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ABSTRACT: A substrate-integrated waveguide (SIW) miniaturization filter is proposed, which features high attenuation characteristics,
effectively reduces filter loss and size, and improves frequency selectivity. The filter is miniaturized using the evanescent-mode theory and
embeds a nested U-shaped resonator in the upper metal surface of the SIW. The proposed filter’s equivalent circuit structure incorporates
two LC parallel resonant loops with resistance characteristics that can, in turn, create two transmission zeros in the filter’s stopband to
enhance its selectivity. The filter has an effective size of only 0.39\4 x 0.23)\4 with a center frequency of 2.5 GHz. The —3 dB bandwidth
measures 120 MHz, while the relative bandwidth is 4.8%. The insertion loss is —0.6 dB in the passband, and the return loss is more than
25 dB. Out-of-band rejection exceeds 40 dB in the range of 2.9 ~ 4.4 GHz. The measured and simulated results agree well. The filter
offers benefits in terms of high rejection, miniaturization, and low insertion loss. It can be implemented in 5G (sub-6 GHz) wireless

communication systems.

1. INTRODUCTION

ith the rapid development of wireless communication, fil-

ters serve as a critical frequency selection device with
broad applications. Filters play a crucial role in eliminating
noise and maintaining RF system stability in each link in a typi-
cal wireless transceiver system, thus having a significant impact
on wireless transmission quality. To address the demands of
contemporary wireless communications, scholars have exten-
sively researched wireless communication system filters with
a focus on achieving high out-of-band rejection, low insertion
loss, and miniaturization.

In recent years, substrate-integrated waveguides have be-
come commonly utilized in filter design due to their high-
quality factor, low cost, low loss, and ease of planar integra-
tion [1-5]. Nevertheless, filters employing substrate-integrated
waveguides present a size issue compared to other filter types.
Thus, various techniques have been proposed by researchers to
downsize substrate-integrated waveguide filters. The miniatur-
ization methods commonly employed for SIW filters include
1/n mode cut, multilayer folding, and surface loading [6-11].

Ref. [6] controls the transmission zeros of the filter through
modifications in the size of the floating disk as well as changes
in the resonance mode and feed line angle, thus affording
greater flexibility. However, the filter’s out-of-band rejection
performance is subpar. Ref. [7] proposes using square com-
plementary split-ring resonators arranged inversely on a SIW
surface to achieve filter miniaturization, yet the method’s out-
of-band rejection performance is not up to par. Ref. [8] reduced
filter size by stacking three SIW resonators vertically and con-
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trolling transmission zero by adjusting coupling coefficients be-
tween adjacent resonators. However, the filter had significant
insertion loss. Ref. [9] improved the filter quality factor by
adding metal holes, but insertion loss remains large, making
it difficult to meet the low insertion loss requirement in mod-
ern communication systems. Ref. [10] introduced resonators to
achieve three transmission zeros in the filter’s stopband, which
improved the out-of-band rejection of the filter. However, this
approach also increased the design complexity and size of the
filter. Subsequently, [11] employed multiple modes of SIW res-
onant cavities to achieve a wide stopband and high selectivity.
Unfortunately, the filter’s insertion loss and return loss are in-
adequate.

The filters discussed in the literature above are unable to at-
tain a comprehensive balance between various aspects, includ-
ing high out-of-band rejection, low insertion loss, and miniatur-
ization. Therefore, this study utilized the evanescent-mode the-
ory of electric dipole loading to embed a nested U-shaped res-
onator into the upper metal surface of the substrate-integrated
waveguide [12]. An innovative approach was employed to
achieve a smaller filter size. Initially, a single-stage filter was
designed and enhanced through the optimization of tuning us-
ing the electromagnetic simulation software HFSS. Based on
the single-stage filter, a two-stage filter was successfully de-
signed to improve passband performance and out-of-band re-
jection performance. The design was then processed and mea-
sured to verify its validity in reducing filter structure complex-
ity and providing a compact solution with low insertion loss and
high out-of-band rejection performance. This filter design so-
lution is suitable for 5G (sub-6 GHz) wireless communication
systems.
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FIGURE 1. Structure of the single-stage filter.

