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Abstract. This paper presents a novel design of minia-
turized substrate-integrated waveguide (SIW) filter loaded
with a pair of unit-cell resonators. Two identical open-loop
resonators are connected face-to-face to form a unit-cell.
A pair of unit-cells is engraved on the surface of the SIW
to develop an evanescent-mode bandpass filter. The pro-
posed unit-cells behave as an electric-dipole and produce
a passband smaller than the waveguide frequency. This
reduction in resonant frequency allows us to achieve size
miniaturization. An equivalent electrical-circuit model is
developed and investigate for characterization of passband
and transmission-zero. This filter structure is then employed
to develop a SIW planar diplexer. Two SIW filter structures
loaded with unit-cells are excited with a T-shaped feed line
to achieve lower and upper channels of the diplexer. To
demonstrate the analysis, both SIW filter and diplexer loaded
with open-loop resonators are implemented and fabricated.
The proposed SIW filter and diplexer prototypes exhibit size
miniaturization, low insertion-loss and high-selectivity due
to evanescent-mode transmission and sub-wavelength res-
onators. The measurement responses are very similar to the
simulation responses.
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1. Introduction
Substrate-integrated waveguide (SIW) is a promis-

ing technology for development of compact and high-
performance filters for advanced wireless applications. This
technology exhibits advantages such as low loss, high Q-
factor, smaller size, low cost and ease integration with other

microwave devices. Bandpass filter is an inevitable candi-
date in advanced RF/microwave front-end systems [1]. The
design of bandpass filters and diplexers employing SIW pro-
vides high Q-factor and good selectivity. But the conven-
tional SIW occupies relatively large circuit-area [2].

In order to achieve miniaturization, several new tech-
niques are developed to design compact SIW bandpass fil-
ters [3-14]. In [3], the folded and ridged SIWs are em-
ployed to design an evanescent-mode bandpass filter. In [4],
a SIW bandpass filter is implemented using modified dou-
blet with high Q-factor. A miniaturized bandpass filter is
implemented based on SIW with complementary split-ring
resonator (CSRR) [5]. In [6], defected-ground structure is
employed with SIW to implement a miniaturized filter. In
[7], a filter is designed using tri-section SIW with an inter-
digital structure on its top surface. The higher-order mode
suppressed bandpass filters using TM02 [8] and multi-layer
[9] are developed based on SIW. In [10], miniaturized SIW
bandpass filter is implemented using a stepped-impedance
non-resonating node. In [11], a highly-selective bandpass
filter based on SIW is realized employing higher order TE301
resonators. Degenerated and resonating modes are used to
develop a bandpass filter based on a single circular cavity
[12]. In [13], a SIW bandpass filter is developed by using
stepped-impedances. In [14], a design approach is investi-
gated for filters based on SIW electromagnetic bandgap.

Furthermore, several filter structures based on mi-
crostrip and SIW are employed to design planar diplexers
[15-27]. A compact diplexer is developed by utilizing the
multiple resonant modes in the SIW cavity [15]. In [16],
a compact SIW diplexer is designed by applying dual-mode
junction cavity for K-band application. In [17], a compact
SIW diplexer is implemented based on common dual-mode
cavity junction with flexible bandwidth. Dual-mode SIW
filter structures are combined by a T-junction to develope
a planar diplexer in [18]. In [19], dual-mode SIW resonators

DOI: 10.13164/re.2020.0609 ELECTROMAGNETICS



610 R. K. BARIK, Q. S. CHENG, N. C. PRADHAN, ET AL., DESIGN OF MINIATURIZED SIW FILTER . . .

are combined together to design a compact diplexer. In [20],
a planar microstrip diplexer is realized based on direct cou-
pling. A SIW diplexer is designed employing input/output
coupling in [21]. In [22], a three-state diplexer is devel-
oped based on SIW. In [23], a diplexer based on SIW is
realized using dual-mode resonator with high isolation. In
[24], a SIW diplexer with tunable characteristic is designed
for high isolation. Mixed electric and magnetic coupling is
used to realized a SIW diplexer with high isolation in [25].
In [26], a diplexer based on SIW square cavities is developed
for C-band applications. In [27], a SIW diplexer is realized
based on mode suppression technique. It is observed that the
isolation is larger in [17–21], [23–25] and smaller in [15, 16,
22, 26, 27]. Also, it is noted that these diplexers occupy larger
circuit area with large insertion loss. However, performance
improvement, design flexibility and highly miniaturization
of SIW diplexer with low insertion loss and more bandwidth
are possible, which needs to be investigated.

