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Abstract:

This paper presents the design of a four-order substrate integrated waveguide (SIW) bandpass filter
optimized for millimeter-wave wireless applications. SIW technology balances loss, cost, and
integration capabilities while achieving high selectivity and a compact form factor in RF/Microwave
filter design. Since SIW primarily operates in the dominant TE;x mode, the electric field £ has a
maximum value located on the vertical central plane and along the propagation direction. Therefore,
the central plane can be considered an equivalent magnetic wall. The proposed filter is composed of
four SIW resonators connected in series. The simulated results show that the fourth-order SIW filter
has a center frequency of 26 GHz with 3 dB bandwidth of about 4.67 GHz. The achieved minimum
insertion loss in the passband is 1.1 dB, and return loss is better than 20 dB. The passband ripple is
significant reduced to below 1dB, while the out-band rejection is better than 20 dB from 22 to 23.1
GHz which improved the selectivity of the filter. This filter is suitable for millimeter-wave wireless
systems such as 5G, automotive radar, and satellite communication due to its high selectivity, low loss,
and compact size.

Keywords:

Substrate integrated waveguide, Bandpass filter, Four-order filter, Millimeter-wave.
Tém tat:

Bai bao trinh bay thiét k& mot bd loc thong dai bac bon str dung cong nghé dudng dan song tich hgp
trén chat nén (SIW) (*ng dung trong dai tan sdng milimet. Cong nghé SIW c6 kha ndng can bang gilra
ton hao, chi phi va kha ndng tich hdp, dong thdi dat dudc dé chon loc cao va kich thudc nhd gon trong
thiét ké cac bd loc siéu cao tan. Vi SIW chu yéu hoat dong & ché do TEio, nén trudng dién £ dat gid
tri cuc dai tai mat phdng dirng trung tdm va doc theo hudng truyén séng. Do dd, mét phang trung
tam c6 thé dudc coi nhu mét tudng tir tucng duong. Bd loc dugc dé xudt bao gdm bdn bd cdng hudng
SIW méc ndi ti€p. K&t qua mo6 phdng bd loc thdng dai SIW bac bén dugc dé xudt hoat déng & tan sd
trung tdm 26 GHz vdi bang thong 3 dB khoang 4,67 GHz. Tén hao chén nhd nhat dat dugc trong dai
la 1,1 dB, va tdn hao phan hdi nhd hon -20 dB. D4 nhdp nhd trong dai giam dang ké xudng dudi 1
dB, trong khi kha nang triét tiéu ngoai dai dudc cai thién véi mirc suy giam dudi -20 dB trong dai tan
tlr 22 dén 23,1 GHz, gép phan nang cao do chon loc clia b loc. Bo loc dé xuat phu hgp cho cac hé
thdng khdng day séng milimet nhu' 5G, radar va théng tin vé tinh nhd dd chon loc cao, tén hao thap
va kich thudc nhé gon.

Tu khoa:

Ong din séng tich hgp trén chat nén, BO loc thong dai, BO loc bac bdn, Séng milimet.
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1. INTRODUCTION

In millimeter-wave applications, stripline
circuit implementations are generally
ineffective, as the short wavelengths at
high frequencies impose extremely small
feature = dimensions and  stringent
fabrication tolerances. Therefore, at high-
frequency ranges, devices made on
traditional waveguides are preferred;
however, their production is challenging.
A new technology has been researched and
applied, known as Substrate Integrated
Waveguide (SIW). SIW is a transition
between strip circuit technology and
dielectric-filled  waveguides (DFW).
DFWs are converted into SIWs using the
assistance of vias for the waveguide
sidewalls.

Substrate technology has been widely
applied to microwave components,
especially filters, with different SIW
structures. SIW technology applied to
filters developed in recent years has
created the best balance between loss and
cost compared to filters based on stripline
technology and classical waveguide
technology [1-5]. SIW bandpass filters
would be a very good compromise
between a bandpass filter on microstrip
and a bandpass filter on a waveguide,
especially in the high frequency range
because SIW technology has a high Q
factor, small size, easy to manufacture and
easy to integrate with other components
[6]. However, for bandpass filters that
require a wide bandwidth, SIW technology
does not meet that requirement [7].