2. SINGLE-STAGE FILTER DESIGN

2.1. Structure of the Single-Stage Filter

The filter utilizes a single-layer substrate-integrated waveguide
structure. Figure 1 displays the three-dimensional layout of the
single-stage filter, which comprises two metal layers and a di-
electric layer. The dielectric layer is made of ZYF300CA-P ma-
terial with a relative permittivity of 3, a loss tangent of 0.0018,
and a thickness of 0.762 mm. The structure involves a nested
U-shaped resonator that is integrated into the upper metal sur-
face of the substrate. The filter’s input and output ports feature
trapezoidal transitions for achieving impedance matching with
the source or load. The upper metal surface’s dimensions are
visible in Figure 2. Table 1 presents the single-stage filter’s
optimized structural parameters following simulation analysis
using HFSS software.

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

L=135 | P=15]| d=1 W =16
Wy =188 | Li =5 | Wo=48 | Ws =16
Lo=4 | a=10 | d1=0.7

2.2. Principles of Operation

The SIW is a novel waveguide structure that shares elec-
tromagnetic transmission traits with rectangular waveguides.
Nonetheless, periodically spaced metalized vias located on the
SIW’s sidewalls obstruct the current in the figure’s longitudi-
nal propagation path, engendering a radiation effect. Conse-
quently, the transverse magnetic wave TM mode cannot propa-
gate via SIW. Conversely, the TE mode for a transverse electric
wave comprises only a magnetic field component in the longitu-
dinal direction of propagation and has no electric field compo-
nent. As a result, the SIW can exclusively transmit TE modes,
with the primary mode being TEy. The cutoff frequency cal-
culation for TE o mode transmission in SIW is as follows:

fc:

Co
2Wegry/Er

where ¢y is the speed of light in vacuum, ¢, the dielectric con-
stant of the dielectric substrate, and W, the equivalent width
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FIGURE 2. Dimensional drawing of the upper metal surface of the
single-stage filter.
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of the SIW. The equivalent width is calculated as:

d2

W _
0.95p

Wy = (2)
where W is the center distance between the two rows of circular
holes on the wide side of the SIW, d the diameter of the circular
holes, and p the center distance between adjacent circular holes.
According to the dimensions listed in Table 1, without embed-
ding the resonator in the SIW, the cutoff frequency of the SIW
can be calculated from Egs. (1) and (2) as:

f.=6.51GHz 3)

The SIW exhibits high-pass characteristics and is suitable
as a high-pass filter. To create a bandpass filter utilizing the
SIW, it is essential to introduce an electromagnetic structure
with bandstop characteristics into the SIW’s structure. Fig-
ure 3 shows that during main mode propagation, the elec-
tric field inside the SIW is perpendicular to the upper and
lower surfaces, while the magnetic field is parallel to the up-
per and lower surfaces. Using the theory of evanescent-mode
electric dipole loading, a complementary split-ring resonator
(CSRR) gap structure can be etched into the metal surface of the
substrate-integrated waveguide (SIW), creating a structure with
negative permeability characteristics. This generates a strong
out-of-band rejection around the resonance frequency and re-
sults in the formation of a transmission zero point, which forms
the passband of the filter. In this design, a nested U-shaped res-
onator is embedded in the upper metal surface of the substrate-
integrated waveguide (SIW). This structure bears resemblance
to the complementary split-ring resonator (CSRR) etched into
the SIW’s metal surface, allowing for the realization of a band-
pass filter. The resonator’s embedding also modifies the SIW’s
internal electric field, increasing the surface current path and
resulting in a passband below the SIW’s cutoff frequency. The
U-shaped resonator, embedded in this design, has a longer etch-
ing gap than the CSRR, which increases the surface current path
and achieves a passband lower than the cutoff frequency of the
SIW, which in turn allows better miniaturization of the filter.

Figure 4 illustrates the equivalent circuit model for the
single-stage filter. The upper and lower rows of metal vias in
the SIW serve as a shunt inductor (L, ), providing high-pass
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FIGURE 5. HFSS simulation results and ADS simulation results for the
single-stage filter.
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FIGURE 6. Simulation curves of S-parameters of the single-stage filter varying with different parameters. (a) Simulation curves of S-parameter
variation with a. (b) Simulation curves of S-parameter variation with W3s.

characteristic. The nested U-shaped resonator, acting as a
shunt resonator, is equivalent to a capacitance (C)) and an
inductance (L,) and provides the bandpass characteristic. The
SIW transmission line is connected to the nested U-shaped
resonator, with L. and C.. representing the coupling inductance
and capacitance that provide the band-stop characteristic. An
equivalent circuit model, simulated using ADS software,
captures the actual filter’s behavior, as seen in Figure 5. In the
intended frequency band range, the equivalent circuit model’s
simulation outcomes are essentially congruent with those of
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the HFSS model, thus confirming the equivalence relationship.