In this paper, design of a novel miniaturized filter im-
plemented on substrate-integrated waveguide (SIW) is pre-
sented. This filter is developed using conventional SIW
loaded with two identical unit-cell resonators. The unit-cell
is formed by connecting two open-loop resonators. The pro-
posed filter generates an evanescent-mode transmission by
introducing the unit-cell resonators and produces a passband
smaller than the waveguide frequency due to its electric-
dipole characteristic. This reduction in operating frequency
allow us to achieve size miniaturization. The filter responses
are investigated using an equivalent circuit-model. This filter
structure is then applied to design a compact SIW diplexer.
To support our claim, miniaturized SIW bandpass filter and
diplexer are implemented, fabricated and tested. The pro-
posed prototypes achieve smaller size, low insertion loss,
high selectivity, good out-of-band response and isolation.

This article is organized as follows. Configuration of
the SIW filter, equivalent-circuit analysis, transmission re-
sponses, calculation of losses, Q-factor and miniaturization
factor are discussed in section 2. Section 3 presents the devel-
opment, fabrication and demonstration of SIW filter. Section
4 presents the development and fabrication of SIW diplexer.
Section 5 concludes the key features of the proposed work.

2. Configuration and Analysis of Pro-
posed Filter
Configuration, equivalent electrical-model followed by

transmission responses and working principle of the pro-
posed open-loop resonators (ORLs) loaded SIW Filter are
investigated and presented in this section. A detailed ana-
lysis is carried-out for determination of losses, 𝑄e factor and
miniaturization factor at the end of this section.
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Fig. 1. Geometry of the proposed SIW bandpass filter. The lay-
out dimensions are: 𝑊s = 18 mm, 𝑠 = 2 mm, 𝑑 = 1 mm,
𝐿a = 9 mm, 𝑊a = 8 mm, 𝐿b = 2 mm, 𝑊b = 2 mm,
𝐿c = 0.5 mm,𝑊1 = 0.3 mm,𝑊2 = 0.3 mm, 𝑡1 = 0.6 mm,
𝑡2 = 0.3 mm.

Figure 1 shows the geometry of the proposed SIWband-
pass filter. The electric side-walls of the SIW are formed by
two linear arrangement of the metallic-vias. A pair of OLRs
arranged face-to-face are introduced and engraved on the top
of SIW. It is to be noted that the OLRs could be engraved on
the ground.

However, it is required to maintain the integrity of
ground at high-frequency in order to reduce the radiation-loss
and insertion-loss. Two microstrip-lines having impedance
of 50 Ω are used as feedlines. Rogers RT/Duroid 5870 with
its thickness of 0.787 mm, tanδ= 0.0012 and 𝜖𝑟 = 2.33 is used
for this design. The SIW cavity is developed based on the
formulas expressed in [2]. The diameter of 1 mm and center-
to-center distance of 2.0 mm are chosen for this design. The
width of the SIW is chosen as 18.0 mm to fix the cut-off
frequency at 5.62 GHz.

2.1 Equivalent-Circuit Analysis
Figure 2 illustrates the 𝐿𝐶-model of the proposed open-

loop resonators. TheOLRcan be represented as a tank-circuit
modelled by 𝐿r and𝐶r. As two OLRs are connected back-to-
back, the mutual-coupling between them is modeled by 𝐿ci
and𝐶ci. The resonating frequency of the OLRs are computed
by using the parameters 𝐿a,𝑊a, 𝐿b,𝑊b,𝑊1 and𝑊2.
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Fig. 2. Configuration of the proposed open-loop resonator and
its equivalent circuit-model.
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Fig. 3. Equivalent circuit-model of the proposed SIW bandpass
filter. The electrical parameters are: 𝐿v = 4.123 nH,
𝐿c1 = 1.828 nH, 𝐶c1 = 1.02 pF, 𝐿c2 = 0.2 nH,
𝐶c2 = 0.1 pF, 𝐿r1 = 2.844 nH, 𝐶r1 = 4.04 pF.