A fourth-order SIW filter is proposed in
this paper. The empirical equation for SIW
geometric parameters provides enhanced
accuracy over previous methods. The

proposed design improves the selectivity
and efficiency of bandpass filters,
particularly for millimeter-wave wireless
applications, with advantages such as ease
of manufacturing and integration with
other planar RF microwave circuits.

2. FILTER DESIGN AND
THEORETICAL ANALYSIS

A. Rectangular SIW Structure

In general, the geometric structure of SIW
is  illustrated through a standard
rectangular SIW structure as shown in
Figure 1, while other structural forms
(circular, triangular, polygonal, etc.) have
similar  characteristics and analysis
methods. Rectangular SIW is

characterized by three parameters: width
W, via diameter d, and spacing between
vias s as illustrated in Figure 1.

Figure 2. Electric field strength of the
fundamental mode in SIW
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(2) (b) (c)

Figure 3. SIW structure development. (a) Air-
filled rectangular waveguide. (b) Dielectric-filled
rectangular waveguide. (c) Substrate-integrated
waveguide

The electromagnetic field propagation
characteristics of rectangular SIW
resemble those of traditional rectangular
metallic waveguides, provided that the
vias are closely spaced, allowing radiation
leakage to be neglected, as is displayed in
Figure 2. Specifically, the dominant mode
of wave propagation in SIW is also the
TEi0 mode, with longitudinal current
density on the sidewalls. Rectangular SIW
is a new form of transmission line with
electromagnetic waves, resembling a DFW
with a much smaller height compared to its
width (b << W,p) as shown in Figure 3.
Due to the presence of vias on the
sidewalls of the rectangular SIW,
transverse magnetic (TM) modes do not
exist; thus, the dominant mode in
rectangular SIW is the TE o mode, similar
to air-filled waveguides.

As shown in Figure 3, SIW can be
considered a form of DFW, starting from
DFW. For the TE o mode, the term “b” is
not important as it does not affect the
waveguide's cutoff frequency. Therefore,
the substrate can have any thickness, only
affecting the dielectric loss. This issue will
be clarified in the following equation.

For rectangular waveguide, the cutoff
frequency of any mode is given by the
following equation [9]:

2 2

C mi nrw
¢ |mr) (= (1)
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(ISSN: 1859 - 4557)

The cutoff frequency of a mode with
4 =1and & =lis given by:

C mi : nrw ’ 2
) ) @
where c is the speed of light in free space,
m and n are the mode indices, a is the
length, and b is the width of the
rectangular waveguide.
Since the dominant mode in rectangular

waveguide is the TE1o mode, the simplest
equation for the cutoff frequency is:

/. =§ 3)

For the same cutoff frequency, the
equivalent width W of the DFW is:
a
We/' = “4)
&,

where &, is the dielectric constant of the

material filling the rectangular waveguide.
Using these conditions and for SIW to
operate at the same cutoff frequency f,
(i.e., the TEio dominant mode of SIW), the
first intial design formula relating to the
width W of SIW can be determined from
the corresponding resonant frequency:

. 0 2 1 2
s 2] o

where L, is the equivalent length of

DFW. Therefore, the design equation for
SIW will be:
d2
W=Ww,+—— 6
7 0.95s (©)

For d and s to satisfy the condition:
A
d<£ and 2 <2 (7)
5 d

where A4, is the guided wavelength in the

dielectric material, which is related to the
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effective width of the DFW and is
calculated as follows [15]:

/7«g _ 2 (8)

&2nf) _mz
c a

Finally, the normalized relation in (6) is
expressed as:

d’ d’
W=w,+1.08—-0.1— 9
eff s W ( )

B. SIW Bandpass Filter Design

The filter is designed for a center
frequency of 26 GHz, with a 3-dB
bandwidth of 4.67 GHz. The passband
ripple is smaller 1 dB, while the required
out-of-band rejection is > 20 dB in the 22—
23.1 GHz range. The filter design process
follows the standard synthesis approach
for Chebyshev bandpass filters, where the
electrical performance is dictated by the
filter order, external quality factor, and
coupling coefficients. The filter order N is
determined based on the required
bandwidth and rejection characteristics.
Using the classical filter approximation
method, the order is estimated as fourth-
order.

