1.39 1, 1

[14]
√

10 22.7 4 1.2 0.85 1, 1
[15]

√
9.9 18 2 0.88 0.62 1, 0

[16]
√

10.7 35 2 0.7 0.78 0, 1
[17]

√
10 22.7 4 1.2 0.37 1, 1

This work
√

4.55 4 3 0.9 1 1, 1

can be applied to other topological forms of SIW filters, thereby
enhancing their frequency selectivity.

5. CONCLUSION
This paper proposes a hybrid cross-coupling filter that utilizes a
coplanar waveguide (CPW) resonator and a hybrid electromag-
netic coupling structure. The filter is based on two CPW struc-
tures etched within the upper metal surface of a second-order
substrate-integrated waveguide (SIW) resonant cavity. By ad-
justing the dimensions of the two CPW structures between the
SIW resonant cavities and the width of the inductive coupling
window, the strengths of the electric and magnetic coupling
can be easily controlled to realize a controllable hybrid cross-
coupling effect for tuning the position of the transmission ze-
ros and ultimately realizing the third-order filter with the char-
acteristics of a flexible and controllable position of the trans-
mission zeros and a quasi-elliptical response property. Simu-
lation and test results indicate that the filter has a center fre-
quency of 4.55GHz, a −3 dB bandwidth of 180MHz, a rela-
tive bandwidth of 4%, an insertion loss of −0.9 dB in the pass-
band, a return loss of over 15 dB, and two transmission zeros
located at 4.4GHz and 4.7GHz, respectively. The filter has a
simple structure, low insertion loss, a small circuit size, good
frequency selectivity, and flexible and controllable transmis-
sion zeros. These advantages make it suitable for the use in 5G
(sub-6GHz) wireless communication systems.
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