As depicted in Fig. 3, the equivalent electrical-circuit
of the OLRs loaded SIW filter is developed and analysed.
The linearly arranged metallic-vias are modelled as shunt-
connected inductor 𝐿v. The input-coupling results from both
electrical and magnetic-coupling is denoted by 𝐿c1 and 𝐶c1.
𝐿c1 represents the magnetic coupling realized through the
split of the outer ring between the OLRs and waveguide
transmission-line. The capacitive coupling is developed by
the slot coupling between the OLRs and waveguide transmis-
sion line, as indicated by𝐶c1. 𝐿r1 and𝐶r1 describe the OLRs.
The mutual-coupling between OLRs is represented by 𝐿c2
and 𝐶c2. The circuit parameters of the proposed SIW band-
pass filter is determined as: 𝐿v = 4.123 nH, 𝐿c1 = 1.828 nH,
𝐶c1 = 1.02 pF, 𝐿c2 = 0.2 nH, 𝐶c2 = 0.1 pF, 𝐿r1 = 2.844 nH,
𝐶r1 = 4.04 pF.

2.2 Transmission Responses
The full-wave simulated and circuit-model transmission

responses of the proposed filter are illustrated in Fig. 4 along
with the optimized geometry dimensions and electrical-
circuit parameters. From the figure, it is seen that the pass-
band of the proposed filter (1.84 GHz) is below the SIW
cut-off frequency (5.62 GHz). Also, a transmission zero is
produced at 3.68 GHz and controlled by the input-coupling.
This Transmission Zero (TZ) can be tuned by varying the
input-coupling elements at frequency:

𝑓TZ =
1

2𝜋
√
𝐿c1𝐶c1

. (1)

The position of the TZ can be shifted towards pass-
band by increasing the parameters 𝐿c1 and 𝐶c1. Figure 5
depicts the E-field propagation of the proposed OLR loaded
SIW filter. The variations of |𝑆21 | as a function of 𝐿a and
𝑊a are illustrated in Fig. 6. The passband can be tuned
to lower frequency by increasing the values of 𝐿a and 𝑊a.
From Fig. 6(a), it is observed that there is negligible shift
of transmission-zero by varying 𝐿a. When 𝑊a increases,
a strong input coupling is exists, which shifts the TZ towards
the passband of the filter as seen in Fig. 6(b).
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Fig. 4. Circuit-model and full-wave simulation responses.
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Fig. 5. E-field propagation of the proposed SIW filter.
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Fig. 6. Variation of the transmission response with respect to
parameters: (a) 𝐿a. (b)𝑊a.

2.3 Loss and Q-Factor Calculations
Since the proposedOLRs are not fully-closed geometry,

the radiation-loss becomes a practical issue. Therefore, the
losses (total loss, dielectric + conductor loss and radiation
loss only) are investigated for the OLR loaded SIW filter as
depicted in Fig. 7(a). It is observed that the radiation loss is
not significant for the filter.

The normalized total loss and radiation-loss are cal-
culated as 0.108 and 0.038, respectively, which results to
a 0.51 dB insertion loss for the proposed filter.
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Fig. 7. (a) Loss calculation and (b) Computed Q-factor of the
proposed filter.

The external Q-factor (𝑄e) of the proposed OLR loaded
SIW filter can be numerically determined based on the for-
mula expressed in [1] as:

𝑄e =
2 𝑓0

Δ 𝑓3-dB
(2)

where 𝑓0 and Δ 𝑓3-dB are the resonating frequency and 3-dB
fractional bandwidth of the OLR loaded SIW filter, respec-
tively. Figure 7(b) depicts the calculation 𝑄e by varying the
dimension 𝐿c. It is observed that the value of 𝑄e increases
by increasing the value of 𝐿c. At 𝑓0, the 𝑄e of the proposed
filter is determined as 14.5.