The dominant mode in an SIW filter is the
TEi9 mode, which defines how
electromagnetic waves propagate. The
cutoff frequency of this mode in an SIW is
given by [16]:

_ c
fc ) 2a¢ﬁ" \/g

The operating frequency of the
bandpass filter must be above the cutoff
frequency to ensure proper wave
propagation.

(10)

The equivalent rectangular waveguide is
defined using the effective width a,, as:
2

0.95s

aeﬁ=a—

(11)

where: a is the physical width of the SIW,
d is the diameter of the metallic vias, s is
the center-to-center distance between
adjacent vias.

Assuming the physical width a = 5.5 mm,
via diameter d = 0.6 mm and via pitch s =
1.2 mm, we can obtain the effective width

a, is calculated approximately 5.2 mm.

The physical realization of the design SIW
BPF involves selecting the number of
resonators, their spacing, and coupling
mechanisms. The design SIW cavity
resonator is formed by enclosing a section
of the waveguide with conductive vias.
The resonant frequency of an SIW cavity
follows:

C m n
e DR

For a fourth-order bandpass filter, four
coupled resonators are cascaded, ensuring
a steeper roll-off and better selectivity.
The coupling between the resonators is
primarily controlled by the width and
length of the resonator. When the
resonators are coupled together, the peak
of the center frequency of one resonator
splits into two distinct peaks. Therefore,
the coupling coefficient of two adjacent
resonators can be obtained from the
simulated scattering parameters of the two
resonators and can be written as [10]:

St 13
Y (13)

Where f,and f, are the frequencies at

which the coupled resonators resonate.

The inter-resonator coupling coefficients
are calculated using:
BW
k. =——

i,i+1 =
gigi+1

where low-pass prototype values for a
fourth-order Chebyshev filter are:

(14)
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g,=1,g =1371,g,=0.726,g, =1[9].

From this, the coupling coefficients are
k,, =k,, =k;, =0.145. The external quality

factor Qe is given by:

&o&i

=508 _404 15
O BW/f. (1)
A configuration of four-order SIW

bandpass filter with Chebyshev frequency
response is depicted in Figure 4. The
coupling topology of the four-order
bandpass filter is shown in Figure 5. Each
node stands for an SIW cavity.
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Figure 4. Geometric configuration of the
proposed SIW filter
1,2, 3, 4: STW resonators

S, L: Source and Load
== : Direct couplings

0000

Figure 5. Coupling topology of four-order SIW
bandpass filter with Chebyshev frequency
response

The coupling diagram will provide the
requirements for the input and output to be
achieved by analyzing a single resonator.
The coupling degree between the
resonators is mainly controlled based on
the length and the width of the component
resonators. When the resonators combine,
by changing the parameters of the
component resonators using HFSS
simulation software, we can determine the
center frequency and the scattering
parameters of the filter.

The four-order SIW bandpass filter with
Chebyshev  frequency  response s

(ISSN: 1859 - 4557)

synthesized at 26 GHz with a 3-dB

fractional bandwidth of 17.9%.

The design steps for an SIW bandpass

filter can be summarized as follows:

e Step 1: Establish the technical
parameters of the filter;

e Step 2: Select the substrate material
used in the filter design;

e Step 3: Determine the number of filter

order appropriate for the given
specifications;
e Step 4: Determine the center

frequency, cutoff frequency, and filter
dimensions;

e Step 5: Perform simulations to adjust
and optimize the parameter values.

3. FILTER IMPLEMENTATION AND
RESULTS

For the design of a millimeter-wave
bandpass filter with the above technical
requirements, the selected substrate
material is Rogers 4350 dielectric substrate

with a thickness of 0.762 mm (&, = 3.66;

tan & = 0.004). The initial dimensions of
the fourth-order SIW filter can be
calculated based on above analysis and
carried-out by full-wave electromagnetic
Ansys HFSS simulation software. The
simulated coupling coefficients gi» and
223, shown in Figure 6 and Figure 7, have
a significant impact on the S-parameters of
the proposed SIW bandpass filter.