2.3. Results and Analyses

The simulation and optimization were carried out using HFSS
15.0. The simulation curves for the S-parameters of the single-
stage filter were plotted, showing their variation with differ-
ent parameters in Figure 6. Figure 6(a) illustrates the simula-
tion curves displaying variations in the S-parameters concern-

WWwWw.jpier.org



rPlER Letters

Yan et al.

S-parameters(dB)
IS
[e=)

-50
-60
-70
1 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Frequency(GHz)

FIGURE 7. Final simulation results of the single-stage filter.
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FIGURE 9. Dimensional drawing of the upper metal surface of the dual-
stage filter.

ing ‘a’. The increment in ‘a’ leads to a decline in the cen-
ter frequency and transmission zero of the filter to lower fre-
quencies. This occurs due to an increase in the surface cur-
rent path, which consequently lowers the cutoff frequency of
the substrate-integrated waveguide. Increasing the value of pa-
rameter ‘a’ results in an increase in coupling capacitance and
coupling inductance between the SIW transmission line and the
nested U-shaped resonator, causing the transmission zero point
to shift to a lower frequency. The S-parameter variation is il-
lustrated in Figure 6(b), showing the center frequency of the fil-
ter moving towards higher frequencies with an increase in W3.
The reason for this is that when the W3 is increased, the upper
and lower positions of the nested U-shaped resonator deviate
further from the center of the SIW. This leads to a decrease in
the surface current and a resulting shift of the cutoff frequency
of the SIW towards higher frequencies. Additionally, the in-
crease in W3 has a minimal effect on the coupling capacitance
and coupling inductance between the SIW transmission line and
the nested U-shaped resonator, which causes the position of the
transmission zero point to remain almost unchanged.

The optimized parameters of the single-stage filter are re-
flected in the final simulation results, as presented in Fig-
ure 7. The filter’s central frequency is significantly lower
at 2.375GHz, 63.5% below the SIW’s cutoff frequency of
6.51 GHz, due to changes in the SIW’s internal electric field
from embedding the nested U-shaped resonator. This, in turn,
increases the current paths on the metal surface of the SIW,
leading to a reduced central frequency and enabling miniatur-
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FIGURE 8. Structure of the dual-stage filter.
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FIGURE 10. Equivalent circuit model of the dual-stage filter.

ization. The bandwidth at —3 dB is 160 MHz, with a relative
bandwidth of 6.7%. The filter exhibits a minimum insertion
loss of —0.23 dB and a return loss greater than 25 dB. In the
bandwidth range of 3—4 GHz, the out-of-band rejection is more
than 20 dB. A transmission zero at 3.58 GHz with a maximum
attenuation of 72 dB enhances the selectivity and out-of-band
rejection performance of the filter.

3. DUAL-STAGE FILTER DESIGN

3.1. Structure of the Dual-Stage Filter

To enhance the passband performance of the single-stage filter
and achieve greater selectivity, we propose a dual-stage filter
based on the single-stage filter. Refer to Figure 8 for its struc-
ture. The two U-shaped resonators embedded in the metal of the
SIW’s upper surface are symmetrically arranged left and right.
Four metal through-holes control the coupling between them, as
shown in Figure 9, which depicts the surface dimensions. Af-
ter optimizing the simulation using the HFSS software, Table 2
displays the dual-stage filter’s final structural parameters.

TABLE 2. Structural parameters of the dual-stage filter (unit: mm).

L =135 P=15 d=1 W =16
W1 =188 | Li=5 | Wa=48 | W3=1.6
Ly =4 a=10 di =07 | L3=6.6
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FIGURE 11. HFSS simulation results and ADS simulation results for the
dual-stage filter.
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FIGURE 12. Simulation curves of S-parameter variation with L3 value.

FIGURE 13. Physical picture of the filter.