2.4 Miniaturization Factor
The miniaturization factor (MF) for the proposed OLR

loaded SIW filter is expressed as:

𝑀𝐹% =
𝐴SIW@ 𝑓r − 𝐴Proposed

𝐴SIW@ 𝑓r

× 100 (3)

where 𝐴SIW@ 𝑓r is the area of the conventional SIW geometry
operating at fundamental frequency 𝑓r and 𝐴Proposed is the
area of the proposed OLR loaded SIW topology at 𝑓0. The
variation of MF with respect to the dimensions (𝐿a and𝑊a)
of OLR loaded SIW filter is depicted in Fig. 8. From the
figure, it is observed that the MF increases by increasing 𝐿a
and 𝑊a. When 𝐿a varies from 7.4 mm to 9.2 mm, the MF
increases from 54.8 % to 64.4 % as illustrated in Fig. 8(a).
When𝑊a varies from 6.4 mm to 8.0 mm, MF increases from
55.2 % to 63.2 % as depicted in Fig. 8(b).
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Fig. 8. Miniaturization factor of the proposed filter as a function
of OLR parameters. (a) For 𝐿a. (b) For𝑊a.

3. SIW Filter Prototype and Measure-
ment
To verify the proposed design, a SIW filter loaded with

OLRs working at 1.84 GHz is fabricated and measured. The
fabricated prototype is depicted in Fig. 9. The circuit-area
of the filter prototype is 0.0147 𝜆g2, here 𝜆g is guided wave-
length at 𝑓0. The miniaturization-factor of the proposed
prototype is determined as 63.2 %. The fabricated prototype
is demonstrated using R & S network analyzer.

The full-wave simulated response is compared with the
measured one and illustrated in Fig. 10. The simulated
and tested 3-dB bandwidths are calculated as 14.67 % and
13.1 %, respectively. The Insertion Loss (IL) of the proto-
type is obtained as 0.51 dBwith the Return Loss (RL) greater
than 23 dB. The performance comparison between proposed
prototype and previously reported SIW filters is summarized
and shown in Tab. 1. Compared to [3–12], the proposed pro-
totype occupies smaller circuit-area, low insertion-loss and
better matching. Therefore, the proposed filter is a suitable
candidate for real-time application.

Fig. 9. Fabricated prototype of the proposed SIW filter.
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Fig. 10. Full-wave simulation and measurement performances
of proposed prototype.
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Ref. CF
(GHz)

3-dB
BW (%) IL (dB) RL (dB) Size

(𝜆g2)
[3] 2.48 10.8 1.5 11.7 0.098
[4] 14.87 0.87 3.6 14.3 3.929
[5] 3.5 6 1.45 15 0.176
[6] 4.9 9.2 1.1 18 0.1521
[10] 28 3.6 2.2 16 1.455
[11] 8.25 1.1 3.3 15 4.0
[12] 1.8 9 1.53 15 0.04

This
Work 1.84 14.67 0.51 23.9 0.0147

Tab. 1. Performance Comparison Between Proposed and Re-
ported SIW Filters. (CF: Center frequency, 𝜆g Guided
wavelength at CF, BW: Bandwidth, IL: Insertion loss,
RL: Return loss)

4. SIW Diplexer Prototype and Mea-
surement
The configuration of the SIWdiplexer based on the filter

structures is depicted in Fig. 11. The proposed diplexer is op-
erated at 2.22GHz and 3.2 GHz for S-band applications. Two
SIWfilter structures loaded by unit-cells with unequal dimen-
sions are excited with a T-shaped microstrip feed line to pro-
duce lower and upper channels of the diplexer. The final lay-
out dimensions are: 𝑊c1 = 18 mm,𝑊c2 = 18 mm, 𝑠 = 2 mm,
𝑑 = 1 mm, 𝐿11 = 7.5 mm, 𝐿12 = 7 mm, 𝐿13 = 4 mm,
𝐿14 = 5.75 mm, 𝑊11 = 0.25 mm, 𝑊12 = 0.25 mm,
𝑊13 = 0.5 mm, 𝐿21 = 6 mm, 𝐿22 = 5 mm, 𝐿23 = 3 mm,
𝐿24 = 4.25 mm, 𝑊21 = 0.25 mm, 𝑊22 = 0.25 mm,
𝑊23 = 0.3 mm, 𝐿f1 = 17.67 mm, 𝐿f2 = 5 mm, 𝐿f3 = 5 mm,
𝑊f1 = 2.33 mm, 𝑊f2 = 2.33 mm, 𝑊f3 = 3 mm, 𝑡11 = 0.5 mm.
Figure 12 illustrates the photograph of the fabricated SIW
diplexer. The circuit-area of the diplexer prototype is
0.0147 𝜆g2, here 𝜆g is guided wavelength at lower chan-
nel.
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Fig. 11. Configuration of the proposed SIW diplexer.