S-Parameter

0.00 =7 P

-10.00

VY eesoa
20,00 \ - \/ gapito2="2 3mm’
hY = dBis(1.1)
gaplto2="2 5mm’
aB(S(1,1
-30.00 \ \ oot T
dB(S(1,1))
gapitoz="29mm"

-40.00 v |

22.00 24.00 26.00 28.00
Freq [GHz]

30.00 31.00

Figure 6. S11 simulated results of proposed SIW
bandpass filter with variation g12
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Figure 7. S21 simulated results of proposed SIW
bandpass filter with variation g23

In Figure 6, g1> varies from 2.3 mm to 2.9
mm, and g»3 ranges from 2.1 mm to 2.9
mm, affecting the bandwidth and
impedance matching, where stronger
coupling leads to a wider passband and
reduced return loss. Figure 7, focuses on
the effect of g3, demonstrating how its
variation impacts the passband response
and stopband rejection. The variations in
S-parameters between the two figures
demonstrate the importance of tuning gi>
and g»3 to minimize insertion loss, improve
return loss, and enhance selectivity. After
carefully tuning, the performance of the
proposed filter has been optimized to
approach the specifications. The final
dimensions of proposed filter (in mm) are
listed in Table 1.

Table 1. Dimensions of the four-order SIW
bandpass filter with Chebyshev frequency

response
Parameters Value
w 12
L 21
Wi 1.76
d 0.4
gn 291
923 2.79
N 1.1

S-Parameters 7
0.00 T —

-12.50

-25.00

-62.50

20.00 22.00 24.00 26.00 28.00 30.00 31.00

Freq [GHz]

Figure 8. Simulated S-parameters of four-order
SIW bandpass filter

Figure 9. Simulated E-field distributions of four-
order SIW bandpass filter

As shown in Figure 8, the simulated results
show that the fourth-order SIW filter has a
center frequency of 26 GHz with 3 dB
bandwidth of about 4.67 GHz. The
minimum insertion loss in the passband is
1.1 dB, and the passband return loss is
better than 20 dB. The ripple inband is
below 1dB, while the out-band rejection is
below -20dB from 22 to 23.1 GHz which
improved the selectivity of the filter.
Figure 9 depicts verified E-field
distributions of four-order SIW bandpass
filter. Table 2 shows the comparison of the
simulated features of the proposed SIW
bandpass filter with other works. The
proposed SIW filter achieves better
suppression of unwanted frequencies and
lower insertion loss with [11] but has a
more complex fabrication process due to
enhanced via-hole structuring. Compared
to [12] and [ 14], the proposed filter is more
compact while maintaining performance,
making it suitable for 5G applications;
however, its miniaturization increases
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Table 2. Comparison of the simulated features of the proposed SIW bandpass filter

Ref. Centel('(l;ll_'lezt}uency FBW (%) ((Illl;) (l;;;) (ISIZI(:)
[11] 13.7 5.8 2.5 15 40 x 24
[12] 25.25 3.56 0.79 12 30x 19.5
[13] 27 3.7 1.2 25 15x6
[14] 23.45 35 0.5 20 12.7x7
This work 26 17.9 1.1 20 21x12

*FBW: Fractional Bandwidth, IL: Insertion Loss, RL: Return Loss

sensitivity to fabrication tolerances.
Lastly, compared with [13], the proposed
filter provides better bandwidth control,
though with a narrower frequency
response.

4. CONCLUSION

A fourth-order SIW filter is proposed in
this paper. This filter is designed at the
center frequency of 26 GHz with a 3-dB
fractional bandwidth of 17.9%. In the
passband, the minimum insertion loss is
1.1 dB, while the return loss is better than
20 dB. This work bridges the limitations of
conventional strip circuits and dielectric-
filled waveguides by implementing SIW
technology. It offers high selectivity,

compact size, and easy integration with
other planar RF microwave circuit. These
results present the SIW filter as a
promising solution for millimeter-wave
wireless communications.
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