3.2. Principles of Operation

As the dual-stage filter is an improvement over the single-stage
filter, the corresponding circuit equivalent model must be ad-
justed accordingly. Figure 10 demonstrates the equivalent cir-
cuit model for the dual-stage filter. Since two nested U-shaped
resonators are already embedded in the upper metal surface of
the SIW, and there is an existing coupling between them, two
additional pairs of resonators, namely L,5 and C,5, and L
and Cy, are introduced based on the equivalent model of the
single-stage filter. Lo and C,o refer to the shunt resonator in-
troduced by the new nested U-shaped resonator, while L and
Cy represent the coupling between the two nested U-shaped res-
onators. The circuit model equivalent is simulated using ADS,
and the results of the simulation are displayed in Figure 11. The
circuit model equivalent is largely consistent with the HFSS
model simulation results within the intended frequency range,
thus validating the equivalence between the two.

3.3. Transmission Response Analysis

Figure 12 displays the simulation results of the S-parameters
for the filter with the value of L3. As L3 decreases, the filter’s
bandwidth narrows, and the two transmission zeros in the high-
frequency direction approach each other. As L3 decreases, the
coupling between the two nested U-shaped resonators weakens,
resulting in the proximal position of the two resonance frequen-
cies in both the passband and stopband. This causes the band-
width to narrow while transmission zeros become closer to each
other. As aresult, the coupling strength between the two nested
U-shaped resonators determines the filter’s bandwidth and the
location of the transmission zeros.
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3.4. Comparison of Simulation Results with Test Results

To ensure the accuracy of the design outcomes, the filter design
was executed physically. Figure 13 illustrates the physical rep-
resentation of the filter, where the filter’s effective dimensions
are 27 mm x 16 mm (excluding the input and output ports). Fur-
thermore, the electrical length of the filter is 0.39A, x 0.23,
where )\, represents the guided wavelength at the center fre-
quency.

Physical testing was conducted with a vector network ana-
lyzer, and Figure 14 displays the comparison between the fil-
ter’s S-parameters from the simulation and its actual testing re-
sults. The simulation results show that the center frequency is
2.5 GHz, the in-band insertion loss is —0.2 dB; the return loss
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FIGURE 14. Simulation results and test results of the S-parameters of
the filter.
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TABLE 3. Comparison with similar filters in the literature.

Refs. Fy (GHz) | Insertion Loss (dB) | Return Loss (dB) | Out-of-band Suppression (dB) Size (Ag)
[8] 9.97 1.65 20 > 20,12.1 ~ 19.3GHz 1.47 x 0.77
[9] 11.63 1 20 > 28,17.3 ~ 21.3GHz 0.82 x 0.82
[10] 13.53 1.12 16.73 > 20, 13.1 ~ 13.9GHz 0.84 x 0.84
[11] 8.98 0.9 20 > 20,11.5 ~ 11.8 GHz 1.23 x 1.23
This work 2.5 0.6 25 > 40,2.9 ~ 4.4GHz 0.39 x 0.23

is more than 25 dB; the —3 dB bandwidth is 120 MHz; the rela-
tive bandwidth is 4.8%; the out-of-band rejection is more than
40 dB in the frequency band range of 2.9 ~ 4.4 GHz; the two
transmission zeros are located at 3.22 and 3.63 GHz; and the
maximum attenuation is 97.76 dB. The test results show that
the center frequency of the filter is 2.5 GHz; the insertion loss
is only —0.6 dB; the return loss is more than 25 dB; and the
out-of-band rejection also achieves the expected target. Some
discrepancies between the test and simulation results are caused
by joint loss and soldering errors. However, the test results are
in good agreement with the simulation ones, and the validity of
the design is well verified.

Table 3 compares the performance parameters of the two-
stage filter designed in this study with those of other filters in
the literature. The results indicate that our filter has significant
advantages concerning insertion loss, return loss, and out-of-
band rejection, as well as a smaller size.

4. CONCLUSION

In this study, we have utilized the evanescent-mode theory
to design a highly selective miniaturized SIW filter. The fil-
ter size has been reduced significantly to 27mm x 16 mm
(0.39\4 x 0.23),) while maintaining exceptional performance.
The center frequency of the filter is 2.5 GHz, with a mere inser-
tion loss of 0.6 dB. The return loss is measured to be more than
25 dB, and the out-of-band rejection achieves more than 40 dB
within the frequency band of 2.9-4.4 GHz. The transmission
zeros are situated at 3.22 and 3.63 GHz, and the maximum at-
tenuation reaches 97.76 dB. The test results agree well with the
simulation ones, providing further evidence of the effectiveness
of this design. The filter features low insertion loss, high out-
of-band rejection, and miniaturization, making it suitable for
potential applications in 5G (sub-6 GHz) communication sys-
tems.
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