Fig. 12. Fabricated prototype of the proposed SIW diplexer.

The fabricated prototype is demonstrated using R &
S network analyzer. Figure 12 shows the comparison be-
tween simulation and measurement responses. The simu-
lated (measured) insertion losses at lower and upper channels
are 0.67 dB (0.97 dB) and 0.8 dB (1.15 dB), respectively.
The measured return losses at lower and upper channels are
greater than −16 dB with minimum out-of-band suppression
level of 20 dB. The simulated andmeasured isolations at both
the channels are greater than 22.8 dB. Due to more common-
end area between the channel circuits, the isolation of the
diplexer is less than 23 dB. However, the proposed planar
diplexer exhibits smaller circuit area, low insertion loss and
more bandwidth.

To demonstrate the advantages of our work, a compara-
tive analysis based on performance indicators (insertion loss,
isolation, bandwidth and circuit area) is summarized for the
proposed and previously reported SIWdiplexers as illustrated
in Tab. 2. The proposed diplexer achieves a size reduction
of 74.6 % when compared to the most compact diplexer
[20]. The isolation of the proposed prototype is smaller than
[17–21], [23–25] and greater than [15, 16, 22, 26, 27]. How-
ever, compared to [15–27], the proposed diplexer occupies
smaller circuit area, low insertion loss and more fractional
bandwidth.
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Ref. Technology/ Substrate 𝜖r CF (GHz) 3-dB BW (%) IL (dB) ISL (dB) Size (𝜆g2)
[15] LTCC/ 7.6 50/55.5 2.5/4 1.4/1.3 >23 1.871
[16] SIW/ 2.94 23.7/25.7 5.91/5.45 1.64/2.2 >23 8.72
[17] SIW/ 2.2 12/14 4.9/5.65 1.34/1.41 >27 2.77
[18] SIW/ 2.2 25/26.8 2.8/1.8 1.7 >30 9
[19] SIW/ 2.2 9.75/10.25 1/0.97 4/7 >30 3
[20] Microstrip/ 10.8 1.8/1.9 4/4 2.88/2.95 >50 0.378#

[21] SIW/ 10.8 1.788/1.917 – 2.86/2.91 >50 3.42#

[22] SIW/ 3.5 7.8/ 10.4 – 1.7/2.22 >16.8 0.756#
[23] SIW/ 3.5 5/5.25 1.95/2.08 2.2/2.4 >45 2.121
[24] SIW/ 3.55 10.5/13.5 3.71/1.7 1.3/1.35 >42 2.782
[25] SIW/ 2.2 9.5/10.5 2.95/3.21 2.62/2.34 >45 3.56
[26] SIW/ 2.33 6.16/7.72 5.25/5.1 0.83/0.77 >22 0.88
[27] SIW/ 2.2 8/12 2.94/1.75 1.84/2.88 >20 1.54

This Work SIW/ 2.33 2.22/3.2 9.0/6.87 0.67/0.8 >22.8 0.096
Tab. 2. A comparative analysis of proposed and previously reported SIW diplexers. (CF: Center frequency, 𝜆g: Guided wavelength at lower

frequency, BW: Bandwidth, IL: Insertion loss, ISL: Isolation, #: Area calculated based on the available dimensions)

5. Conclusions
This paper presents a novel miniaturized substrate-

integrated waveguide (SIW) filter loaded with a pair of unit-
cell resonators. The unit-cell is formed by face-to-face con-
nected open-loop resonators. The proposed unit-cells con-
stitute an electric-dipole behaviour and produce a passband
smaller than the waveguide frequency. This decrease in op-
erating frequency allows us to achieve size miniaturization.
The transmission responses are investigated by an equiva-
lent circuit-model. This filter structure is applied to de-
velop a miniaturized SIW diplexer. Two SIW filter structures
loaded with unit-cells are designed and fed with a T-shaped
microstrip line to achieve lower and upper channels of the
diplexer. To demonstrate our claim, both SIW bandpass filter
and diplexer are developed and fabricated. The simulated and
measured responses demonstrate good agreement. The fab-
ricated prototypes exhibit low insertion-loss, high-selectivity
and miniaturization due to evanescent-mode propagation and
subwavelength resonators.
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